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Editorial
Effects of Environmental Exposure on Host and
Microbial Metabolism

Bei Gao ! and Pengcheng Tu >*

School of Environmental Science and Engineering, Nanjing University of Information Science and Technology,
Nanjing 210044, China; bgao@nuist.edu.cn

2 Zhejiang Provincial Center for Disease Control and Prevention, 3399 Binsheng Road, Hangzhou 310051, China
*  Correspondence: tupengchengl@163.com

Trillions of microorganisms are living in our gastrointestinal tract, known as the gut
microbiota, which plays an essential role in human health and disease. The gut micro-
biota could be affected by many factors, including environmental exposure. Disruptions
of the gut microbiota by environmental exposure may exert adverse effects on human
health by affecting host metabolism, intrinsic metabolism in the gut microbiota, and/or gut
microbiota—host co-metabolism. This Special Issue, “Effects of Environmental Exposure
on Host and Microbial Metabolism”, contains six original research articles and five review
articles, which covers the effects of both emerging environmental pollutants, including mi-
croplastics, per- and polyfluoroalkyl substances (PFASs), bisphenol S (BPS), and traditional
fluoride and fungicide epoxiconazole (EPX) contaminants, as well as dietary factors such as
non/low-caloric artificial sweeteners (NAS), probiotics, prebiotics, and natural compounds.
The contributions are listed below.

1. Tu, P; Xue, J.; Niu, H.; Tang, Q.; Mo, Z.; Zheng, X.; Wu, L.; Chen, Z; Cai, Y.; Wang, X.
Deciphering Gut Microbiome Responses upon Microplastic Exposure via Integrating
Metagenomics and Activity-Based Metabolomics. Metabolites 2023, 13, 530. https:
/ /doi.org/10.3390/metabo13040530.

2. Niu, H; Yang, Y;; Zhou, Y.; Ma, X,; Ding, Z.; Xu, M.; Wu, L.; Li, X; Xing, M.; Zhang, Q.;
et al. Differential Impacts of Environmentally Relevant Microplastics on Gut Barrier
Integrity in Mice Fed High-Fat Diet Versus Normal Chow Diet. Metabolites 2025, 15,
557. https:/ /doi.org/10.3390/metabo15080557.

3. Xu, M,; Niu, H; Wu, L; Xing, M.,; Mo, Z.; Chen, Z; Li, X;; Lou, X. Impact
of Microplastic Exposure on Blood Glucose Levels and Gut Microbiota: Differen-
tial Effects under Normal or High-Fat Diet Conditions. Metabolites 2024, 14, 504.
https:/ /doi.org/10.3390 / metabo14090504.

4. Niu, H,; Liu, S;; Jiang, Y,; Hu, Y.; Li, Y.;; He, L.; Xing, M,; Li, X.; Wu, L.; Chen, Z,; et al.
Are Microplastics Toxic? A Review from Eco-Toxicity to Effects on the Gut Microbiota.
Metabolites 2023, 13, 739. https:/ /doi.org/10.3390 / metabo13060739.

5. Cox, A,; Nowshad, E; Callaway, E.; Jayaraman, A. Integrated Metagenomic and
Metabolomic Analysis of In Vitro Murine Gut Microbial Cultures upon Bisphenol S
Exposure. Metabolites 2024, 14, 713. https:/ /doi.org/10.3390/metabo14120713.

6. Ma, X,; Cai, D.; Chen, Q.; Zhu, Z.; Zhang, S.; Wang, Z.; Hu, Z.; Shen, H.; Meng, Z.
Hunting Metabolic Biomarkers for Exposure to Per- and Polyfluoroalkyl Substances:
A Review. Metabolites 2024, 14, 392. https:/ /doi.org/10.3390/metabo14070392.

7. Li, X; Niu, H.; Huang, Z.; Zhang, M.; Xing, M.; Chen, Z.; Wu, L.; Xu, P. Deciphering
the Role of the Gut Microbiota in Exposure to Emerging Contaminants and Diabetes:
A Review. Metabolites 2024, 14, 108. https:/ /doi.org/10.3390/metabo14020108.

Metabolites 2025, 15, 646 https://doi.org/10.3390/metabo15100646
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8. Weng, Y,; Xu, T.; Wang, C.; Jin, Y. Oral Exposure to Epoxiconazole Disturbed the Gut
Micro-Environment and Metabolic Profiling in Male Mice. Metabolites 2023, 13, 522.
https:/ /doi.org/10.3390 / metabo13040522.

9. Mo, Z;Wang, |].; Meng, X.; Li, A.; Li, Z.; Que, W.; Wang, T.; Tarnue, K.F,; Ma, X,; Liu,
Y.; et al. The Dose-Response Effect of Fluoride Exposure on the Gut Microbiome and
Its Functional Pathways in Rats. Metabolites 2023, 13, 1159. https:/ /doi.org/10.3390/
metabo13111159.

10. Feng, J.; Peng, ].; Hsiao, Y.-C.; Liu, C.-W.; Yang, Y.; Zhao, H.; Teitelbaum, T.; Wang, X;
Lu, K. Non/Low-Caloric Artificial Sweeteners and Gut Microbiome: From Perturbed
Species to Mechanisms. Metabolites 2024, 14, 544. https://doi.org/10.3390/ metabo141
00544.

11.  Chu, X.; Xing, H.; Chao, M.; Xie, P; Jiang, L. Gut Microbiota Modulation in Osteo-
porosis: Probiotics, Prebiotics, and Natural Compounds. Metabolites 2025, 15, 301.
https:/ /doi.org/10.3390 / metabo15050301.

Regarding the effects of microplastics, Contribution 1 found that polystyrene (PS)
microplastic exposure (0.1 mg/day) perturbed the gut microbiota composition, diver-
sity, and functional pathways in C57BL/6 mice. Metabolomic analysis revealed that
cholesterol metabolism, primary and secondary bile acid biosynthesis, taurine and hy-
potaurine metabolism, as well as short-chain fatty acid metabolism, were perturbed upon
microplastic exposure. Contribution 2 found that the impact of PS microplastics on the
intestinal barrier function was different between mice fed a high-fat diet and a normal
diet. Contribution 3 found that PS microplastics exacerbate high-fat diet-induced glucose
metabolism disorder in male C57BL/6 mice. Moreover, Contribution 4 reviewed studies
on the adverse effects of micro- and nanoplastics on invertebrates and vertebrates, as well
as on the gut microbiota and its metabolites. Contribution 5 investigated the impact of BPS
on gut microbiota using in vitro cultures and found that compared to controls, BPS did
not overtly distort profiles of the metagenome and metabolome of the microbial cultures
even at a supraphysiologic dose. Contribution 6 summarized recent metabolomics-based
studies and elucidated the potential biomarkers of PFAS exposure. Contribution 7 dis-
cussed the link between emerging pollutants and glucose metabolism and the potential role
played by the gut microbiota. These studies provide insights into the toxicity of emerging
contaminants and the underlying mechanisms associated with microbial changes.

In addition to emerging contaminants, the effects of traditional contaminants on gut
microbiota were also investigated in our Special Issue. EPX is a triazole fungicide, which is
widely used to control pests in agriculture. Contribution 8 found that EPX exposure dis-
rupted intestinal barrier function and altered the composition and abundance of gut micro-
biota and the glycolipid metabolism in male C57BL/6 mice. Contribution 9 found fluoride
exposure induced a profound shift in the gut microbial composition, with dose-dependent
responses observed in key genera. Microbial functional pathways were also disturbed by
fluoride exposure, including D-lyxose ketol-isomerase and DNA polymerase III subunit
gamma/tau.

Dietary factors are key factors that influence the gut microbiota. NAS are chemical
additives that substitute sugars to avoid sugar-derived diseases. Contribution 10 im-
plemented a comprehensive two-stage literature analysis and found that specific NAS
exhibited discrepant impacts on the gut microbiota, and the overlapping microbial genera
and species were identified. Impairment of glucose tolerance in the host was induced by
some NAS, but the key metabolites and underlying mechanisms varied. Contribution 11
reviewed the recent findings on the role of prebiotics, probiotics, and natural bioactive
substances in the modulation of gut microbiota to improve the health of the bone.
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In conclusion, this Special Issue of Metabolites highlights the significant progress
made in understanding the complex interactions between environmental exposures, host
metabolism, and microbial communities. These studies are pivotal in unraveling the
intricate metabolic processes that shape both human health and the dynamics of our
microbial partners. However, further research is essential to elucidate the causal roles that
gut microbiota may play in disease development under varying environmental conditions.
The findings presented here underscore the need for continued investigation into these
interdependencies, ultimately guiding the development of more targeted and effective
strategies for disease prevention and treatment.

Author Contributions: Writing—original draft preparation, B.G.; writing—review and editing, P.T.;
All authors have read and agreed to the published version of the manuscript.
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These authors contributed equally to this work.

Abstract

Background: Despite escalating global pollution from microplastics (MPs) and the concur-
rent surge in high-fat food consumption, the health impacts of MP exposure on individuals
under different dietary patterns remain poorly understood. Methods: This study inves-
tigated the differential effects of environmentally relevant concentrations of polystyrene
microplastics (5 um, 8 mg/kg) on gut barrier function in mice fed either a normal chow
diet (CD) or a high-fat diet (HFD). Results: Key findings revealed that, in HFD-fed mice,
MP exposure significantly reduced (p < 0.05) the transcriptional levels of genes encoding the
tight junction proteins (ZO-1, Occludin, and Claudin-1), as well as the mucin protein Muc-2,
accompanied by decreased protein expression levels of these markers in both colonic and
ileal tissues. In contrast, no significant differences were observed in CD-fed mice exposed
to MPs. Analysis of the gut microbiota and measurement of short-chain fatty acid (SCFA)
metabolites showed that MPs induced significant alterations in the composition and diver-
sity indices of the gut microbiota, along with a marked decrease (p < 0.05) in the levels of the
characteristic metabolite butyrate in HFD-fed mice. Conversely, butyrate levels remained
unchanged in CD-fed mice following MP exposure. Quantitative PCR (qPCR) and im-
munofluorescence staining of colonic tissues demonstrated that MP exposure significantly
downregulated (p < 0.05) both the transcription and protein expression of peroxisome
proliferator-activated receptor v (PPARy) in HFD-fed mice. Again, no significant changes
were detected in CD-fed mice. Conclusions: These results collectively indicate that the
impact of microplastics on the intestinal barrier differs significantly between mice fed nor-
mal and high-fat diets. The gut microbiota and its metabolites, particularly butyrate, may
play a critical role, possibly through modulating PPARY signaling. This study contributes
valuable insights into understanding the toxicity profiles of microplastics and establishing
crucial links between dietary patterns and the health effects of emerging pollutants.

Keywords: emerging pollutants; microplastics; gut barrier; gut microbiota

Metabolites 2025, 15, 557 https://doi.org/10.3390/metabo15080557
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1. Introduction

In 2004, Thompson et al. introduced the concept of microplastics, defining them as
plastic particles with a diameter of less than 5 mm [1]. Microplastics (MPs) are ubiqui-
tous in the environment and have been widely detected in food, water, and everyday
consumer products [2-6]. These microplastics can enter the human body through ingestion,
inhalation, and dermal contact. Studies indicate that ingestion is the primary route of
exposure, with numerous investigations confirming the presence of microplastics in daily
diets [7]. For instance, in 2015, Yang et al. detected microplastics in sea salt, lake salt, and
rock/well salt [8]. Mattsson et al. found that microplastics in marine environments can
transfer through the algae—daphnia—fish food chain [9]. Furthermore, microplastics can
enter the human body through trophic transfer and nutritional uptake. Cauwenberghe
et al. studied the potential risks of microplastics in seafood to humans, using mussels as a
model to observe the direct impacts of microplastics via the food chain [10]. Their research
revealed that consuming an average portion (250 g wet weight) of mussels could result in
the ingestion of approximately 90 microplastic particles. Processed foods appear to contain
higher levels of microplastics compared to unprocessed foods. Additionally, the presence of
microplastics has been detected in human placenta and whole blood, suggesting that some
inhaled microplastics are bioavailable: Microplastic particles are capable of being absorbed
into the circulatory system, subsequently translocating to and accumulating within vari-
ous organs [11,12]. Consequently, the potential health risks posed by microplastics have
garnered increasing attention. Research has extensively examined the histopathological
changes, oxidative stress, inflammatory responses, neurotoxicity, and reproductive toxicity
induced by microplastics in biological systems. These include liver sinusoidal dilation, dis-
ordered hepatocyte arrangement, intestinal villi rupture, enterocyte lysis, elevated reactive
oxygen species (ROS) levels, and upregulated expression of tumor necrosis factor alpha
(TNF-x) and interleukin 6 (IL-6) [13-17].

The intestinal barrier function, comprising physical, chemical, immune, and micro-
bial barriers, is critical in preventing the invasion of harmful substances from the gut
and maintaining homeostasis between the internal and external environments [18]. The
microbial barrier, in particular, consists of the microbiota that maintain cellular junctions
and promote epithelial repair [19]. The human gut microbiota predominantly resides in
the colon, with approximately 10'1-10'2 bacteria per gram of colonic tissue [20]. Changes
in the composition and relative abundance of the gut microbiota can alter the metabolic
products that enter the human body. Microbial-derived lipopolysaccharides (LPSs) and
other endotoxins can leak into the bloodstream through a compromised gut barrier, leading
to metabolic endotoxemia. LPS can reduce the expression of tight junction proteins between
intestinal epithelial cells, increasing gut permeability. Conversely, short-chain fatty acids
and indole metabolites produced by the gut microbiota can enhance the physical barrier of
the gut by increasing the expression of tight junction proteins and cytoskeleton-associated
proteins [21]. Studies have shown that sodium butyrate, within the concentration range
of 1-10 mM, can increase Muc-2 protein levels, significantly improving epithelial function
in human colonic epithelial cells [22]. Tang et al. also concluded that butyrate promotes
gut barrier function [23]. Moreover, butyrate can bind to peroxisome proliferator-activated
receptor y (PPARY), activating pathways that strengthen the gut barrier [24]. Simeoli et al.
found that after administering Dextran Sulfate Sodium Salt (DSS) to mice for 7-12 days,
PPARY gene transcription levels significantly decreased, leading to impaired gut barrier
function. Treatment with Lactobacillus paracasei improved gut barrier function and increased
PPARYy gene transcription levels [25]. However, the effects of microplastic exposure on
butyrate and PPARy expression in colonic tissue and their roles in modulating gut barrier
function remain to be further explored.
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In recent years, the intake of high-fat foods worldwide has been steadily increasing.
The potential health hazards of microplastics have attracted widespread attention both
internationally and domestically. However, there is a lack of in-depth understanding of
the differential health impacts of microplastic exposure under different dietary structures.
Therefore, this study investigates the effects of environmentally relevant concentrations
of microplastics on gut barrier function in mice fed either a normal or high-fat diet and
examines whether these effects differ between the dietary groups. This research aims
to enhance our understanding of the toxicity of environmental microplastics and their
potential health impacts on humans.

2. Materials and Methods
2.1. Chemicals

Monodisperse polystyrene microspheres with a particle size of 5 pm were obtained from
Tianjin BaseLine ChromTech Research Center (Tianjin, China). The stock solution (2.5% w/v)
appeared as a milky-white suspension, with an initial concentration of 250 mg per 10 mL
aqueous suspension. The characterized using a Coulter particle size analyzer [26]. The
characterization of the polystyrene microplastics is presented in Supplementary Figure S1.
Prior to use, the microplastic solution was diluted to a working concentration of 1.6 mg/mL
using deionized water and stored at 4 °C for further experiments.

2.2. Animal and Experimental Scheme

Male C57BL/6 mice, aged 4-6 weeks, were procured from SLAC Laboratory Animal
Co., Ltd. (Shanghai, China). All experimental procedures were conducted in accordance
with protocols approved by the Animal Management and Ethics Committee of Zhejiang
Chinese Medical University (No. 20230213-07). The mice were housed in an animal fa-
cility with controlled temperature (22 °C) and humidity (40-70%) levels, under a 12 h
light/dark cycle. After a one-week acclimatization period, the mice were randomly di-
vided into four groups (n = 10 per group; total N = 40) as follows [27,28]: (1) normal
chow diet (CD) + water group (10 kcal%: fat-derived energy constitutes 10% of the total
dietary energy in the feed), (2) CD + 8 mg/kg MP group (10 kcal%), (3) high-fat diet
(HFD) + water group (60 kcal%: fat-derived energy constitutes 60% of the total dietary
energy in the feed), and (4) HFD + 8 mg/kg MP group (60 kcal%).

Polystyrene microplastics with a particle size of 5 um were selected for exposure at a
dose of 8 mg/kg body weight per day. The particle size selection was based on the study
by Jin et al. [27]. The exposure dose was chosen to simulate environmental microplastic
concentrations. According to Deng et al., the estimated daily intake of microplastics for
adults ranges from 13 to 39.3 mg/d [29]. Assuming an average adult body weight of 60 kg,
the daily intake of microplastics per kg body weight is approximately 0.22-0.66 mg/kg.
Using classical pharmacological and toxicological formulas, the estimated microplastic
exposure dose for mice ranges from 2.7 to 8.1 mg/kg body weight [30]. Considering the
daily food intake and average body weight of mice, the gavage dose in this study was set
at 8 mg/kg body weight per day.

2.3. Tissue Collection and Histological Observation

Mice were fasted overnight and then euthanized by cervical dislocation [31]. Blood
samples were collected prior to sacrifice. The serum was separated by centrifugation and
stored at —80 °C for the subsequent analysis of inflammatory cytokine concentrations.
Colonic tissues were collected, fixed in 4% paraformaldehyde, and embedded in paraffin
for histopathological examination. Tissue sections (4 um thick) were observed under an
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optical microscope. Another portion of the colonic tissue was immediately frozen in liquid
nitrogen and stored at —80 °C until analysis.

Colonic tissue sections were subjected to hematoxylin and eosin (HE) staining, im-
munohistochemical staining, and immunofluorescence staining.

2.4. Biochemical Analysis

The levels of LPS, IL-13, IL-10, TNF-«, and IL-6 in the serum were determined us-
ing enzyme-linked immunosorbent assay (ELISA) kits from Mei Mian Biotech Co., Ltd.
(Yancheng, China).

2.5. qPCR Analysis

The remaining colonic tissue was used for qPCR analysis. Total RNA was extracted
from the colonic tissue using a tissue homogenizer with TRIzol. The complementary DNA
(cDNA) was synthesized using 4 x genomic DNA (gDNA) wiper rMix and 5x HiScriptIl
qRT SuperMix II. Real-time PCR was performed with Forward Primer (10 pM), Reverse
Primer (10 uM), 2 x Taq Pro Universal SYBR qPCR Master Mix, and Template DNA /cDNA.
Primer sequences are listed in Supplementary Table S1.

2.6. Gut Microbiota Analysis

Genomic DNA from fecal samples was extracted using the Mag-bind Soil DNA Kit.
The V3-V4 region of the 16S ribosomal RNA (rRNA) of the gut microbiota was amplified
using universal 165 rRNA primers. PCR products were recovered from 2% agarose gels,
purified using the AxyPrep DNA Kit, and detected by 2% agarose electrophoresis. Library
construction was performed using the TruSeq DNA PCR-Free Sample Preparation Kit.
Sequencing was conducted on the [llumina NovaSeq 6000 platform (PE250). Operational
taxonomic units (OTUs) with a similarity of over 97% were clustered, and the abundance
of each OTU was statistically analyzed. The species composition and relative abundance
of the gut microbiota at the phylum and genus levels were determined. Principal Co-
ordinate Analysis (PCoA) was used to analyze community composition similarities and
differences. Venn diagrams were used to count the shared and unique species among
different experimental groups.

2.7. SCFAs Analysis

Metabolites were extracted using 20% phosphoric acid and 4-methylvaleric acid. Sepa-
ration was carried out on an Agilent DB-FFAP capillary column (30 m x 250 um x 0.25 pm)
using a gas chromatography system. Fecal samples were detected in SCAN/SIM mode. The
chromatographic peak areas were extracted using Mass Hunter software (MSD Chemstation
Data Analysis 1701FA F.01.00) to construct standard curves, and the SCFA content in the
samples was calculated based on these curves. The analysis of short-chain fatty acids (SCFAs)
was performed by Shanghai Applied Protein Technology Co., Ltd. (Shanghai, China).

2.8. Statistical Analysis

Statistical analyses were performed using SPSS 22.0 (IBM, Inc., New York, NY,
USA) and GraphPad Prism 8.4.2 software from GraphPad Software, version 8.4.2 for
Windows, GraphPad Software, San Diego, CA, USA. Continuous data are presented as
mean =+ standard deviation (X £ SD). Between-group comparisons were analyzed by one-
way ANOVA, with data transformation applied or non-parametric tests when normality
assumptions were violated. All figures are two-tailed cutoffs, and significance was set at
p < 0.05, unless otherwise stated.
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3. Results
3.1. Levels of Inflammatory Factors and Barrier Protein Gene Transcription

The intestinal barrier functions to segregate the gut microbiota and their metabolites
from the host body. The physical barrier, composed of intestinal epithelial cells and the
tight junction proteins that connect these cells, plays a critical role in preventing harmful
substances from entering the body. To investigate the impact of polystyrene microplas-
tic exposure on the transcription levels of tight junction proteins (ZO-1, Occludin, and
Claudin-1) in the colonic tissue of mice, qPCR was performed (Figure 1A-C). Compared
with the CD + water group, the HFD + water group showed significantly decreased tran-
scription levels of ZO-1 and Occludin (p < 0.05), with no significant change in Claudin-1.
The CD + 8 mg/kg MP group exhibited reduced transcription levels of ZO-1 and Occludin
compared to the CD + water group (p < 0.05), with no significant change in Claudin-1. Ad-
ditionally, the HFD + 8 mg/kg MP group demonstrated significantly reduced transcription
levels of ZO-1, Occludin, and Claudin-1 compared to the HFD + water group (p < 0.05).
These results indicate that microplastic exposure alone reduces the transcription levels of
tight junction proteins in colonic tissue, and co-exposure with a high-fat diet exacerbates
these effects.
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Figure 1. Polystyrene microplastic-induced changes in serum inflammatory factor and intestinal
barrier protein gene expression of mice fed normal or high-fat diets: (A) transcription of ZO-1 proteins
located in the colon, (B) transcription of Occludin proteins located in the colon, (C) transcription of
Claudin-1 proteins located in the colon, (D) LPS content in mice serum, (E) IL-1p content in mice
serum, (F) IL-10 content in mice serum, (G) TNF-« content in mice serum, and (H) IL-6 content in
mice serum. * p < 0.05.

Increased intestinal barrier permeability allows LPS and inflammatory factors from the
gut to enter the circulatory system. ELISA kits were used to measure the levels of LPS and
inflammatory factors in the serum of mice (Figure 1D-H). After 14 weeks of polystyrene
microplastic exposure, serum IL-6 and TNF-« levels showed no significant changes. While
IL-13 levels in the HFD + water group showed an increasing trend compared to the
CD + water group, there was no significant statistical difference. There was no significant
change in IL-1p levels between the CD + water and CD + 8 mg/kg MP groups. However,
the HFD + 8 mg/kg MP group exhibited significantly elevated IL-1f3 levels compared to the
HED + water group (p < 0.05). For IL-10, the HFD + water group showed a decreasing trend
compared to the CD + water group, with no significant difference between the CD + water
and CD + 8 mg/kg MP groups. The HFD + 8 mg/kg MP group displayed significantly
reduced IL-10 levels compared to the HFD + water group (p < 0.05). LPS levels showed an
increasing trend in the HFD + water group compared to the CD + water group. Similar
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trends were observed in the CD + 8 mg/kg MP group compared to the CD + water group,
with significantly elevated LPS levels in the HFD + 8 mg/kg MP group compared to the
HFD + water group (p < 0.05).

3.2. Morphology in the Colon

HE staining was performed to observe the morphological changes in the colonic tissue
of mice following polystyrene microplastic exposure (Figure 2A). The results indicated that
the colonic tissue of the CD + water group exhibited intact glands, clear crypt structures,
regular arrangement, and continuous mucosal epithelium. There were no significant
morphological changes in the colonic tissue of the CD + 8 mg/kg MP group compared
to the control group, with normal tissue structure. However, the HFD + water group
showed disrupted crypt structures, irregular crypt surfaces, and uneven mucosal surfaces.
These effects were more pronounced in the HFD + 8 mg/kg MP group, indicating that
microplastic exposure alone had no significant impact on colonic morphology, but co-
exposure with a high-fat diet exacerbated the morphological changes induced by the
high-fat diet. Inmunohistochemical staining was performed to observe the expression of
tight junction proteins in the colonic tissue following polystyrene microplastic exposure
(Figure 2B-D). The CD + water group showed uniform and continuous positive brown areas
on the surface of colonic epithelial cells, with no significant differences in the CD + 8 mg/kg
MP group. The HFD + water group exhibited discontinuous and diffuse distribution, with
significantly reduced expression areas of ZO-1, Occludin, and Claudin-1 proteins in the
HFD + 8 mg/kg MP group. These results suggest that, while microplastic exposure alone
does not significantly affect the expression of tight junction proteins, co-exposure with a
high-fat diet exacerbates the impact of the high-fat diet on tight junction protein expression.

CD + water CD + MPs HFD + water HFD + MPs
A 2 S ~ == e e
HE
B
Z0-1
C
Occludin
D
Claudin-1

)

Figure 2. Polystyrene microplastic-induced changes in the colon morphology of mice fed normal or
high-fat diets: (A) HE staining of colon tissue, (B) expression of ZO-1 proteins located in the colon,
(C) expression of Occludin proteins located in the colon, and (D) expression of Claudin-1 proteins
located in the colon. Red arrows: denote critical pathological features ((A) crypt structures; (B) ZO-1
protein expression; (C) Occludin protein expression; (D) Claudin-1 protein expression). Scale bar:
50 pum.
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3.3. Composition and Diversity of the Gut Microbiota

The gut microbiota plays a vital role in maintaining host metabolism and health and
regulating intestinal barrier function. To investigate changes in the gut microbiota composi-
tion following polystyrene microplastic exposure, the composition at the phylum level was
analyzed based on the 16S rRNA sequencing results (Figure 3A). The results showed that
Firmicutes, Bacteroidota, Actinobacteriota, Desulfobacterota, Campilobacterota, and Deferribac-
terota were the most abundant phyla in the mouse gut microbiota. The HFD + water group
exhibited significantly increased levels of Firmicutes, Desulfobacterota, and Campilobacterota
and decreased levels of Bacteroidota and Actinobacteriota compared to the CD + water group.
The CD + 8 mg/kg MP group also showed increased relative abundance of Firmicutes,
Desulfobacterota, and Campilobacterota, with a decreasing trend in the abundance of Bac-
teroidota and Actinobacteriota compared to the CD + water group. Similar trends were
observed in the HFD + 8 mg/kg MP group compared to the HFD + water group.
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Figure 3. Polystyrene microplastic-induced changes in the composition and diversity of gut micro-
biota of mice fed normal or high-fat diets (A) Changes in gut microbiota composition at the phylum
level. (B) Changes in gut microbiota composition at the genus level. (C) The Chao 1 index analyzes
changes in gut microbiota diversity in mice. (D) The Shannon index analyzes changes in gut micro-
biota diversity in mice. (E) The Simpson index analyzes changes in gut microbiota diversity in mice.
(F) Changes in gut microflora diversity in mice analyzed by Principal Coordinate Analysis (PCoA)
based on weighted UniFrac distance. (G) Changes in gut microflora diversity in mice analyzed by
PCoA based on unweighted UniFrac distance. * p < 0.05.

To reveal more detailed changes in the gut microbiota composition, genus-level analy-
sis was performed (Figure 3B). The most abundant genera included Allobaculum, Muribacu-
laceae, lleibacterium, Faecalibaculum, Lachnospiraceae, Lactobacillus, and Dubosiella. Compared
to the CD + water group, the HFD + water group showed significantly increased levels
of Faecalibaculum, Lachnospiraceae, Lactobacillus, and Dubosiella, with decreased relative
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abundance of Allobaculum and Muribaculaceae. The HFD + 8 mg/kg MP group exhibited
similar trends compared to the HFD + water group.

Previous studies have shown that the diversity of the gut microbiota can be influenced
by environmental chemicals. Analysis of the 165 rRNA sequencing results revealed the
impact of microplastic exposure on the diversity of the gut microbiota (Figure 3C-G).
The Chao 1 index, which estimates species richness, was significantly higher in the
HFD + water group compared to the CD + water group (p < 0.05). While there was
no significant difference between the CD + 8 mg/kg MP group and the CD + water
group, an increasing trend in the index values was observed. The HFD + 8 mg/kg MP
group showed significantly higher Chao 1 indices compared to the HFD + water group
(p < 0.05). The Shannon and Simpson indices, which estimate microbial diversity, indicated
increased diversity when the Shannon index was high and the Simpson index was low.
The HFD + water group showed significantly increased Shannon indices and decreased
Simpson indices compared to the CD + water group (p < 0.05). There were no significant
differences between the CD + 8 mg/kg MP group and the CD + water group, but the
HFD + 8 mg/kg MP group exhibited increased Shannon indices and decreased Simpson in-
dices compared to the HFD + water group (p < 0.05). These results suggest that polystyrene
microplastic exposure significantly increases the a-diversity of the gut microbiota.

Principal Coordinate Analysis (PCoA) of the 16S rRNA sequencing results was per-
formed. Based on the weighted UniFrac distance algorithm, there were significant differ-
ences in the OTU levels between normal-diet-fed mice and high-fat-diet-fed mice, with
no overlap. Microplastic-exposed mice and control mice showed significant differences in
OTU levels regardless of diet, with more pronounced differences in the high-fat-diet-fed
mice. The unweighted UniFrac distance algorithm also revealed significant differences
in OTU levels between normal-diet-fed and high-fat-diet-fed mice, with minimal overlap.
Significant differences in OTU levels were observed between microplastic-exposed and
control mice regardless of diet, with more pronounced differences in high-fat-diet-fed mice.
These results indicate that polystyrene microplastic exposure significantly increases the
B-diversity of the gut microbiota.

3.4. Changes in the Gut Microbiota

To further assess the impact of polystyrene microplastic exposure on the composition of
the gut microbiota in mice, LEfSe analysis was used to identify specific changes. Compared
to the CD + water group, the relative abundances of g Allobaculum, o__Oscillospirales,
f__Oscillospiraceae, g__Butyricimonas, and g__Adlercreutzia significantly increased in the
CD + 8 mg/kg MP group after polystyrene microplastic exposure. In comparison to the
HFD + water group, the relative abundance of g__ uncultured significantly increased in
the HFD + 8 mg/kg MP group. These results indicate that exposure to microplastics
significantly alters the composition of the gut microbiota in mice (Figure 4).

3.5. Short-Chain Fatty Acids

Due to the close relationship between short-chain fatty acids (SCFAs) and the in-
testinal barrier, changes in the content of SCFAs in fecal samples were analyzed after
microplastic exposure, as shown in Figure 5A-H. Analysis revealed no significant differ-
ence in total SCFA content between the CD + water group and the HFD + water group,
nor between the CD + water group and the CD + 8 mg/kg MP group. However, com-
pared to the HFD + water group, the total SCFA content significantly decreased in the
HFD + 8 mg/kg MP group (p < 0.05). Although differences in specific SCFA contents be-
tween the CD + water group and the HFD + water group were not statistically significant,
propionate, valerate, and caproate showed a decreasing trend, while acetate and isovalerate
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exhibited an increasing trend. Compared to the CD + water group, the CD + 8 mg/kg
MP group showed a significant decrease in valerate, but other SCFAs showed only chang-
ing trends without statistical significance. Compared to the HFD + water group, the
HEFD + 8 mg/kg MP group showed no significant differences in isobutyrate and isovalerate
but had significantly increased acetate and significantly decreased propionate, butyrate,
valerate, and caproate (p < 0.05). These results suggest that polystyrene microplastic expo-
sure alone does not significantly affect SCFA metabolism, but combined exposure with a
high-fat diet exacerbates the impact on SCFA metabolism.
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Figure 4. Polystyrene microplastic-induced changes in gut microbiota composition of mice fed
normal or high-fat diets: the differences in microbiota between groups after exposure to polystyrene
microplastics are shown by LEfSe analysis. (A) Cladogram analysis of the gut microbiota of mice in
CD + water and CD + 8 mg/kg MP groups. (B) Histogram of the distribution of linear discriminant
analysis (LDA) values of the gut microbiota of mice in CD + water and CD + 8 mg/kg MP groups.
(C) Cladogram analysis of the gut microbiota of mice in HFD + water and HFD + 8 mg/kg MP
groups. (D) Histogram of the distribution of LDA values of the gut microbiota of mice in HFD +
water and HFD + 8 mg/kg MP groups.

Butyrate may affect intestinal barrier function by binding to PPARY, so this study
aims to explore whether the impact of polystyrene microplastic exposure on glucose
metabolism in mice is related to intestinal barrier dysfunction caused by reduced butyrate
levels. According to the above results, the butyrate content in fecal samples significantly
decreased in the HFD + 8 mg/kg MP group compared to the HFD + water group. Therefore,
quantitative analysis of butyrate-producing bacteria in fecal samples was conducted, as
shown in Figure 51,]. The results showed that, compared to the CD + water group, the
relative abundances of Clostridium and Eubacterium significantly decreased in the fecal
samples of the CD + 8 mg/kg MP group (p < 0.05). Moreover, compared to the HFD +
water group, the relative abundances of Clostridium and Eubacterium further decreased in the
HFD + 8 mg/kg MP group. These results indicate that polystyrene microplastics affect the
metabolic pathway of butyrate by reducing the relative abundance of butyrate-producing
bacteria in the gut microbiota of mice, ultimately leading to a decrease in butyrate content.
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Figure 5. Polystyrene microplastic-induced changes in fecal short-chain fatty acid and butyrate-
producing gut microbiota of mice fed normal chow diets (CDs) or high-fat diets (HFD). (A) Acetic
acid in mouse feces. (B) Propionic acid in mouse feces. (C) Butyric acid in mouse feces. (D) Isobutyric
acid in mouse feces. (E) Valeric acid in mouse feces. (F) Isovaleric acid in mouse feces. (G) Hexanoic
acid in mouse feces. (H) Total short-chain fatty acid in mouse feces. (I) Changes in relative abundance
of Clostridium. (J) Changes in relative abundance of Eubacterium. * p < 0.05.

3.6. Expression of PPARy

The nuclear transcription factor PPARy binds to butyrate and participates in the regu-
lation of intestinal barrier function. Therefore, qPCR was used to observe the transcription
of the PPARYy gene in the colon tissues of mice after polystyrene microplastic exposure,
as shown in Figure 6A. Compared to the CD + water group, the transcription level of the
PPARY gene significantly decreased in the colon tissues of the CD + 8 mg/kg MP group
(p < 0.05). Similarly, compared to the HFD + water group, the transcription level of the
PPARY gene significantly decreased in the HFD + 8 mg/kg MP group (p < 0.05). These
results indicate that microplastic exposure significantly reduces the transcription level of
the PPARYy gene in colon tissues, and when combined with a high-fat diet, microplastic
exposure exacerbates the impact on the transcription level of the PPARy gene.

Immunofluorescence staining of PPARy protein in colon tissues was used to observe
the effect of polystyrene microplastic exposure on the expression of the PPARy gene in
colon tissues. The results showed that compared to the CD + water group, the expression
of PPARY significantly decreased in the HFD + water group. There was no significant
difference in the expression of PPARY in colon tissues between the CD + water group
and the CD + 8 mg/kg MP group. However, compared to the HFD + water group, the
expression of PPARy decreased even more significantly in the HFD + 8 mg/kg MP group.
These results indicate that microplastic exposure alone does not significantly affect the
expression of PPARYy in colon tissues, but when combined with a high-fat diet, microplastic
exposure exacerbates the impact on the expression of PPARY in the colon tissues of mice.
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Figure 6. Polystyrene microplastic-induced changes in PPARy expression levels in the colon tissue of
mice fed normal or high-fat diets (A) qPCR analysis of PPARYy gene transcription. (B) Immunoflu-
orescence staining of PPARy protein expression (CD + water: normal chow diet + water group;
CD + MPs: normal chow diet + 8 mg/kg MP group; HFD + water: high-fat diet + water group;
HFD + MPs: high-fat diet + 8 mg/kg MP group). Scale bar: 50 um, * p < 0.05.

4. Discussion

Human activities have led to the pervasive presence of microplastics in the environ-
ment, which can enter the human body through ingestion, inhalation, and dermal contact.
Consequently, increasing research attention has been directed towards the potential haz-
ards posed to human health by microplastic exposure. Given the ubiquitous presence of
microplastics and high-fat diets in human life, this study utilizes mice fed normal and
high-fat diets to investigate the effects of microplastic exposure on gut barrier function, as
well as the differential impacts of these dietary patterns. Our findings indicate that environ-
mental concentrations of microplastic exposure exacerbate high-fat-diet-induced gut barrier
dysfunction and increased intestinal permeability. The underlying mechanism may involve
microplastic-induced gut dysbiosis, significant reductions in the relative abundance of the
butyrate-producing bacteria Clostridium and Eubacterium, decreased butyrate levels, and
reduced PPARYy receptor expression, ultimately leading to impaired gut barrier function.

Organisms are continually exposed to microplastics, with humans facing complex
and varied exposure pathways that make intake assessments highly variable [32]. In this
study, we selected a microplastic exposure dose of 8 mg/kg body weight/day, derived
from environmental microplastic concentrations converted using classical pharmacological
and toxicological formulas. Our findings indicate that although the high-fat diet mice
did not reach statistical significance, they still exhibited a discernible trend of change.
Similarly, numerous studies have demonstrated that dietary fat can directly modulate the
structural integrity of the intestinal barrier, thereby influencing intestinal permeability. For
instance, long-term high-fat diet feeding has been shown to downregulate the expression
of genes encoding tight junction proteins [33]. Kirpich et al. reported that continuous
feeding of a diet rich in unsaturated fatty acids significantly reduced the expression of tight
junction proteins and increased the flux of fluorescein isothiocyanate (FITC)-conjugated
4 kDa dextran [34]. Combined exposure to a high-fat diet and microplastics results in the
significantly reduced expression of tight junction proteins (ZO-1, Occludin, and Claudin-1)
in the colonic tissues of mice, leading to disrupted and diffuse distribution and impaired
physical gut barriers. The results indicate that microplastics may exacerbate intestinal
barrier dysfunction induced by a high-fat diet. Yan et al. similarly observed that polystyrene
microplastic exposure in rats resulted in shallower crypt structures and damaged mucosal
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barriers. Additionally, gut permeability analysis revealed significantly elevated plasma
D-lactate and diamine oxidase (DAO) levels in microplastic-exposed mice, biomarkers
indicative of leaky gut syndrome [35]. These findings were corroborated by Okamura’s
experiments, where fluorescein isothiocyanate (FITC)-dextran assay results demonstrated
higher green fluorescent protein (GFP) signals in the high-fat diet and microplastic-exposed
rats compared to the high-fat diet control group [36]. In our study, microplastics may affect
people on a high-fat diet more than those on a normal diet, which may be attributed to the
synergistic effects between microplastics and a high-fat diet upon co-exposure: specifically,
the combined impact of HFD and microplastics exceeds the sum of their individual effects,
thereby exacerbating the influence of HFD on intestinal barrier function and gut microbiota
in mice. The lack of significant effects of microplastic exposure on mice under a normal
diet in this study may be attributed to the selected particle size, dosage, or duration of
exposure. However, upon retrospective analysis of the results, we observed that although
the differences were not statistically significant, normal-diet mice exposed to microplastics
exhibited trends consistent with those observed in high-fat-diet mice.

The disruption of tight junctions increases intestinal permeability, allowing harmful
substances such as bacteria and endotoxins to enter systemic circulation, adversely affecting
organismal health [37,38]. Serum analysis revealed elevated levels of LPS and the pro-
inflammatory cytokine IL-1§3, along with decreased levels of the anti-inflammatory cytokine
IL-10 in the HFD + 8 mg/kg MP group compared to the HFD + water group. LPS, a major
component of the outer membrane of Gram-negative bacteria, showed increased relative
abundance in response to microplastic exposure, significantly elevating endotoxin levels in
the serum and indicating compromised gut barrier function. In the bloodstream, LPS forms
trimers with lipopolysaccharide-binding protein, signaling through Toll-like receptors and
pattern recognition receptors to activate multiple inflammatory pathways and promote
chronic systemic inflammation [39,40].

The gut microbiota plays a crucial role in maintaining gut barrier function, making
it essential to examine the impact of microplastic exposure on the gut microbiota. While
no significant differences were observed in alpha diversity between the normal diet mi-
croplastic group and the normal diet control group, combined exposure to a high-fat
diet and microplastics resulted in increased alpha diversity and significant differences
in OTU levels between exposed and control mice. These findings are consistent with
numerous studies indicating that microplastic exposure disrupts gut microbiota diversity
and composition. For instance, Marine medaka (Oryzias melastigma) exposed to 50 nm
and 45 pm polystyrene microplastics exhibited altered gut microbiota diversity and com-
position, with increased alpha diversity and changes in principal components [41]. Jin
et al. also reported significant alterations in gut microbiota composition at the genus level,
with 15 bacterial taxa showing notable changes following microplastic exposure [27]. Li’s
mouse model study demonstrated that environmental microplastic exposure (6, 15, 60,
and 600 ug/d) increases total gut microbiota, bacterial abundance, and diversity at high
concentrations [14]. In contrast to control mice, exposed mice showed a significant increase
in Staphylococcus and a decrease in Parabacteroides relative abundance. Another study found
that exposure to 0.5 pm and 50 um polystyrene microplastics significantly reduced gut
microbiota diversity, with 310 OTUs affected at the phylum level, and notable reductions in
fecal Firmicutes and o-Proteobacteria relative abundance in the 0.5 um exposure group [42].
However, the authors did not provide a detailed explanation of the specific mechanisms
underlying the reduction in gut microbiota diversity following microplastic exposure in
the referenced literature. We speculate that this phenomenon may be associated with
microplastic-induced damage to the intestinal physical barrier and mucus layer, oxidative
stress and inflammatory responses, direct toxicity to gut microbiota, as well as alterations
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in intestinal physiology and function. Regarding the observed increase in gut microbiota
diversity in the high-fat diet + microplastic group in our study, a plausible explanation is
that the co-exposure to microplastics and a high-fat diet may lead to an elevated diversity
of certain harmful bacterial species in the gut microbiota of mice, ultimately contributing
to an overall increase in microbial diversity. Li et al. also reported microplastic-induced
gut dysbiosis associated with intestinal inflammation in mice: The treatment of microplas-
tics can significantly increase the relative abundance of Staphylococcus genera in the gut
microbiota of mice, and the upregulation of Staphylococcus abundance may potentially
induce an elevation in IL-1c levels [14]. Furthermore, another study has demonstrated that
Staphylococcus aureus infection can induce the expression of the pro-inflammatory cytokine
IL-1ex [43].

Butyrate, a critical short-chain fatty acid, binds to PPARYy receptors in the gut to acti-
vate pathways that regulate gut barrier function [25,44]. In this study, combined exposure
to a high-fat diet and microplastics resulted in significantly decreased butyrate levels and a
reduced relative abundance of butyrate-producing bacteria. The expression of PPARY in
colonic tissues mirrored the trend in butyrate levels, with significantly decreased transcrip-
tion and expression in the HFD + 8 mg/kg MP group compared to the HFD + water group.
Okamura similarly concluded that short-chain fatty acid concentrations in fecal samples
were significantly lower in the high-fat diet and microplastic-exposed mice compared
to high-fat diet controls [36]. Kundu’s study demonstrated that gavage with Salmonella
typhimurium suppressed PPARy expression in gut epithelial cells, inducing acute infec-
tious colitis [45]. Exposure to DSS also significantly reduced PPARy transcription levels
and impaired gut barrier function [25]. These results suggest that butyrate production en-
hances gut barrier function by binding to PPARYy receptors, mitigating microplastic-induced
intestinal inflammation.

5. Conclusions

This study demonstrates that environmental concentrations of microplastic exposure
can induce gut dysbiosis, alter butyrate levels, and reduce PPARy receptor expression,
leading to gut barrier dysfunction in mice. Furthermore, the impact of microplastic expo-
sure on gut barrier function varies with different dietary structures. In high-fat diet-fed
mice, the co-exposure to microplastics was particularly notable, exacerbating the adverse
effects on the gut microbiota, butyrate levels, and intestinal barrier function. Considering
the unavoidable human exposure to microplastics and the critical relationship between gut
barrier function and human health, these findings contribute to a better understanding of
the health effects of microplastics and their toxicity in relation to dietary structures.
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Abstract: Background: The gut microbiota are an important interface between the host and the
environment, mediating the host’s interactions with nutritive and non-nutritive substances. Dietary
contaminants like Bisphenol A (BPA) may disrupt the microbial community, leaving the host suscep-
tible to additional exposures and pathogens. BPA has long been a controversial and well-studied
contaminant, so its structural analogues like Bisphenol S (BPS) are replacing it in consumer products,
but have not been well studied. Methods: This study aimed to determine the impact of BPS on
C57BL/6 murine gut microbiota using shotgun metagenomic sequencing and the metabolomic pro-
filing of in vitro anaerobic cultures. Results: The results demonstrated that a supraphysiologic BPS
dose did not overtly distort the metagenomic or metabolomic profiles of exposed cultures compared
to controls. A distinct BPS-associated metabolite profile was not observed, but several metabolites,
including saturated fatty acids, were enriched in the BPS-exposed cultures. In the absence of a
BPS-associated enterotype, Lactobacillus species specifically were associated with BPS exposure in
a discriminant model. Conclusions: Our study provides evidence contrasting the effects of BPS in
the gut microbiome to its predecessor, BPA, but also emphasizes the role of inter-animal variation in
microbiome composition, indicating that further study is needed to characterize BPS in this context.

Keywords: bisphenols; gut microbiome; BPA; BPS; metabolomics; metagenomics

1. Introduction

The microbiota in the mammalian digestive track are exposed to a broad range of di-
etary and non-nutritive compounds which can influence their composition and function [1].
Dietary contaminants can infiltrate food during production, processing and packaging, or
preparation, and are introduced to the microbiota once ingested by the host. Within the
gut, these contaminants may prompt the dysbiosis of the microbial community, disrupt
metabolic function, or be transformed by the gut flora into products with toxicological
relevance distinct from the parent compound [2]. Dysbiosis has also been linked to inflam-
matory bowel disease, metabolic disorders, and obesity as both a cause and consequence
of these diseases [3,4].

A prevalent class of dietary contaminants are bisphenols—plasticizers used to produce
polycarbonate plastics and epoxy resins which contact food by way of plastic packaging
and canned goods. Bisphenols are diphenylmethane derivatives characterized by their
two hydroxyphenyl functionalities, with the most well-known member being Bisphenol A
(BPA). BPA and its analogues have been a part of food packaging materials since the 1960s
and can leach into food, particularly after inappropriate heat exposure [5]. Biomonitoring
studies such as the National Health and Nutrition Examination Survey (NHANES) typi-
cally use urinary concentrations to determine bisphenol exposure, and commonly report
concentrations of bisphenol analogues in the 1-10 nM range present within ~90% of the
population [6-8]. BPA is well-established as an endocrine-disrupting chemical (EDC) and
now regarded as an archetypal dietary EDC. Increased regulations on BPA use have led
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to the development of many structural analogues, of which Bisphenol S (BPS) is the most
prominent. BPS differs from BPA in that its hydroxyphenyl groups are linked by a sulfonyl
bridge. While considered to be a “weak” estrogenic compound when comparing nuclear
receptor binding against estradiol (E;), BPA and its analogues BPS and Bisphenol F (BPF)
exhibit a similar magnitude of several hormonal effects, with BPA and BPS being similar
to E; in nongenomic estrogenic activity [9,10]. Thoene et al. (2020) proposed that BPS
be regulated to the same degree as BPA, citing several instances where BPS appears to
operate by pathways distinct from BPA to produce similar obesogenic effects, and where
BPS correlates with metabolic disorders that BPA does not [11]. Furthermore, the European
Food Safety Authority recently announced a revised opinion on BPA and lowered its
tolerable daily intake (TDI) from 4 ug/kg body weight (bw) per day to 0.2 ng/kg bw per
day, placing the mean and 95th percentile exposure estimates for all age groups from its
2015 opinion at two to three orders of magnitude above the current TDI [12]. As a dietary
contaminant, and one whose metabolic conjugates likely undergo enterohepatic circulation,
it is important to evaluate if and to what degree the gut microbiome mediates bisphenols’
health effects [13,14].

The majority of animal studies on bisphenols that focus on the microbiome have
used in vivo oral exposure to BPA and characteristically feature subtle perturbations to the
microbial community, as opposed to broad dysbiotic effects [2]. In Dutch-belted rabbits
exposed to 200 pg/kg body weight/day (oral exposure for dams and perinatal exposure
for offspring), beta-diversity analyses clustered the 16S rRNA gene sequencing profiles by
BPA exposure for fecal, colon, and cecal communities, but statistical analyses did not detect
significant differences between the exposed and control offspring profiles [15]. A similar
perinatal exposure study using California mice (Peromyscus californicus) found no patterns
among the 165 rRNA gene sequencing profiles in regard to exposure, but differential analy-
ses of specific sex, generation, and exposure intersections identified microbes enriched in
the exposed groups, including members from Sutterella spp., Clostridiales, Mogibacteriacae,
Mollicutes, Prevotellaceae, and Bifidobacterium spp. [16]. BPA exposure studies across several
animal models commonly did not observe overt microbial changes due to BPA, but instead
identified some differentially abundant features of the community [2]. However, a more
recent study using male CD-1 mice exposed to 50 ng/kg body weight/day BPS through
the diet for 24 weeks found that the exposed mice had increased intestinal permeability,
reduced gut microbial diversity, and disrupted microbial composition [17]. While sev-
eral studies identified a reduced Akkermansia abundance in response to BPA, a microbial
enterotype indicative of bisphenol exposure has yet to be identified [2,17-19]. Increased
Bacillota abundances have also been associated with BPA exposure in several studies,
including a finding that suggests Bacillota members are among the most bisphenol-tolerant
microbes [2,20]. BPA exposure produced a unique metabolomic profile in ovariectomized
female C57BL/6 mice fed 50 ug/kg body weight/day and reduced the concentrations of
tryptophan and aromatic amino acids [21].

In vitro approaches to investigate the effect of bisphenols on the human gut microbiota
include inoculating bioreactors with whole communities from a fecal sample or combining
representative strains to form mock communities. One such study used the simulator
of the human intestinal microbial ecosystem (SHIME), which consists of five bioreactors
simulating the human GI tract, and tested the response of the microbiota to BPA at ranges
from 25 to 2500 ug/L for 10 days each [22]. Metagenomic profiling revealed that BPA
generally reduced alpha diversity measures in the BPA-exposed cultures compared to
controls, and implicated Lactobacillus, Acidovorax, Stenotrophomonas, and Mycobacterium
members as potential BPA degraders by way of their enriched abundance [22]. Another
study used a 45 uM BPS exposure in the extended simplified human intestinal microbiota
(SIHUMIXx) system and observed no changes in short-chain fatty acid production, microbial
growth and total biomass, or long-term compositional differences [23].

To date, the effect of BPS on the gut microbiome has not been investigated to the same
extent as that of BPA. A study in zebrafish compared the dysbiotic potential of bisphenol
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analogues and found that, while BPS exposure was the lowest-ranking bisphenol analogue
in regard to developmental toxicity (no observed effect at 45 pM), it ranked with BPA
and BPF in producing significant concentration-dependent perturbations in the microbial
community composition [24]. Perinatal exposure to BPS reduced the beta diversity of the
fecal microbiota in CD-1 mice, with discriminant analyses marking Lactobacillus genus as a
biomarker for the BPS-exposed group [25]. Additionally, BPS upregulated the fecal bile
acid levels and decreased the acetic acid levels in the study [25].

The present study aims to characterize the effect of BPS on the gut microbiome.
To reduce the influence of the host metabolism on BPS—-microbiota interactions so as to
better identify the microbial and metabolic features which may be especially responsive to
BPS, an in vitro anaerobic batch culture model [26] of murine fecal slurries was used. To
accelerate the microbial perturbations which may occur over long-term exposure to low
levels of BPS, a supraphysiologic dose of 10 uM BPS was chosen to observe changes in the
abundance of bisphenol-sensitive members of the murine fecal community within 48 h of
exposure. Shotgun metagenomics and untargeted LC-MS/MS metabolomics were used
for identifying the microbes and metabolites whose abundances were altered upon BPS
exposure.

2. Materials and Methods
2.1. Chemicals

Bisphenol S (4,4’-Sulfonfyldiphenol; CAS #80-09-1) was purchased from Sigma-Aldrich
(St. Louis, MO, USA; Cat #103039) and stored at room temperature.

2.2. Animals and Experimental Design

Female C57BL/6 mice (n = 5) were housed in the same cage, with free water and
standard chow access, at the Texas A&M University Laboratory Animal Resources and
Research (LARR) facility (College Station, TX, USA), with breeding and animal care services
provided by the facility. At six weeks post-weaning, all five mice were briefly placed in
individual sterilized, BPA-free (polypropylene) jars and allowed to roam the jars while
depositing fecal pellets. Fresh fecal pellets were collected using sterilized metal tweez-
ers and transported in Anaerobic Tissue Transport Medium Surgery Packs (ATTMSP)
from Anaerobe Systems (Morgan Hill, CA, USA; fulfilled through Fisher Scientific, Cat #
NC9647836). The fecal material was transferred into a vinyl anaerobic chamber (Coy Lab,
Grass Lake, MI, USA) maintained at 0 ppm oxygen and 2.4% hydrogen, then suspended in
pre-reduced phosphate-buffered saline (PBS) with cysteine. A 10 mM stock solution of BPS
dissolved in DMSO was prepared and stored in the chamber 24 h prior to the experiment.
Fecal slurries for each mouse were generated by vortexing the suspensions for 2 min and
aliquoting the slurries into polypropylene culture tubes, dispensing 40-45 mg feces per
tube. Each culture then received 2 mL of PBS spiked with 10 uM BPS or 0.1% DMSO as
a vehicle control. Cultures were incubated at 37 °C for 24 h or 48 h. For the 0 h baseline
time point, cultures were set up as described above and immediately removed from the
anaerobic chamber for processing. At each time point, the cultures were removed from the
chamber and centrifuged at 20,000 g for 15 min at 4 °C, then the supernatants and culture
pellets were stored separately at —80 °C until further processing.

2.3. Shotgun Metagenomic Sequencing

DNA extraction and shotgun metagenomic sequencing were carried out at the Texas
A&M Institute for Genome Sciences & Society (TIGSS; College Station, TX, USA). DNA was
isolated from frozen bacterial pellets using a FastDNA Spin Kit (MP Biomedicals, Santa
Ana, CA, USA). As the samples were cell pellets prepared from bacterial cultures, including
the day 0 inoculum samples, no host DNA removal step was performed. The Swift 2s
Turbo Whole Genome Library Prep (Swift Biosciences, Ann Arbor, MI, USA) kit was used
to prepare whole-genome libraries from the isolated DNA, and the quality and size distri-
bution of the prepped DNA libraries were analyzed on an Agilent 2200 TapeStation system
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(Agilent, Santa Clara, CA, USA). DNA libraries were sequenced using a NovaSeq 6000
System with a NovaSeq 54 flow cell and XP workflow for 2 x 150 paired-end sequencing
(IIIumina, San Diego, CA, USA). The data were received as fastq files, which were then
submitted to the Metagenomic Phylogenetic Analysis (MetaPhlAn2) webtool hosted on
Galaxy Europe, for compositional profiling of microbial communities [27]. The webtool
Format MetaPhlAn2 on Galaxy Europe was used to export the results for all taxonomic
levels as relative abundance data tables for further analysis in R. Fastq files were addition-
ally analyzed by the HMP Unified Metabolic Analysis Network (HUMAnNN) tool hosted
on Galaxy Europe to determine the functional potential of the microbial communities [28].
The pathway abundance files were renormalized and unstratified to output the relative
abundances of pathways per culture for analysis in R.

2.4. Untargeted LC-MS/MS Metabolomic Analysis

In preparation for metabolomic analysis, the culture supernatants were thawed and a
100 uL aliquot was diluted 9:1 with ice-cold methanol, before vortexing for 1 min. Sam-
ples were then centrifuged for 10 min at 4 °C at 20,000x g. Next, 800 uL of the sample
was transferred to fresh microcentrifuge tubes, centrifuged again, before 100 uL of each
methanol-diluted sample was aliquoted into autosampler vials. Metabolomic analysis was
carried out at the Texas A&M University Integrated Metabolomics Analysis Core (IMAC)
(College Station, TX, USA). Untargeted liquid chromatography high-resolution accurate
mass spectrometry (LC-HRAM) analysis was performed in negative ionization mode on
a Q Exactive Plus orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, USA)
coupled to a binary pump HPLC (UltiMate 3000, Thermo Scientific). Full MS followed
by ddMS2 scans were obtained at resolutions of 35,000 (MS1) and 17,500 (MS2) with a
1.5 m/z isolation window and a stepped NCE (20, 40, 60). All samples were maintained at
4 °C before injection. The injection volume was 10 pL. Chromatographic separation was
achieved on a Kinetix 2.6 um 100 x 2.1 mm Polar C18 column (Phenomenex, Torrance,
CA, USA) maintained at 30 °C using a reverse-phase solvent gradient method. Solvent A
was 5 mM ammonium formate in water. Solvent B was methanol. The gradient method
used was 0-0.5 min (20% B to 60% B), 0.5-0.6 min (60% B to 95% B), 0.6—3 min (95% B),
3-4.1 min (95% B to 20% B), and 4.1-5 min (20% B). The flow rate was 0.5 mL min~!.
Sample acquisition was performed using Xcalibur (Thermo Scientific). Pooled samples
were used as quality controls (QCs) spaced at one QC per fifteen samples. The sample run
order was scrambled to reduce bias. Compound Discoverer v3.0 was used to build the
analysis workflow for annotating the metabolite features against the mzCloud and Chem-
Spider databases. Negative ionization mode was chosen in anticipation of gut microbial
products belonging to short-chain fatty acids and other organic acids, as well as potential
BPS biodegradation products.

2.5. Statistical and Multivariate Analyses

Data analyses, statistical tests, and visualizations were conducted in R using custom
scripts developed in-house. Metabolomic data were log base 2 transformed to stabilize
variances of metabolites and mitigate skew. Additionally, the entry for BPS itself was omit-
ted from the metabolomics analyses to avoid confounding multivariate and discriminant
analyses. Metagenomics data were analyzed as the relative abundance of features per
sample. All statistical analyses excluded the inoculum (0 h) samples to focus on the paired
BPS-exposed and control culture profiles. Multivariate Analysis of Variance (MANOVA)
was conducted on the components from a Principal Components Analysis (PCA) of each
dataset. Data were mean-centered and scaled to unit variance prior to PCA, then the
number of components required to hit 90% explained variance were assessed for normality
via the Shapiro-Wilk test. PCs that passed the assumptions of normality were submit-
ted to MANOVA for an initial analysis of BPS vs. control group differences, omitting
inoculum cultures. An empirical Bayes moderated t-test was used to test for metabolites
which differed in concentration between groups and was corrected for false discovery rate
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(alpha 0.05). Partial Least Squares Discriminant Analysis (PLS-DA) was applied to both
metabolomics and metagenomics datasets to classify the culture profiles by BPS exposure
and assess the weights or “loadings” (contributions) of each variable to the classification
model, incorporating a sparsity step for feature selection (sPLS-DA). sPLS-DA was also
applied to the metagenomics data to classify profiles and identify discriminating features.
Hierarchical clustering from Euclidean distances was used to visualize and compare the
culture profiles by metabolite z-scores in a heatmap. The alpha diversity of species-level
metagenomic profiles was scored with the Shannon and Inverse Simpson indices to account
for species richness and evenness. The beta-diversity of the metagenomic profiles was
assessed using the Bray—Curtis index to generate a dissimilarities matrix from the relative
abundance data, then visualized as a Principal Coordinates Analysis (PCoA). A Permuta-
tional Multivariate Analysis of Variance (PERMANOVA) was applied to the dissimilarities
matrix to assess the differences between BPS-exposed and control profiles at 24 h and
48 h. To identify differentially abundant species, a Linear Discriminant Analysis Effect Size
(LEfSe) was conducted using the LEfSe webtool hosted on the Huttenhower Lab Galaxy
server [29]. A random forests test was conducted using the randomForest package for
R [30]. The correlations between differential features from both the metagenomic and
metabolomic datasets were identified using a Canonical Correlations Analysis (CCA), also
featuring a sparsity step, using the PMA package for R. Differential metabolic pathways
from the functional profiling were identified using sPLS-DA and Microbiome Multivari-
able Association with Linear Models (MaAsLin2) [31]. All plots were produced using the
ggplot2 package for R.

3. Results
3.1. Supraphysiologic BPS Exposure Does Not Induce Overt Differences in Microbial Community
Composition and Metabolome

To assess the potential of BPS to disrupt the gut microbiome, shotgun metagenomic
sequencing was used to determine the compositional changes in anaerobic fecal cultures
exposed to BPS. Metagenomic data were used to generate a compositional view of the
microbial members, as well as a functional profile of the communities. In parallel, an
untargeted LC-MS/MS metabolomic analysis was used to analyze changes in the cul-
ture supernatants. After 48 h of anaerobic culture with 10 uM BPS, neither the microbial
abundances nor the metabolite profiles clustered by BPS exposure in a reduced dimen-
sional space based on the first two components of a Principal Components Analysis (PCA;
Figure 1A,C). For the metabolite profiles, the dimension capturing the most variance in the
data (principal component 1) heavily emphasized time-dependent changes in metabolite
concentrations, whereas the second component separated the data by mouse replicate
(Figure 1A). In Figure 1C, the first two components of the PCA on the metagenomic profiles
emphasize diverging enterotypes of the cultures over the incubation time, forming clusters
around one set of three and the remaining two mice. As the first two components for the
PCAs only captured between 30 and 50% of the total variance in the data, MANOVA was
applied to the first 18 components of the metabolomics PCA and to the first 3 components
of the metagenomics PCA, which met the condition of a normal distribution out of the
total PCs required for a cumulative ~90% variance from each dataset, excluding the PCA
scores from the inoculum group. The MANOVA did not indicate differences in response
to BPS exposure for either the metabolomic (p = 0.605) or metagenomic (p = 0.989) culture
profiles. The culture scores for the most variable components of each dataset were plotted
over time to determine if any of the dimensions separated the profiles by BPS exposure, as
subtle changes are not always captured in the first two components of PCA and related
multivariate methods. None of the most variable components differentiated the BPS-treated
cultures from the controls for the metagenomic (Figure 1D), functional (Figure S3A), and
metabolomic (Figure 1B) profiles, instead illustrating inter-animal variation.
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Figure 1. Overview of multi-omics analyses. PCA score plots of metabolomic (A) and metagenomic
(C) profiles with results from MANOVA on BPS-treated cultures vs. controls (n = 5; excluding
inoculum). PCA scores by first six components over time for metabolomic (B) and metagenomic
(D) profiles.

3.2. Supraphysiologic BPS Exposure Does Not Perturb the Microbial Community Composition

To assess the dysbiotic potential of BPS, shotgun metagenomic sequencing was used
to taxonomically profile the murine fecal cultures down to the species level. Exposure
to 10 uM BPS for up to 48 h in anaerobic conditions did not alter the diversity of the
murine fecal cultures. The Shannon and inverse Simpson indices consider both species
richness and evenness, with higher values indicating a greater diversity. As shown in
Figure 2A, the inoculum demonstrated higher diversity scores, which decreased over time
for both the BPS and control cultures. Additionally, Kruskal-Wallis tests comparing the
alpha scores for the BPS-exposed profiles against controls did not indicate differences
by the Shannon (24 h p = 0.754; 48 h p = 0.251) or inverse Simpson (24 h p = 0.602; 48 h
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p = 0.465) indices. To determine any effect from BPS on the microbial composition over time,
Principal Coordinates Analysis (PCoA) was used to visualize and assess the beta-diversity
relationships between the microbial profiles (Figure 2B). Given that relative abundance data
are compositional in nature, the Bray—Curtis index was used to calculate the dissimilarity
matrix for PCoA. As shown in Figure 2B, the PCoA emphasized differences between
two clusters of biological replicates, cultures from mice A, B, and C in one cluster, and
those from mice D and E in the other. PERMANOVA tests were applied to the dissimilarity
matrices for the 24 h and 48 h profiles and did not indicate differences based on BPS
exposure (24 h p = 0.989; 48 h p = 0.815). Consistent between both the BPS-exposed and
control cultures, Anaerotruncus sp. G3(2012) dominated the cultures at all timepoints, with a
mean relative abundance between 35 and 45% (Figure 2C), while Bacteroides thetaiotaomicron,
Akkermansia muciniphila, and Enterohabdus caecimuris were enriched over time. Patterns of
diminished diversity over time are reflected in other taxonomic levels, with the family-
level relative abundances for group means and by biological replicate shown in Figure S1.
Altogether, the data indicate a reduction in species evenness over time, a divergence
in composition based on two clusters of biological replicates, and no community-wide
responses to BPS exposure.

A shannon c
1 1.004
| ‘ I I S e .
20 50 \
T |
2
K3
3 45
818 J species
2 treatment e - IR
':E" o BPS V.7 T | Anaeroiruncus_sp_G3_20i2
s y
3 I contrl . Bacteroides_thetaiotaomicron
;é‘ inoculum
216 . Enterorhabdus_caecimuris
©
s 35 8 . Alistipes_unclassified
o
i g . Dorea_sp_5_2
'g - Oscillibacter_sp_1_3
14
3.0 3 -
g 0.50 . Clostridium_sp_ASF502
g Lactobacillus_reuteri
= . N
on i P o >in wn % Lactobacillus_animalis
culture timepoint (hours) = Lactobacillus_johnsonii
. Eubacterium_sp_14_2
: Lactobacillus_murinus
PCoA scores for species . -
B 0.25 . Parasutterella_excrementihominis
02 -
o . Others (< 1%)
0141 O +
o [ N (-
o« p 8pe 24
5 o0 © ’ - . |
§ @ control 24n
S 0 O control 48h .
01
o - -
PERMMANOVA : BPS v control
Prara 0.004 . -
021 24n:p=0989
onpeas — : . : :
inoculum.Oh control.24h  BPS.24h  control.48h  BPS.48h

00
component 1 giroup

Figure 2. Diversity measures of metagenomic profiles at species level. (A) Violin plot of alpha
diversity indices (Shannon and Inverse Simpson) for 0 h, 24 h, and 48 h profiles by group. (B) Beta
diversity of metagenomic profiles as a Principal Coordinates Analysis scores plot, with PERMANOVA
on 24 h and 48 h profiles (n = 5). (C) Relative abundance of species means per group.

In addition to profile-based analyses, we applied discriminant analyses to identify
the microbial features which may respond to BPS and whose fluctuations would not be
captured from data overviews. Linear Discriminant Analysis (LDA) Effect Size (LEfSe) [29]
did not indicate any differentially abundant species in the BPS-exposed cultures compared
to controls at 24 h and 48 h; Kruskal-Wallis tests, as part of the LEfSe methodology, could
not identify significantly different features. A random forest [30] model conducted on the
data demonstrated a poor performance in classifying the profiles as BPS-exposed or control
(out-of-bag error rate = 84.62%; accuracy = 0% on test dataset), and, thus, was discounted
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for selecting differential species. sSPLS-DA retained most species in its components for each
culture day and discriminated those species as being BPS-associated or control-associated
(Figure 3B), albeit poorly separating the profiles by BPS exposure (Figure 3A). The sPLS-
DA variable weights for classification (“loadings”) contrasted some species’ associations
between culture days, including Anaerotruncus and Eubacterium members, Lactobacillus
reuteri, and Enterococcus faecalis. Relative abundance changes between groups and mouse
replicates (Figure 3C) suggest that these conflicting classifications were due to inter-animal
variation, which was also demonstrated in the fluctuations of very-low-abundance (<1%)
features across biological replicates (Figure S2). From evaluating the behavior of related
taxa, members from Lachnospiraceae collectively demonstrated an association with BPS
exposure at the 24 h time point, and Lactobacillus members were collectively enriched
in the BPS-exposed cultures at the 48 h time point. The sPLS-DA for 24 h featured a
greater number of species associated with BPS exposure, with some of the greatest loadings
belonging to Ruminococcus torques, Staphylcoccus xylosus, Burkholderiales bacterium_1_1_47,
and Eubacterium plexicaudatum. The sPLS-DA for 48 h featured fewer BPS-associated species,
but with greater loadings, for taxa such as the Lactobacillus members. These data indicate
that, while BPS did not induce broad compositional changes in the microbiota, there were
subtle time-dependent abundance changes for a select number of species.
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Figure 3. Discriminant analysis of microbial species. (A) sPLS-DA scores for species relative abun-
dance by time point. (B) sSPLS-DA loadings for bacterial species by time point. Loadings signs for
24 h were flipped to align with 48 h. (C) Heatmap displaying relative abundances by group per
biological replicate at the species level, including species with mean relative abundances < 1%.

3.3. Supraphysiologic BPS Exposure Perturbed Low-Abundance Microbial Pathways

Shotgun sequencing data for the 24 h and 48 h time points were analyzed using
HMP Unified Metabolic Analysis Network (HUMAnNN) to profile the functional metabolic
potential of the microbiota and to provide a breakdown of gene families organized into
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sPLS-DA Loadings for 24h Differential Pathways

pathways with the associated abundances per metagenome. These data were filtered and
reorganized into the relative abundances of metabolic pathways per culture, providing
356 annotated pathways for analysis. The most abundant pathways covered a maximum
of a ~1.6% relative abundance, with the majority of pathways exhibiting abundances
less than 1%. When comparing the average relative abundances of all pathways, the
median was 0.09% and the mean was 0.28%. The distributions of the ten most abundant
pathways (Table S1), with their averages ranging from 1.3 to 1.65%, did not differentiate
by exposure to BPS (Figure S3B). Sparse PLS-DA differentiated control from BPS-exposed
metabolic pathway profiles in both the 24 h and 48 h models (Figure 4A). Of the initial
365 pathways, each model retained 36 pathways in differentiating the profiles (Figure 4B,C).
After removing outlier pathways present in only one or two replicates, the resulting
differentially abundant metabolic pathways numbered 14 at 24 h and 25 at 48 h, with an
overlap of 3 pathways perturbed at both time points (Table S2). The pathways perturbed at
both time points were PWY-6138: CMP-N-acetylneuraminate biosynthesis I (eukaryotes),
GLCMANNANAUT-PWY: superpathway of N-acetylglucosamine, N-acetylmannosamine
and N-acetylneuraminate degradation, and PWY-6531: mannitol cycle, each of which
demonstrated enrichment in the BPS-exposed cultures over the controls.
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Figure 4. Discriminant analysis of microbial metabolic pathways. (A) sPLS-DA scores for metabolic
pathway relative abundance by time point. sPLS-DA loadings for differential metabolic pathways
retained in the 24 h hour model (B) and 48 h model (C).

3.4. Supraphysiologic BPS Exposure Induces Subtle Changes in the Microbial Metabolome

To investigate subtle or feature-specific metabolomic differences in the BPS-treated
cultures, differential metabolomic features were identified by a fold change greater than
2.0 or less than 0.5 and a p-value of < 0.05 for the 24 h and 48 h metabolomic profiles
(Figure 5A,B). There were 61 metabolomic features for the 24 h profiles and 37 features for
the 48 h ones. As a parallel method to identify the features which are associated with BPS
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exposure, sSPLS-DA was applied to classify the 24 h and 48 h profiles by BPS exposure, incor-
porating sparsity parameters for feature selection. The sPLS-DA selected 50 metabolomic
features per time point to classify the profiles, successfully separating them by the treatment
variable (Figure 5C). Of the significant metabolomic features displayed in the Figure 5A,B
volcano plots and those retained by the sPLS-DA for discrimination, the metabolite fea-
tures meeting those criteria are listed in Table 1 alongside their putative annotations. The
scarcity of annotated metabolites within the differential features prevents commentary
on metabolite classes, but it may be worth noting that several saturated fatty acids were
included. Specifically, margaric acid showed depletion in the BPS-exposed cultures, while
montanic acid, docosanoic acid, and lignoceric acid increased in the BPS-exposed cultures.
However, the identified differential metabolites were too sparse and dissimilar to elucidate
BPS’ effects on specific biological pathways. The hierarchical clustering of metabolomic
profiles demonstrated tight clustering of the biological replicates for the inoculum (culture
time of 0 h), followed by clustering by 24 h and 48 h, with some differentiation between
replicate mice A, B, and C and replicates D and E (Figure 5D).

Table 1. Differential metabolites in BPS-exposed murine fecal cultures, including significant (p < 0.05)
features and metabolites retained from sparse PLS-DA.

Putative Annotation Formula mlz rt (min)!  Fold Change? adj. p-Value® Timepoint (Hours)
1,5-Isoquinolinediol CoH;NO, 160.03948 1.371 2.85737425 0.00093819 24
1-[5-(4-Hydroxy-2-butanyl)-2-
methyltetrahydro-2-furanyl]- C15Hp503 255.19743 2.124 0.44354233 0.0491865 24
4-methyl-2-pentanone
Emedastine Cq17H6N4O 301.20224 1.794 2.09983088 0.00978352 24
(4-Methylumbelliferone)-B-D- - py o 33709131 3.199 0.38710528 0.01007916 24
glucopyranoside
Sucrose C1oHp 013 341.10817 3.303 0.45945739 0.01401479 24
Botrydial C17H605 309.17221 3.028 2.51502097 0.00574063 24
4-nitrocatechol CgHs5NOy 200.01961 1.145 0.46534155 0.00059632 24
butyrin C15Hp606 301.16626 1.92 3.97519788 0.04796165 48
Margaric acid Ci7H30,  269.24915 2592 0.47287413 0.01975824 48
4-Methylene-2-oxoglutarate CeHgOs5 157.01341 1.215 0.3701104 0.00035043 48
4-Hydroxy-2-oxoglutaric acid Cs5HgOg 161.00828 0.903 0.43793592 5.0864 x 10~° 48
- -- - - -- Loading * -
Montanic acid CrgHz60, 423.42125 2.688 1.28422989 0.2462051 24
Docosanoic Acid CorHy Oy 339.32695 3.193 1.24776908 0.08635497 24
2-Ox0-3-
(phosphonooxy)propyl Cq3Hp50,P 323.12509 1.396 1.07451343 0.18333194 48
decanoate
Lignoceric Acid CosHyg0Oy 367.35833 3.852 1.19045219 0.13535602 48
1-[5-(4-Hydroxy-2-butanyl)-2-
methyltetrahydro-2-furanyl]- Ci5Hpg03 255.19743 2.124 1.27565896 0.12206422 48
4-methyl-2-pentanone
Sparfloxacin C19HpoFoN4O3  391.15988 1.371 1.3391899 0.0693887 48
Metirosine C10H13NO3 194.08168 1.674 0.73220113 —0.0645802 48

! rt—retention time (minutes). 2 Fold change with a cutoff at >2 indicating enriched features and <0.5 indicating
depleted features for BPS-exposed cultures. 3 p-values from empirical Bayes moderated t-test, adjusted for false
discovery rate. 4 loadings >0 indicate features with greater concentrations in BPS-exposed cultures relative to
controls, and loadings <0 indicate features with lesser concentrations in BPS-exposed cultures. The signs of
loadings for the 24 h sPLS-DA have been corrected to align with those for 48 h, for consistency.

29



Metabolites 2024, 14, 713

-log10 adjusted p values

-log10 adjusted p values

A

Metabolomic Features for 24h cultures

treatment BPS @ control

culture day

Change sPLS-DA scores for metabolomic profiles
(BPS / control)
® down

no significant change

® u

Metabolomic Features for 48h cultures

2 -1 0
Log2 Fold Change (BPS / control,

Change ‘ ‘ ‘
(BPS7/ control) ‘ ‘ ‘ ‘ | ‘ ‘ I

® down
no significant change
® w ‘ |

2 - 0 1 2
Log2 Fold Change (BPS / control)

Figure 5. Differentially altered metabolomic features. Log2 fold changes (BPS-treated/control)
against negative log 10 transformed adjusted p-values from empirical Bayes moderated f-test (n = 5),
for 24 h (A) and 48 h (B) profiles. (C) Scores plot of sSPLS-DA, considering only the 24 h and 48 h
profiles and respective top 50 metabolomic features contributing the greatest variance. (D) Heatmap
of metabolomic feature z-scores with hierarchical clustering. Heatmap row names represent culture
denote BPS-exposed and control, respectively; 0-2 denote

“u "1

replicates; “A-E” denote mouse, “s” or “v
culture time points 0 h, 24 h, and 48 h.

3.5. Features Which Differentiate by BPS Exposure Poorly Explain Variance Across Metagenome
and Metabolome

To determine the relationship between differential metabolomic features and microbial
fluctuations, sparse CCA was applied to the most variable features from each dataset
which were differentiated, to some degree, by BPS exposure. CCA is akin to PCA in that
it finds linear combinations (canonical variates; CV) of the original variables, but does
so to maximize the correlation of the components generated for each dataset. Species
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retained by the sPLS-DA on metagenomics were used as the metagenomics input to sCCA.
Annotated metabolites from the fold change and significance cutoffs were combined with
those retained by sPLS-DA for the metabolites input. Across the differential analyses for
both time points, 26 species and 17 metabolites were used as the inputs to sCCA. The
scaled scores from the sCCA are plotted in Figure 6A,B, where the two CVs of a given
dataset make up the x and y axes and the first CV of the complementary dataset colors
the points to aid in observing correlations. The sCCA primarily contrasted the inoculum
profiles from those at 24 h and 48 h and had correlations of 0.7424 between the first CVs
and 0.5784 between the second CVs of each dataset. Additionally, sCCA retained a limited
selection of features from each dataset (five metabolites and nine species) to generate the
correlated components, suggesting that features which differentiated by BPS exposure had
little relationship with each other between the metagenomic and metabolomic datasets
(Figure 6C,D). An sCCA on the full ‘omics datasets shows a high correlation between
the CVs of each dataset (CV1: 0.9296; CV2: 0.9818), suggesting that feature fluctuations
from each dataset collaboratively contrast inoculum cultures from later time points, and
differentiate cultures by biological replicate (Figure S4).
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Figure 6. Canonical correlations between differential ‘omics features. Sparse Canonical Correlations
Analysis (sCCA) scores plots of differential annotated metabolites with color scaled by species
component 1 (A) and of sSPLS-DA-selected species colored by metabolites component 1 (B). sCCA
loadings for metabolites (C) and species (D); metabolomic features with non-zero loadings are
denoted by their annotation, whereas features with loadings equal to zero are only listed by their
analysis code.
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4. Discussion

The gut microbiota are widely studied for their role as a mediator between the host
and environmental exposures. As a major component in plastics production and food
contact materials, bisphenols are facing increased scrutiny from health-regulating orga-
nizations [12]. The discussion around BPA and its analogues as endocrine disruptors is
expanding to include evidence for cardiovascular effects and metabolic dysregulation,
with bisphenols” impact on hosts and the gut microbiome similarly gaining interest over
the past decade [32-34]. To fully characterize the hazard posed by dietary contaminants
like bisphenols, it is crucial to understand their impact on the gut microbiome, without
confounding influences of the host.

To identify the microbial members and their metabolites which may be most sensitive
to BPS, we exposed in vitro cultures of murine fecal microbiota to 10 uM BPS over for 2
days. This in vitro batch culture model was used over the oral exposure of mice to focus
explicitly on the relationship between the microbiota and the contaminant [26]. Cultures
were prepared using whole fecal material suspended in anoxic phosphate-buffered saline
(PBS), as opposed to a nutritive media, to preserve a familiar nutrient environment and
prevent domination by fast-growing members. Prior in vitro and in vivo studies on bisphe-
nols employed doses in the supraphysiologic range of 10-100 uM to identify sensitive toxic
endpoints, which, in the context of the microbiome, are microbiota which dramatically
change in abundance or metabolic function following exposure. Our results showed that
acute exposure to supraphysiologic levels of BPS did not produce an enterotype that differ-
entiated the exposed cultures from controls. Instead, the data demonstrated differences
between cultures by biological replicate, with those differences becoming more prominent
over the 48 h culture time (Figure 1C,D). No broad alterations in the functional or metabo-
lite profiles were identified which discriminated the BPS-exposed cultures from controls.
As with the compositional changes, the greatest variance originated from changes in the
cultures over time, and secondly due to inter-animal biological variation, as evidenced by
the PCAs in Figure S3A and Figure 1A,B.

Alpha and beta diversity analyses emphasized the role of inter-animal biological
variation in determining the microbial community composition, as shown in Figure 2.
While some differential analyses did not identify differentially abundant species between
the BPS-exposed and control cultures, the sSPLS-DAs by time point discriminated abundance
profiles by BPS exposure, and in that process, selected some species as BPS- or control-
associated. The sPLS-DA on the 48 h profiles attributed relatively large loadings to four
Lactobacillus species as classifying cultures in the BPS-exposed group. Lactobacillus is a well-
known mutualistic, biofilm-forming genus in the human and animal microbiomes [35]. This
association corroborates the findings of Gomez et al. (2021) in indicating that an increased
Lactobacillus abundance may be a biomarker for BPS exposure [25]. The functional profiles
of the microbial metabolic pathways similarly draw attention to inter-animal variation and
time-dependent changes. By count, ~10% of these pathways were differentially abundant
between the BPS-exposed and control cultures; however, each of the 39 perturbed pathways
made up less than 1% relative abundance of all identified pathways. The identification
of the CMP-N-acetylneuraminate biosynthesis I (eukaryotes) pathway, as opposed to its
bacterial variant, likely reflects the residual host DNA captured by the sequencing process.
Some pathogenic and symbiotic bacteria possess CMP-N-acetylneuraminate biosynthesis
II (bacteria) and use the cell surface sugar to blend in with mammalian cells [36]. CMP-
N-acetylneuraminate biosynthesis was identified as being enriched in the BPS-exposed
cultures after 24 h and 48 h of exposure, and the identification of the eukaryotic pathway
over the bacterial one may indicate it as a marker of interest for host-focused studies on BPS.
These perturbations demonstrate that, like with the microbial members, low-abundance
features may be sensitive to BPS in the absence of profile-dominating effects.

Although metabolome-wide changes were not observed, we did observe specific
changes in metabolite features upon BPS exposure. Assessing fold changes and significant
differences revealed ~100 metabolomic features with abundance differences between the
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BPS-treated and control cultures. Similarly, an sSPLS-DA model selected 50 metabolomic
features per time point to discriminate the profiles by BPS exposure; however, the scarcity
of annotated metabolites among the differential metabolomic features (Table 1) precluded
analyses based on comparisons of chemical classes. These putative annotations also in-
cluded compounds whose presence was unexpected in these samples, further limiting
the utility of feature-specific information in identifying effects due to BPS. Emedastine
and Sparfloxacin are orally administered drugs for anti-histamine and antibiotic applica-
tions, respectively, and were not administered to the mice prior to fecal collection. Their
detection may come from contaminated animals or samples, but the features are likely
mis-annotations, instead reflecting other endogenous metabolites with similar #1/z to the
drugs, but either of a lower priority or undocumented within the databases used. The
metabolomic profiles of the BPS-exposed cultures did not identify any candidate bisphenol
breakdown products such as those put forth by Li et al. (2020), Kyrila et al. (2021), and
Li et al. (2023) regarding BPA microbial biodegradation [37-39]; however, the structural
differences between BPA and BPS, specifically BPS” characteristic sulfonyl bridge between
phenols, would reasonably lead to divergent degradation pathways. The lack of key gut
biomarkers of damage or disease amongst the putative annotations and the absence of
potential bisphenol breakdown products within the differential metabolites precluded
follow-up targeted LC-MS/MS analysis.

An sCCA was applied to the differential metabolomic features and species retained
in the metagenomics sPLS-DA to identify any relationships between the metagenomic
and metabolomic datasets. Figure 6C,D show that the majority of the differential features
did not exhibit variance, which correlated with variances in the complementary dataset.
Interestingly, saturated fatty acids made up three of the five metabolites retained in the
sCCA, and all appeared in the first canonical variate. Given that the correlation between
the CV1 of each dataset was 0.7424, this would suggest that increased concentrations of
lignoceric acid, docosanoic acid, and montanic acid were correlated with the decreased
Lachnospiraceae bacterium_3_1_46FAA, Clostridium sp. ASF502, E. plexicaudatum, and E. sp.
14_2 abundances in our model. Eubacterium members are known for producing butyrate and
play a role within the gut in bile acid and cholesterol transformation, while Lachnospiraceae
are a prominent and controversial family within the human microbiome that ferment plant
polysaccharides to short-chain fatty acids [40,41]. Similarly, Clostridium is a genus of gut
colonizers whose species can have beneficial or disruptive effects on human hosts [42].

BPA has been shown to perturb the mammalian gut microbiome in terms of metabolite
production and community composition, although consistent effects on specific microbial
abundances have yet to be identified [2,17,21]. Studies on BPS as a dysbiotic agent are not
as numerous as BPA, with insufficient data to identify cross-species or cross-model patterns
in microbial responses to BPS exposure. A study using zebrafish determined that BPS was
among the most dysbiotic bisphenols tested, while perinatal BPS exposure prominently
disrupted the fecal microbiome of CD-1 mice [24,25]. In contrast, the results from our
isolated culture system do not implicate BPS as a dysbiotic agent, instead drawing attention
specifically to Lactobacillus members as having some time-dependent association with BPS
exposure in the murine fecal cultures. The current literature gap regarding BPS in microbial
systems provides a challenge for identifying and corroborating metagenomic, functional,
and metabolomic perturbations in response to this compound.

It is important to note two factors which may have obfuscated effects from the BPS ex-
posure. First, inter-animal variation among the biological replicate cultures was substantial.
As part of the experimental design, feces were collected from five female C57BL/6 mice
specifically housed in the same cage, as closely housed mice demonstrate similar micro-
bial profiles and a reduced variance in the data related to individual differences [43,44].
However, the metagenomic data demonstrated a clear split among the replicate cultures,
evident in the PCA in Figure 1C, the PCoA in Figure 2B, and especially the heatmap of
species relative abundances in Figure 3C. Considering that inter-animal biological varia-
tion remained a dominant factor, despite collecting feces explicitly from co-housed mice,
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an alternative approach to addressing this variation may be to use lower-density cages.
Recent work from Russell et al. (2022) suggests that a decreased housing density increases
murine gut microbiota sensitivity to selective pressures and chemical challenges [43]. While
those findings are primarily oriented toward in vivo studies featuring exposures or treat-
ment through diet, their recommendation may also apply to in vitro microbial culture
experiments by avoiding experiment-wide enterotypes which resist perturbations from
short-term chemical challenges.

A second factor in the experimental design that may have obfuscated effects from
BPS is the omission of an acclimation phase for the microbiota within the culture system.
BPS exposure was initiated at the time of inoculation in the in vitro culture system to
ensure that BPS exposure was to a microbial community that was representative of the
host community; however, it is likely that the change in environment from the animal
host to the in vitro culture system resulted in a rebalancing of the microbial community,
even when using minimal medium to avoid community domination by fast-growing
members and to identify potential BPS degraders in the depleted nutrient environment.
This rebalancing is evident in the differences between the inoculum (0 h) cultures and
those of later time points in our multivariate analyses and diversity indices. Specifically,
this occurrence made interpretation of the metagenomic sPLS-DA difficult, in that some
species, such as E. plexicaudatum, were considered to be indicative of control cultures
at one time point then were used to classify cultures as BPS-exposed in the other. The
reason for these contradictions may be that, since the overall diversity of these cultures
declined over time, reflecting a reduced abundance of several members, the sPLS-DA
instead reflected differing rates of species “die-off” and not enrichment in the presence of
BPS. An alternative may be to acclimatize the microbiota in a dilute nutritional media for
12-24 h before BPS exposure, effectively trading host representativeness for a more stable
baseline to identify perturbations.

Even with the above caveats, the absence of broad disruptive effects in our model
suggests that the effect of BPS, and potentially other bisphenols, may originate primar-
ily from contaminant-host interactions. Our results would position the microbiome as
a downstream target of bisphenols’ effects instead of as a mediator, and raises the same
consideration for similar kinds of dysbiotic agents such as phthalates (e.g., DEHP). Future
work can also employ in vitro co-culture methods to partition host and microbiome influ-
ences. For example, intestinal epithelial or hepatocyte cell culture models can be exposed to
substrates like BPS to first generate host-biotransformed products and endogenous metabo-
lites, which could then be used to test in the fecal microbial culture model for dysbiosis.
In this way, the contaminant-microbiome and contaminant-host aspects of exposure can
be evaluated side-by-side to determine the relative importance of each compartment in
mediating the effects of dysbiotic agents, without the use of live animal models.

5. Conclusions

In summary, a supraphysiologic (10 uM) BPS exposure did not perturb the overarching
murine fecal microbial composition, function, nor metabolome. A handful of metabolomic
features demonstrated differential abundances dependent on time and BPS exposure,
and Lactobacillus species showed a relatively greater abundance in BPS-exposed cultures
compared to controls after 48 h of BPS exposure. The results from this in vitro culture model
do not indicate that BPS is a direct dysbiotic agent, contrasting it against BPA. However,
inter-individual and inter-species biological variation play substantial roles in microbiome
composition, necessitating further studies to characterize the interactions that bisphenol
analogues like BPS may have with the gut microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo14120713/s1, Figure S1: Family-Level Relative Abundances;
Figure S2: Relative Abundances of Very-Low-Abundance Species; Table S1: Ten most abundant
HUMANN functional pathways of BPS-exposed and unexposed murine fecal cultures; Figure S3:
Overview of Metabolic Pathway Abundances; Table S2: Differential metabolic pathways from sparse
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PLS-DA on HUMANN functional profiling of BPS-exposed and un-exposed murine fecal cultures;
Figure S4: Canonical Correlations Between Full ‘Omic Datasets.
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Abstract: Microplastics are emerging pollutants that have garnered significant attention, with ev-
idence suggesting their association with the pathogenesis of type 2 diabetes mellitus. In order to
assess the impact of polystyrene microplastic exposure on alterations in the gut microbiota and the
subsequent implications for glucose dysregulation under different dietary conditions in mice, we in-
vestigated the effects and disparities in the blood glucose levels induced by polystyrene microplastic
exposure in mice fed a high-fat diet versus those fed a normal diet. Using 165 rRNA sequencing and
bioinformatics analyses, we explored the dynamic changes and discrepancies in the gut microbiota
stability induced by polystyrene microplastic exposure under varied dietary conditions, and we
screened for gut genera associated with the potential of polystyrene microplastics to disrupt glucose
homeostasis. Our findings indicate that a high-fat diet resulted in abnormal mouse body weight,
energy intake, blood glucose levels and related metabolic parameters. Additionally, polystyrene
microplastic exposure exacerbated the glucose metabolism disorders induced by a high-fat diet.
Furthermore, the composition and diversity of the mouse gut microbiota were significantly altered
following microplastic exposure, with 11 gut genera exhibiting a differential presence between mice
fed a high-fat diet combined with microplastic exposure compared to those fed a normal diet with
microplastic exposure. Moreover, Ucg-009 played an intermediary role in the association between
a high-fat diet and the fasting blood glucose. Hence, our study demonstrates that polystyrene
microplastic exposure exacerbates high-fat diet-induced glucose metabolism disorders, whereas its
impact on the blood glucose under normal dietary conditions is not significant, highlighting the
differential influence attributable to distinct alterations in characteristic gut genera.

Keywords: microplastics; polystyrene; high-fat diet; blood glucose; gut microbiota

1. Introduction

Microplastics (MPs) are plastic fragments and particles with diameters smaller than
5 mm, which are formed by physical and chemical processes [1]. They have become a
global environmental pollutant, and in recent years, microplastics have been further cate-
gorized into micro-sized plastics (MPs) and nano-sized plastics (NPs) [2]. Despite being
conceptualized only two decades ago, extensive scientific attention is now focused on their
distribution, migration, and transformation in the environment, as well as their impact
on human health. As a novel pollutant, the potential threats posed by microplastics to
ecological environments and human health warrant systematic investigation. Humans may
ingest up to 5 g of microplastics per week, and due to their small size, these particles can
circulate through the bloodstream, accumulating in various tissues and organs, including
the liver, kidneys, spleen, lungs, and placenta, potentially exerting localized cellular and
tissue toxicity [3,4]. Long-term exposure to microplastics may disrupt normal immune
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system function [5], induce chronic inflammatory responses [6], and cause cellular dam-
age [7]. Existing research indicates that microplastic exposure may increase the risk of
chronic diseases such as cardiovascular diseases and diabetes [8,9]. The exposure pathways
include ingestion via food, intake through drinking water, and inhalation through air
contact. Among these routes, ingestion via the digestive system is one of the primary ways
microplastics enter organisms, where they can colonize, particularly in the gastrointestinal
tract, affecting physiological processes [10]. Microplastics have been detected in human
feces, confirming their entry into the human gut and emphasizing the potential impact of
microplastics on health through the gut microbiota [11].

Diabetes mellitus is a chronic disease characterized by high blood sugar levels, directly
or indirectly caused by insulin deficiency. Globally, the number and proportion of diabetes
patients continue to rise. According to the International Diabetes Federation (IDF), as of
2021, there were approximately 537 million diabetes patients worldwide, with China alone
having 141 million, equating to a prevalence of 12.8%, predominantly type 2 diabetes [12].
Diabetes has been identified by the United Nations and the World Health Organization
as one of the five priority non-communicable diseases to address in global health action
plans. The increasing prevalence of diabetes and the substantial rise in healthcare costs
place significant burdens on societies, economies, and healthcare systems worldwide [13].
A high-fat diet is recognized as a risk factor contributing to the onset and exacerbation of
diabetes, influencing blood glucose metabolism levels. Therefore, it is crucial to deepen
understanding of the development of diabetes induced by a high-fat diet and propose new
treatment and prevention strategies for comprehensive disease management.

There is substantial evidence suggesting a close association between microplastic
exposure and the onset and progression of diabetes. Wang et al. found that mice exhibited
impaired glucose tolerance and hepatic lipid deposition following high—dose microplastic
administration [14]. Insulin resistance in mice induced by microplastic exposure may also
be related to metabolic reprogramming of the gut-liver axis [9]. Importantly, numerous
studies indicate that disruptions to glucose metabolism caused by microplastic exposure are
linked to alterations in the gut microbiota. We hypothesize that microplastics may impact
glucose metabolism through changes in the gut microbiota, exacerbated by a high-fat diet.
In this study, we established a mouse model of a high-fat diet combined with polystyrene
microplastic exposure, measured relevant indicators of blood glucose metabolism, and
performed 16S rRNA sequencing and bioinformatics analysis on collected fecal samples at
the phylum and genus levels. Subsequently, we conducted statistical analyses to identify
gut genera associated with the role of polystyrene microplastics in glucose dysregulation
under different dietary patterns. Finally, we analyzed the mediating effects of relevant
gut genera. This research will contribute to a comprehensive understanding of the impact
of the gut microbiota on glucose dysregulation induced by microplastic exposure under
different dietary patterns, providing insights into the toxicological effects of microplastics
and raising concerns about their harm to high-risk populations exposed to high-fat diets.

2. Materials and Methods
2.1. Chemicals

The 5 pm monodisperse polystyrene microspheres used in this experiment were
purchased from the Tianjin BaseLine ChromTech Research Center (Tianjin, China). The
samples were prepared as a 2.5% w/v milky solution, with an initial water suspension
concentration of 250 mg/10 mL. The microplastic solution was diluted to 16 mg/mL using
deionized water and stored at 4 °C. Particle characterization of the microplastics used in
the experiment was conducted using a Kurt particle size analyzer. As shown in Figure S1,
the polystyrene microspheres exhibited good mass quality, with no significant differences
in the particle size, all averaging around 5 um.
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2.2. Experimental Animals and Exposure Protocol

Prior to commencement, the study protocol was approved by the Zhejiang Chinese
Medical University Laboratory Animal Research Center (No. 20230213-07), ensuring
compliance with ethical standards in animal research. SPF—grade male C57BL/6 mice,
4-6 weeks old, with uniform genetic backgrounds, were obtained from SLAC Laboratory
Animal Co., Ltd. (Shanghai, China). The mice were fed diets from Hangzhou Hangsi
Biotechnology Co., Ltd. (Hangzhou, China): a 10 kcal% normal diet and a 60 kcal% high-fat
diet, with energy densities of 3.85 kcal/g and 5.24 kcal/g, respectively. The experimental
design is shown in Figure 1. After acclimatization for seven days in an animal facility
with the temperature maintained at 22 °C, humidity at 55 £ 15%, and a 12 h light-dark
cycle, 48 mice were randomly divided into four groups (n = 12/group): normal diet control
(ND + water), normal diet microplastic (ND + MP), high-fat diet control (HFD + water),
and high-fat diet microplastic (HFD + MP). During the experimental period, mice in the
ND + MP and HFD + MP groups were orally gavaged daily with 80 mg/kg body weight
of microplastic suspension, following dosage references from previous studies [15]. Mice
in the ND + water and HFD + water groups were administered an equivalent volume
of high-purity water by oral gavage. The experiment lasted for 14 weeks, during which
biweekly measurements were taken for the body weight, food intake, water consumption,
and fasting blood glucose. Prior to euthanasia at week 14, fecal samples were collected from
each mouse, immediately frozen in liquid nitrogen, and stored at —80 °C. After a 12-h fast,
final measurements of the body weight and fasting blood glucose were taken, blood was
collected via retro—orbital bleeding, and the mice were euthanized via cervical dislocation.
Tissues, including from the pancreas, colon, cecum, small intestine, liver, and epididymal
fat pads, were collected and weighed. The experimental procedures were conducted at the
Zhejiang Chinese Medical University Laboratory Animal Research Center.

Normal diet+Water
ND+Water l
~ WEEK [0 2 4 6 8 10 12 14 |
f
OGTT test Sacrifice
Normal diet+80mg/kg/day MPs
ND+MP i i
C WEEK [0 2 4 6 8 10 12 14|
T
OGTT test Sacrifice
High fat diet+Water
HFD+wate/r' i l
C WEEK [0 2 4 6 8 10 12 14|

OGTT test Sacrifice

High fat diet+80mg/kg/day MPs
HFD'MP g l

- WEEK [0 2 4 6 8 10 12 14|

OGTT test Sacrifice
Fasting glucose measurements were tested every 2 weeks

Figure 1. Experimental design.

2.3. Oral Glucose Tolerance Test

At week 14 of the experiment, after a 12—hour fast, the mice were orally administered
a glucose solution at a dose of 2 g/kg body weight. Blood samples were collected via tail
vein puncture at 0, 30, 60, 90, 120, and 150 min post—glucose administration, and the blood
glucose levels were measured using a glucometer. GraphPad was used to plot the blood
glucose curve and calculate the area under the curve.

2.4. 165 rRNA High-Throughput Sequencing

Genomic DNA of the gut microbiota from the fecal samples was extracted using the
Mag—bind Soil DNA kit. The DNA purity and concentration were assessed by 1% agarose
gel electrophoresis. Barcoded primers were used to amplify the diluted genomic DNA
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following the standard protocol of the Illumina MiSeq platform using the TruSeq® DNA
PCR—Free Sample Preparation Kit. Quantification was performed with QuantiFluor™—ST,
and the sequences were subjected to quality filtering and base trimming. The sequencing
was performed by Shanghai Applied Protein Technology Co., Ltd. (Shanghai, China).

2.5. Gut Microbiota Analysis

The operational taxonomic units (OTUs) were assigned using the Uparse algorithm
(version 7.0.1090), with a sequence similarity threshold of 97%. Alpha diversity indices,
including Shannon, Simpson, and Chaol, were calculated to assess the community diversity
and richness. Principal coordinate analysis (PCoA) based on the weighted and unweighted
UniFrac distances was conducted to assess the beta diversity among the study groups. The
composition and abundance of the gut microbiota at the phylum and genus levels were
analyzed, visualized using bar graphs, and statistically tested for significance using the
linear discriminant analysis effect size (LEfSe) and other appropriate statistical methods.

2.6. Statistical Analysis

Statistical analyses and graphing of the experimental data were performed using
R version 4.3.0, SPSS version 26.0.0.0, and GraphPad Prism version 10.2.1. The results
are presented as means =+ standard deviations (X &+ SD). A one-way ANOVA was used
to test for statistical differences among the four groups, and t-tests were employed for
comparisons between two groups. Bootstrap methods were used to validate the mediating
effects of the gut microbiota. The direct effects of high-fat diet exposure on the fasting blood
glucose outcomes and the indirect effects mediated by the gut microbiota were estimated,
with the proportion of mediation calculated as the “indirect effect/total effect”. Statistical
significance was set at & = 0.05.

3. Results
3.1. Effects of Polystyrene Microplastic Exposure on Mouse Body Weight Gain, Energy Intake, and
Organ Weights

The biweekly changes in the mouse body weight are depicted in Figure 2a. The
bar graphs showing the mouse body weights at week 0 and week 14 are presented in
Figures 2b and 2c, respectively. The bar graph illustrating the weight gain during the
experimental period is shown in Figure 2d. The results indicate that the high-fat diet
led to significant weight gain. However, there were no significant differences in body
weight between the control and microplastic-exposed mice under both dietary conditions,
suggesting that polystyrene microplastic exposure did not significantly affect the mouse
body weight.

Details of the average food intake and energy consumption per group are summarized
in Tables S1 and S2, respectively. The results show that the high-fat diet led to increased
organ weights (p < 0.05). However, there were no significant differences in the food intake
and energy consumption between the control and microplastic-exposed mice under both
dietary conditions, indicating that polystyrene microplastic exposure did not significantly
influence the energy intake in the mice.

The absolute and relative weights of various organs and tissues are presented in
Supplementary Tables S3 and S4. The absolute weight results indicate that the high-fat
diet significantly increased the pancreatic, adipose, and colonic weights in the mice (p
< 0.05). However, there were no significant differences in the absolute organ weights
between the control and microplastic-exposed mice under the different dietary conditions.
The relative weight results show that the high-fat diet significantly increased the relative
weights of the pancreas and epididymal fat pads, while decreasing the relative weight of
the cecal tissue (p < 0.05). Again, there were no significant differences in the relative organ
weights between the control and microplastic-exposed mice under the different dietary
conditions, indicating that microplastic exposure had no significant impact on the organ
weights between the dietary groups.
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Figure 2. Effects of polystyrene microplastics on the body weight of mice: (a) the weight change of
the mice at 14 weeks; (b) the weight gain of the mice at 14 weeks; (c) the weight of the mice at the Oth
week; and (d) the weight of the mice at the 14th week. Different letters indicate that there is statistical
significance in the comparison between groups, p < 0.05.

3.2. Polystyrene Microplastic Induces Abnormal Fasting Blood Glucose in Mice

The fasting blood glucose levels were measured biweekly throughout the experiment,
and the changes were plotted in line and bar graphs, as shown in Figure 3a. Statistical
analysis of the data revealed no significant differences in the fasting blood glucose among
the groups from week 0 to week 12. However, starting from week 8, significant differences
in the fasting blood glucose between the high-fat diet control group and the normal
diet control group mice were observed (p < 0.05). Additionally, under the normal diet
regimen, there were no significant differences in the fasting blood glucose between the
microplastic-exposed mice and the control mice. In contrast, under the high-fat diet
regimen, microplastic exposure did not significantly affect the fasting blood glucose levels at
12 weeks but resulted in a significant increase at 14 weeks (p < 0.05). These findings indicate
that while the high-fat diet induced changes in the mouse blood glucose, polystyrene
microplastic exposure alone did not affect the fasting blood glucose significantly. However,
co-exposure with a high-fat diet exacerbated the effects of the diet on the mouse fasting
blood glucose.

3.3. Polystyrene Microplastic Induces Abnormal Glucose Tolerance in Mice

A few days before the end of the 14th week of exposure, mice fasted for 12 h were
subjected to an OGTT (oral glucose tolerance test). The blood glucose levels were measured
and recorded during the test, and the results were statistically analyzed, as shown in
Figure 3d. According to the experimental results, after glucose solution administration,
the blood glucose levels in the mice rose rapidly, with no significant differences among
the groups at 30 min. Subsequently, from 30 min onward, the blood glucose began to
decline. The mice fed a normal diet exhibited a faster decline in the blood glucose levels
compared to those fed a high-fat diet, and from 60 min onward, significant statistical
differences in the blood glucose changes emerged between the high-fat diet control group
and the normal diet control group (p < 0.05). Under the different dietary conditions, there
were no significant differences in glucose tolerance between the microplastic-exposed and
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control mice under the normal diet. However, under the high-fat diet, the mice exposed to
microplastics showed slower declines in the blood glucose levels, with significant statistical
differences emerging from 60 min onward (p < 0.05). Calculations of the area under the
OGTT curve revealed significant differences between the high-fat diet control group and
the normal diet control group (p < 0.05). In the normal diet model, there were no significant
differences in the area under the curve between the microplastic-exposed and control mice.
In contrast, in the high-fat diet model, the area under the curve was significantly larger in
the microplastic-exposed mice compared to the control mice (p < 0.05).
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Figure 3. Effects of polystyrene microplastics on the fasting blood glucose and glucose tolerance in
mice: (a) fasting blood glucose changes of the mice at 14 weeks; (b) fasting blood glucose of the mice
at 0 week; (c) fasting blood glucose of the mice at 14 weeks; (d) blood glucose changes of the mice
during OGTT test; and (e) area under OGTT curve. Different letters indicate that there is statistical
significance in the comparison between groups, p < 0.05.

3.4. Differences in Gut Microbiota Diversity

The Ace and Chaol indices estimated that under the normal diet regimen, there were
no significant differences in the Ace and Chaol indices between the microplastic-exposed
mice and the control mice. Under the high-fat diet regimen, the microplastic-exposed
mice showed slightly lower Ace and Chaol indices compared to the control mice, but the
differences were not statistically significant. Overall, these results indicate that polystyrene
microplastics had no significant impact on the species diversity of the gut microbiota.
The results of the Shannon and Simpson indices are shown in Figure 4c and 4d, respec-
tively. In the normal diet regimen, there were no statistically significant differences in the
Shannon and Simpson indices between the microplastic—exposed mice and the control
mice. However, under the high-fat diet regimen, the microplastic—exposed mice exhibited
significantly lower Shannon and Simpson indices compared to the control mice (p < 0.05),
indicating a significant effect. Taken together, these results suggest that polystyrene mi-
croplastic exposure affects the richness and evenness of the gut microbiota in mice fed a
high-fat diet. As shown in Figure 4e, all the groups had a Coverage index >0.9995, indicat-
ing high sample authenticity and representativeness. These sequencing results demonstrate
that polystyrene microplastic exposure alters the x-diversity of the gut microbiota in mice
under the high-fat diet regimen, with distinct differences compared to the normal diet
regimen.
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Figure 4. Effects of polystyrene microplastics on the diversity of the intestinal microflora in mice: (a) mouse
Ace index; (b) mouse Chaol index; (c) mouse Shannon index; (d) mouse Simpson index; (e) mouse
Coverage index; (f) analysis based on unweighted UniFrac PcoA; and (g) analysis based on weighted
UniFrac PcoA; * p < 0.05.

The (3-diversity assessed by unweighted UniFrac is depicted in Figure 4f. The results
show significant differences at the OTU level between the mice fed a high-fat diet and those
fed a normal diet. In both dietary models, there were differences in the OTU levels between
the microplastic—exposed and control groups. The weighted UniFrac results in Figure 4g
indicate significant differences in the OTU levels between the mice fed a high-fat diet and
those fed a normal diet. Moreover, under both dietary models, there were differences in the
OTU levels between the microplastic-exposed and control groups, with a more pronounced
difference in the high-fat diet model, characterized by a reduced overlap. These results
demonstrate that polystyrene microplastic exposure induces changes in the (3-diversity of
the gut microbiota in mice, with more significant changes observed under the high-fat diet
compared to the normal diet.

3.5. Identification of Characteristic Gut Microbiota Differences

Based on the 16S rRNA sequencing results, the gut microbiota composition and rel-
ative abundance at the phylum level were analyzed, as shown in Figure 5a. The results
indicate that Firmicutes, Bacteroidota, Actinobacteriota, Desulfobacterota, Campilobacterota, and
Deferribacterota were the most abundant phyla in the mouse gut microbiota, with Firmicutes
and Bacteroidota being predominant. Comparing the different treatment groups, significant
changes were observed in the gut microbiota at the phylum level in the mice exposed to
polystyrene microplastics. Under the normal diet regimen, the microplastic-exposed mice
showed increased relative abundance of Firmicutes, Bacteroidota, Desulfobacterota, Campilobac-
terota, and Deferribacterota compared to the control mice, while Actinobacteriota exhibited a
decreasing trend. Under the high-fat diet regimen, the microplastic-exposed mice exhibited
increased relative abundance of Firmicutes, Actinobacteriota, and Desulfobacterota, and de-
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creased relative abundance of Bacteroidota, Campilobacterota, and Deferribacterota, compared
to the control mice.
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Figure 5. Effects of polystyrene microplastic exposure on the gut microbiota composition in mice:
(a) changes in the gut microbiota composition at the phyla level; (b) changes in the gut microbiota
composition at the genera level; (c,e) cladogram analysis map and bar chart of the LDA score (log10)
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distribution of the gut microbiota in the normal diet control group and microplastic group, where
red represents microbial communities that play an important role in the (ND + Water) group, green
represents microbial communities that play an important role in the (ND + MP) group, yellow repre-
sents microbial communities that did not play an important role in either group; and (d,f) cladogram
analysis map and bar chart of the LDA score (log10) distribution of the gut microbiota in the high-fat
diet control group and microplastic group, where red represents microbial communities that play
an important role in the (HFD + Water) group, green represents microbial communities that play an
important role in the (HFD + MP) group, and yellow represents microbial communities that did not
play an important role in either group. The current LDA threshold score is over 2.

Further analysis at the genus level was conducted to explore the impact of polystyrene
microplastic exposure on the gut microbiota’s relative abundance, as shown in Figure 5b.
The results reveal that the mouse gut bacteria at the genus level include Allobaculum, Murib-
aculaceae, lleibacterium, Faecalibaculum, Lachnospiraceae, Lactobacillus, and Dubosiella, among
others. Under the normal diet regimen, the microplastic—exposed mice showed increased
relative abundance of Ileibacterium and Lactobacillus, while Allobaculum, Muribaculaceae,
Faecalibaculum, Lachnospiraceae, and Dubosiella exhibited decreased relative abundance com-
pared to the control mice. Under the high-fat diet regimen, the microplastic-exposed mice
exhibited increased relative abundance of Allobaculum, Muribaculaceae, Ileibacterium, Faecal-
ibaculum, and Lactobacillus, while Lachnospiraceae and Dubosiella exhibited decreased relative
abundance compared to the control mice.

The LEfSe analysis further compared the significant differences in the gut microbiota
composition between the microplastic-exposed and control groups, identifying characteris-
tic gut microbiota. The LEfSe evolutionary branch diagram and LDA value distribution
histogram for the intergroup comparisons are shown in Figure 5c—f. The results indicate
that under the normal diet regimen, the microplastic—exposed mice exhibited increased
relative abundance of g Dubosiella and k__Bacteria compared to the control mice. Addi-
tionally, under the high-fat diet regimen, the microplastic—exposed mice showed signifi-
cantly increased relative abundance of g Ileibacterium, g__uncultured, g Actinomycetales,
g Actinomyces, and g__Actinomycetales compared to the control mice. These results un-
derscore the significant changes in the gut microbiota composition following polystyrene
microplastic exposure in mice.

3.6. Changes in Gut Microbiota Genera upon Microplastic Exposure under Different Dietary Models

At the genus level, differential analysis of the gut microbiota was conducted to explore
the impact of polystyrene microplastic exposure under different dietary models, as illus-
trated in Figure 6. The results indicate significant changes in the relative abundance of the
gut microbiota genera between the microplastic-exposed and control groups under both the
normal diet and high-fat diet regimens. Under the normal diet regimen, the microplastic-
exposed mice showed significant changes in relative abundance of seven genera compared
to the control mice. In contrast, when comparing the microplastic-exposed mice under
the high-fat diet regimen to the control mice, 12 genera exhibited significant changes.
Specifically, 11 genera showed significant differences (p < 0.05) following microplastic
exposure under the high-fat diet regimen compared to the control group. These genera
include Ileibacterium, Bifidobacterium, Dubosiella, Rikenellaceae Rc9 Gut Group, Streptococcus,
Lachnospiraceae Ucg-006, Ucg-009, Lachnospiraceae Fcs020 Group, Christensenellaceae R-7 Group,
Erysipelatoclostridium, and one unclassified genus. Among these, the first two genera ex-
hibited significantly increased relative abundance following microplastic exposure under
the high-fat diet regimen, while the latter nine genera showed significantly decreased
relative abundance. These findings underscore the differential impact of polystyrene mi-
croplastic exposure on the relative abundance of the gut microbiota genera depending on
the dietary context, highlighting notable shifts, particularly under conditions of high-fat
diet consumption.
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Figure 6. The difference in the intestinal bacteria at different levels caused by exposure to polystyrene
microplastics in mice fed with different dietary patterns: (a) the change in relative abundance
of lleibacterium; (b) the change in relative abundance of Bifidobacterium; (c) the change in relative
abundance of Dubosiella; (d) the change in relative abundance of Rikenellaceae_RC9_gut_group; (e) the
change in relative abundance of Streptococcus; (f) the relative abundance of Lachnospiraceae_UCG-006;
(g) the change in relative abundance of UCG-009; (h) change in relative abundance of Lachnospiraceae
Fes020 Group; (i) the change in relative abundance of Christensenellaceae_R-7_group; (j) the change in
relative abundance of Erysipelatoclostridium; and (k) the change in relative abundance of uncultured.
*p <0.05 *p<0.01.

3.7. Gut Microbiota-Mediated Indirect Effects

The above results suggest that polystyrene microplastic exposure alone does not affect
glucose tolerance in mice. However, when exposed simultaneously with a high-fat diet,
microplastics exacerbate the diet’s impact on glucose tolerance in mice. The gut microbiota
may play a key role in the different effects of microplastic exposure under different dietary
conditions. To further explore the role of differential changes in specific genera in relation
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to the outcome of the fasting blood glucose, we conducted mediation analysis to assess the
specific gut microbiota—mediated indirect effects and proportions.

Among the 11 genera showing differential changes, we found that Ucg-009 exhibited
a significant mediation effect in the association between a high-fat diet and the fasting
blood glucose outcome. The results of the mediating analysis are shown in Table 1. The
proportion mediated by Ucg-009 was 0.6308 (p < 0.05).

Table 1. Analysis of the mediating effect of Ucg-009.

Bootstrap 95% CI i
Effect Size P P Proportion
Lower Upper Mediated
Direct effect 0.5361 0.0353 12 0.026 0.3692
Indirect effect 0.3139 —0.465 1.08 0.444 0.6308
Total effect 0.85 0.0632 1.68 0.024 1

4. Discussion

As a new environmental contaminant, microplastics have garnered widespread at-
tention. Increasing evidence shows that microplastics can be ingested orally and exert
toxic effects on various target organs, including inducing inflammation, neurotoxicity, and
oxidative stress, and impairing immune and circulatory systems. However, due to their
relatively low toxicity or less pronounced effects, their harmfulness is often overlooked. A
high-fat diet has been widely recognized as a risk factor for diabetes [16]. Previous studies
found that oral administration of fPS MP to high-fat diet-induced obese mice exacerbates
impaired glucose metabolism and insulin resistance, and it promotes systemic inflamma-
tion [17]. Leaky gut syndrome (LGS) may be caused by HFD, leading to MP deposition
in the intestinal mucosa, causing inflammation of the inner layer of the intestinal mucosa,
exacerbating insulin resistance and affecting insulin secretion, thereby affecting the blood
glucose levels [18]. Yet, research on the toxic effects and mechanisms of microplastic expo-
sure under high-fat diet conditions remains limited. In our study, based on observations
of metabolic markers related to blood glucose and changes in the gut microbiota under
different dietary conditions, we explored the association between microplastic exposure
and blood glucose impacts in mice.

We designed four exposure groups: normal diet control (ND + water), normal diet
microplastic (ND + MP), high-fat diet control (HFD + water), and high-fat diet microplastic
(HFD + MP). By comparing the phenotypic differences among these groups, we found that
microplastic exposure exacerbated the blood glucose metabolism disruption in the mice fed
a high-fat diet while showing no significant impact on the blood glucose in the mice fed a
normal diet. Okamura et al. also evaluated the gut outcomes associated with a high-fat diet
and MP exposure, and some of the conclusions are similar to our study. They found that a
microplastic-induced disruption to blood glucose metabolism only occurred in mice fed a
high-fat diet [18]. However, Okamura et al.’s article focuses on the endocrine and metabolic
systems, with a particular emphasis on evaluating the gut pathophysiology, while our
article focuses on differential changes in the gut microbiota and conducts mediation analysis
of these differential changes, with a focus on statistical methods. Comparing the research
results, although Firmicutes and Bacteroideta were both the phyla with the highest content in
both studies, our results showed that Firmicutes had the highest relative abundance, while
Okamura et al.’s study exhibited a higher relative abundance of Bacteroideta. Firmicutes
and Bacteroidetes are known as the main bacteria in the gut microbiota, and their relative
abundance changes are related to disease, health, obesity, and dietary habits. This difference
may be explained by differences in the dietary energy design (3.85 kcal/g and 5.24 kcal/g
in our study, and 345 kcal /100 g and 459 kcal/100 g in Okamura et al.’s study, respectively),
or methodological differences in the sample processing and DNA analysis [19]. Moreover,
in Okamura et al.’s study, microplastics were provided ad libitum. Our study used the
method of gavage administration for microplastic exposure, and the concentrations of the
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microplastics in the two studies were also different. These differences in experimental
conditions may lead to different bacterial abundances. Although there are differences in the
abundance of the gut microbiota, combining the results of the two studies, we hypothesize
that microplastic exposure aggravates the blood glucose metabolism disruption under a
high-fat diet, and the gut microbiota may play a role in this process.

At the genus level, our study identified differential changes in 11 genera, such as
Ileibacterium, Bifidobacterium, and Dubosiella, following microplastic exposure under dif-
ferent dietary conditions. Among these, Ucg-009 was found to mediate the association
between a high-fat diet and the fasting blood glucose outcome. The gut microbiota plays
critical roles in regulating various pathways in human metabolism and physiology, includ-
ing immune, energy, lipid, and glucose metabolism [20]. Dysbiosis of the gut microbiota
has been implicated in the pathogenesis of obesity and type 2 diabetes [21]. lleibacterium,
considered a harmful bacterium, has been positively correlated with blood lipid levels
and metabolic disorders [22]. It has also been implicated in type 2 diabetes and diabetic
nephropathy [23]. Additionally, Xiao et al. demonstrated that decreased abundance of
Ileibacterium and Bifidobacterium positively regulated the gut microbiota and suppressed
blood glucose disorders [24]. Similarly, our experimental results showed significant changes
in Ileibacterium under different dietary feeding patterns with microplastic exposure, where
its relative abundance significantly increased under a high-fat diet but showed no signifi-
cant change under a normal diet with microplastic exposure. Microplastic exposure may
aggravate the blood glucose disruption induced by a high-fat diet by increasing the levels
of Ileibacterium.

Dubosiella has been linked to the development of certain diseases, such as diabetes [25],
and is widely used as a probiotic in the medical field [26]. Christensenellaceae R-7 Group is
considered beneficial in regulating diabetes-related gut types [27]. In our study, we found
significant reductions in Dubosiella and Christensenellaceae R-7 Group following microplastic
exposure under a high-fat diet, which differed from the changes observed under a normal
diet with exposure to microplastics. Rikenellaceae RC9 Gut Group has been reported to
promote the expression of fat synthesis genes and increase obesity [28]. Keisiii et al. found
that the Lachnospiraceae family is associated with metabolic dysfunction and the devel-
opment of obesity and diabetes in mice [29]. However, in our experimental results, the
relative abundances of Rikenellaceae RC Gut Group and various genera within Lachnospiraceae
were decreased under microplastic exposure in a high-fat diet model. Further research is
needed to determine the role of Rikenellaceae RC Gut Group and the Lachnospiraceae family
in exacerbating the blood glucose disruption induced by microplastics. It is reported that
Ucg-009 is negatively correlated with HOMA-IR, HDL-C, ALT, AST, TC, and lipopolysac-
charide (LPS), indicating that Ucg-009 is beneficial to hypoglycemia and hypolipidemia in
diabetic mice [30]. However, we found that Ucg-009 significantly decreased after exposure
to microplastics under high-fat diet feeding, and this change in the relative abundance was
validated to play a mediating role in the association between high-fat diet microplastic
exposure and blood glucose changes. This result indicated that exposure to high-fat dietary
microplastics has adverse effects on blood glucose by reducing Ucg-009. Thus, the differ-
ential effects of microplastics on blood glucose in mice under different dietary conditions
could be attributed to differential changes in characteristic gut genera.

To the best of our knowledge, there was a limited understanding of the exacerbation of
glucose metabolism disorders under high-fat diet conditions due to microplastic exposure
and the role of the gut microbiota therein. Our findings reveal significant changes in the
blood glucose and distinct gut microbiota in mice exposed to microplastics under a high-fat
diet pattern. Statistical methods were applied to validate the mediating role of the gut
microbiota, providing evidence for further exploration of characteristic gut microbiota
in the context of microplastic-induced glucose changes under high-fat diet conditions.
This study offers new insights into the toxicological effects and health risks associated
with microplastic exposure. Further mechanistic studies and clinical trials are necessary
to comprehensively explore the roles and specific mechanisms of microplastics in blood
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glucose metabolism in high-fat diet populations, which could provide valuable insights for
preventing and treating diabetes in high-risk populations.

5. Conclusions

This study investigated the differential effects of microplastic exposure on the blood
glucose levels and gut microbiota homeostasis in mice fed normal and high-fat diets. The
results demonstrate that microplastic exposure exacerbates the blood glucose disruption in
mice fed a high-fat diet while showing no significant impact on those fed a normal diet.
Additionally, the differential effects of microplastics on the blood glucose in mice under
different dietary conditions may be associated with differential changes in characteristic
gut genera. This study contributes to a better understanding of the health risks posed by
microplastics and their potential impact on exacerbating glucose metabolic disruption in
populations with a high-fat diet.
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Abstract: Metabolic activities within the gut microbiome are intimately linked to human health
and disease, especially within the context of environmental exposure and its potential ramifications.
Perturbations within this microbiome, termed “gut microbiome perturbations”, have emerged as
plausible intermediaries in the onset or exacerbation of diseases following environmental chemical
exposures, with fluoride being a compound of particular concern. Despite the well-documented
adverse impacts of excessive fluoride on various human physiological systems—ranging from
skeletal to neurological—the nuanced dynamics between fluoride exposure, the gut microbiome,
and the resulting dose-response relationship remains a scientific enigma. Leveraging the precision
of 16S rRNA high-throughput sequencing, this study meticulously examines the ramifications of
diverse fluoride concentrations on the gut microbiome’s composition and functional capabilities
within Wistar rats. Our findings indicate a profound shift in the intestinal microbial composition
following fluoride exposure, marked by a dose-dependent modulation in the abundance of key genera,
including Pelagibacterium, Bilophila, Turicibacter, and Roseburia. Moreover, discernible alterations
were observed in critical functional and metabolic pathways of the microbiome, such as D-lyxose
ketol-isomerase and DNA polymerase III subunit gamma/tau, underscoring the broad-reaching
implications of fluoride exposure. Intriguingly, correlation analyses elucidated strong associations
between specific bacterial co-abundance groups (CAGs) and these shifted metabolic pathways. In
essence, fluoride exposure not only perturbs the compositional equilibrium of the gut microbiota but
also instigates profound shifts in its metabolic landscape. These intricate alterations may provide a
mechanistic foundation for understanding fluoride’s potential toxicological effects mediated via gut
microbiome modulation.

Keywords: fluoride exposure; gut microbiome; functional pathways; toxicity

1. Introduction

Fluorine is an essential element for the normal growth and development of organisms.
However, excessive exposure can lead to fluorosis [1]. Due to the uneven distribution of
chemical elements on the Earth’s crust, some regions contain excessive fluoride, leading to
endemic fluorosis among the local population primarily manifested as dental and skeletal
fluorosis [2]. Additionally, it negatively affects human reproductive development, the liver
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and kidney, and the endocrine, nervous, and genetic systems [2—4]. Drinking water is the
primary source of fluoride exposure. Over 20 countries worldwide have excessive fluoride
concentrations in their groundwater [5]. In China, more than 70 million people are still at
risk of high fluoride exposure [6].

Several mechanisms have been proposed for fluoride-induced diseases, which include
stress pathways, signaling routes, cell cycle dysregulation, cell apoptosis, and epigenetic
changes [7-9]. Increasing evidence suggests that disturbances in the gut microbiota and
their subsequent effects on metabolism and physiological functions play a significant role
in disease development [10]. Given fluoride’s toxicity, it is crucial to elucidate the impact of
high fluoride exposure on the gut microbiota and its metabolism and functions. Excessive
fluoride intake through drinking water induces an immune response, damages the structure
of the caecum and rectum, inhibits the proliferation of intestinal epithelial cells, restricts
glycoprotein secretion, decreases the distribution of goblet cells and hypertrophic cells, and
alters the diversity and composition of the mouse gut microbiome [11-13]. An imbalance
in the gut microbiota might compromise the integrity of the intestinal barrier and directly
lead to diseases [14].

Studies on the effects of fluoride exposure on the gut microbiota have yielded inconsis-
tent results. Research indicates that exposure to 100 mg/L fluoride increases the diversity
and richness of the gut microbiome in Kunming and ICR mice [11,12]. However, other
studies have found no significant changes in the composition and function of the gut micro-
biota in BALB/c mice exposed to a 4 ppm fluoride dose [7]. Population studies have shown
that children with dental fluorosis in high-fluoride-exposure areas have slightly lower
bacterial diversity and richness compared to normal groups [15]. Most current studies are
mouse-based, although some research has confirmed that rats have a gut microbiota more
similar to humans [16]. Moreover, the majority of studies focus on the effects of fluoride
exposure on microbiota diversity and richness, with fewer investigating the dose-response
relationship between fluoride exposure and the gut microbiota.

Building on preliminary research on the effects of drinking water fluoride on rat gut
microbiota [17], this study aims to analyze the dose-response relationship of fluoride expo-
sure in drinking water to the rat gut microbiota. Initially, 165 rRNA amplicon sequencing
will be employed to observe changes in the gut microbiota and explore dose-response
relationships. Subsequently, predictions on the metagenome’s functions and metabolic
pathways [18] will be made to observe changes in these areas. Lastly, a comprehensive
analysis of the gut microbiota’s composition and function will be conducted to determine
the correlation between the microbial community and its functionality.

2. Materials and Methods
2.1. Animal Experiment

Specific-pathogen-free (SPF) male Wistar rats (4 weeks of age, body weight
127.96 + 14.01 g) were purchased from Vital River Laboratories (Beijing, China). Rats
were fed with a pelleted rodent diet (Beijing Keao Xieli Feed Co., Ltd., Beijing, China)
and filtered water ad libitum and were maintained in the SPF animal facility of Harbin
Medical University. A total of twenty-five rats were housed under maintained conditions
of a 12:12 h light/dark cycle, constant environmental temperature of 23 & 3 °C, and 40-70%
relative humidity. All experiments were approved by the Ethics Committee of the Endemic
Disease Control Center of Harbin Medical University. After 1 week of acclimation, rats
were randomized into five groups (5 rats/group): control rats received distilled water
alone, and distilled water with 25 mg/L, 50 mg/L, 100 mg/L, and 150 mg/L of NaF was
administered to rats in 4 groups for 12 weeks, respectively. The dosages were chosen based
on previous studies concerning environmental fluoride levels, the toxicities of fluorides,
and the exposure level and duration in rodents (see Section 4). The feces of each rat were
regularly obtained in a sterile tube after animal model realization and stored at —80 °C.
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2.2. DNA Extraction and 16S rRNA Gene Sequencing

Total bacterial DNA was extracted from fecal samples using the environmental sample
DNA extraction kit based on the manufacturer’s instructions. Its concentration was moni-
tored on the Qubit PicoGreen fluorescence quantification system (Thermo Fisher Scientific
Inc., Shanghai, China) and purity was detected using 1% agarose gels. The variable region
3 and 4 (V3/V4) of the 165 RNA gene was PCR-amplified and then detected using 2%
agarose gels. The amplifications were purified, quantified, and pooled, and then sequenced
on an Illumina MiSeq sequencer (Genergy Biotechnology, Shanghai, China).

2.3. Sequencing Data Analysis

The raw mate-paired fastq files were merged, quality-filtered, and demultiplexed
to obtain the optimized sequences. USEARCH software verson 11 with UPARSE-OTU
algorithm (http://www.drive5.com/usearch/manual/uparseotu_algo.html (accessed on
5 October 2023)) was applied to cluster the operational taxonomical units (OTUs) with a
threshold of 97% sequence similarity, and the Ribosomal Database Project classifier was
used for taxonomic identification.

2.4. Microbiome Co-Abundance Groups (CAGs)

The abundant genus or species were applied to construct co-abundance groups (CAGs).
The function “cor” was used to calculate their Kendall correlations, which were visualized
with hierarchical Ward clustering with a Spearman correlation distance metric to define
CAGs with function “hcut” in the “factoextra” package. The best number of clusters was
determined according to the number of significance using a pairwise Adonis test among
each group of the Kendall correlation matrix using the “pairwise.adonis” function in the
“pairwiseAdonis” package. The expression levels of CAGs were calculated based on the
sum of relative abundance of the same CAGs.

2.5. Functional Prediction via Tax4fun2 Package

Alterations in the intestinal microbiome do not necessarily signify functional changes [19].
Hence, studying the functional changes resulting from fluoride exposure, rather than
merely the taxonomic composition of the intestinal microbiota, becomes imperative for
understanding its health impacts. We employed the “Tax4fun2” package in R 4.2.3 software
to predict alterations in the functions of the intestinal microbiota [18]. Tax4Fun2, an
upgraded version of the Tax4Fun package, enables rapid functional spectrum predictions
of prokaryotes based on 165 rRNA gene sequences. By integrating user-defined genome
information, it significantly enhances the accuracy and robustness of predictive functional
profiles [18]. Firstly, user-supplied 165 rRNA gene sequences are searched against the
165 rRNA reference sequences via BLAST using the runRefBlast function [18]. 16S rRNA
gene sequences are aligned with reference sequences provided by Tax4Fun?2 to identify
closely related sequences. Secondly, functional predictions are subsequently calculated
using the makeFunctionalPrediction function. During this step, the OTUs table supplied
by the user is summarized based on the results of the next-neighbor search. Based on
these search results, the abundance of operational taxonomic units (OTUs) for each sample
is summarized, creating an association matrix (AM) that includes the functional profiles
of identified reference sequences from the 165 rRNA search. Predicted profiles are later
summarized based on KEGG pathways. Only OTUs passing a defined similarity threshold
(default = 97%) are considered in the functional prediction [18]. In brief, the amplicon
sequence variants were applied to predict the abundance of gene families (function) and
MetaCyc pathways.

2.6. Statistical Analysis

The differences of abundances in the gut microbiome of phylum among groups
were detected using an ANOVA test, and the pairwise differences between groups were
identified via Tukey correction. Linear regression was applied to explore the relationship
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between fluoride exposures and gut microbiome/CAGs/functions, and then expressed as
Pearson correlations. Spearman correlations between abundance in CAGs and MetaCyc
pathways were performed to identify the association. All statistical analysis was conducted
in R 4.2.3 software (R Foundation for Statistical Computing, Vienna, Austria). A two-tailed
p value < 0.05 was defined as statistically significant.

3. Results
3.1. Distribution of the Gut Microbiome with Fluoride Exposure

The gut microbiomes among the control and different NaF groups were dominated
by taxa belonging to Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria in de-
scending order (Figure 1 and Table 1). A significant difference was only observed in the
abundances of Proteobacteria among groups (p value = 0.043), and the result of the pairwise
test showed that the 150 mg/L F group may have higher abundances than the 50 mg/L F
group (adjusted p value = 0.046).
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Figure 1. Mean relative abundance of the most abundant phylum and genus in the rats” gut micro-
biome composition.

Table 1. Relative abundance of the most abundant phyla in the rats” gut microbiome composition
(mean + SD).

Phylum Control 25mg/L F 50 mg/L F 100 mg/L F 150 mg/L F F p Value
Firmicutes 8112+ 1873 7833 +995 7597 +£13.54 8636+ 6.66  80.84 =948 0.490 0.743
Bacteroidetes 17.71 £18.35  20.55+9.75  23.09 £13.51 12.62+6.76  17.94+£9.75 0.502 0.735
Proteobacteria ~ 0.25 & 0.11 0.35+0.19 0.24 +0.12 0.35+0.13 0.51 +0.12 2.995 0.043
Actinobacteria  0.31 +0.24 0.27 £0.12 0.24 £0.12 0.22 £ 0.09 0.29 £0.15 0.283 0.885

3.2. Influence of Fluoride Exposure on Gut Microbiome in Genus

To clearly identify differences in gut microbiome structure among fluoride exposure
groups, co-abundance correlations were clustered into four groups based on an Ado-
nis test (Figure 2A). Significant associations were not observed between CAG1/CAG2
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and fluoride exposure (p value > 0.05). CAGS3 has a positive association with fluoride
exposure, which means the relative abundance of CAG3 rises with increasing fluoride
exposure doses, while CAG4 was negatively associated with fluoride exposure, which
means the relative abundance of CAG4 decreases with increasing fluoride exposure doses
(Figure 2B). Genera in Bilophila, Holdemania, Pelagibacterium, and Ruminococcaceae from
CAGS3 (Figure 2C and Table S1) were also found to be positively correlated with fluoride
exposure, while Corynebacterium, Lachnospiracea incertae sedis, Roseburia, and Turicibacter
from CAG4 (Figure 2C and Table S1) were negatively correlated with fluoride exposure.
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Figure 2. (A) Kendall correlations between genera clustered using hierarchical Ward method with
a Spearman correlation distance metric. The primary genera attributed to the most CAGs are
(proportion > 10%) CAG1 (Unclassified Lachnospiraceae, Ruminococcus, and Unclassified Clostridiales),
CAG2 (Prevotella and Unclassified Porphyromonadaceae), CAG3 (Unclassified Ruminococcaceae), and
CAG4 (Turicibacter, Lachnospiracea incertae sedis, Roseburia, and Clostridium sensu stricto). (B) The linear
association between fluoride exposure and CAGs. (C) Boxplots show the effect of fluoride exposure
on the gut microbiome in each genus with the Pearson correlation.

3.3. Effect of Fluoride Exposure on Gut Microbiome in Species

Co-abundance correlations were clustered into six groups based on the Adonis test
(Figure 3A). With the exception of CAGI, no significant association with fluoride exposure
was observed in the other CAGs. CAG1 has a positive association with fluoride exposure,
which means the relative abundance of CAG3 rises with increasing fluoride exposure doses
(Figure 3B). Species in Unclassified Pelagibacterium, Candidatus Soleaferrea massiliensis, Parabac-
teroides distasonis, Uncultured bacterium adhufec108, Unclassified Bdellovibrionales, Unclassified
Ruminococcaceae, Bacteroidales bacterium ph8, Bacteroides fragilis (T), Uncultured Kopriimonas
sp., Unclassified Odoribacter, Parabacteroides goldsteinii, Unclassified Alphaproteobacteria, Bac-
teroides uniformis, Uncultured Erysipelotrichales bacterium, and Uncultured Desulfovibrionaceae
bacterium from CAG1 (Figure 3C and Table S2) were also found to be positively correlated
with fluoride exposure.
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Figure 3. (A) Kendall correlations between species clustered using hierarchical Ward method with
a Spearman correlation distance metric. The primary species attributed to the most CAGs are
(proportion >10%) CAG1 (Unclassified Ruminococcaceae), CAG2 (Uncultured rumen bacterium), CAG3
(Unclassified Prevotella, Uncultured bacterium and Unclassified Porphyromonadaceae), CAG4 (Uncultured
Firmicutes bacterium, Rumen bacterium NK4A214 and Unclassified Clostridium 1V), CAG5 (Unclassified
Lachnospiraceae), and CAG6 (Ruminococcus sp., Uncultured bacterium adhufec and Unclassified Blautia).
(B) The linear association between fluoride exposure and CAGs. (C) Boxplots show the effect of
fluoride exposure on the gut microbiome in each species with Pearson correlation (due to space
limitations, only some figures are shown).

3.4. Functional Changes in the Gut Microbiome with Fluoride Exposure

Figure 4 and Table S3 show that the biological functions of the gut microbiome were
significantly associated with fluoride exposure. Metabolism pathways including energy
metabolism and metabolism of terpenoids and polyketides were strongly positively cor-
related with fluoride exposure (Figure 5, Tables 2 and 3) and strongly correlated with
CAGS3 in genus, CAG4 in genus, and CAGI in species abundance (Figure 6). Further-
more, Genetic Information Processing pathways including Translation; Folding sorting,
and degradation; and Transcription were negatively correlated with fluoride exposure
(Figure 5, Tables 2 and 3). Finally, Human Diseases pathways including drug resistance:
antimicrobial, drug resistance: antineoplastic, and infectious diseases: viral were negatively
correlated with fluoride exposure, while cardiovascular diseases was positively correlated
(Figure 5, Tables 2 and 3). Meanwhile, it also was negatively correlated with CAG3 in genus
and CAG]1 in species abundance (Figure 6).

Table 2. Correlation coefficients between MetaCyc pathways of level 3 and fluoride exposure.

MetaCyc Pathways of Level 3 Correlation Coefficient p Value
Metabolism 0.723 <0.001
Genetic Information Processing —0.426 0.034
Human Diseases —0.451 0.024
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Figure 4. The relative abundance of the most correlated function (the absolute of Spearman correlation
coefficient > 0.75 and p-value < 0.05) with fluoride exposure visualized via Heatmap plot.
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Table 3. Correlation coefficients between MetaCyc pathways of level 2 and fluoride exposure.

MetaCyc Pathways of Level 3 MetaCyc Pathways of Level 2 Correlation Coefficient p Value
Genetic Information Processing Translation —0.399 0.048
Genetic Information Processing Folding, sorting, and degradation —0.482 0.015
Genetic Information Processing Transcription —0.401 0.047

Human Diseases Drug resistance: Antimicrobial —0.442 0.027
Human Diseases Drug resistance: Antineoplastic —0.411 0.041
Human Diseases Infectious diseases: Viral —0.556 0.004
Human Diseases Cardiovascular diseases 0.399 0.048
Metabolism Energy metabolism 0.561 0.004
Metabolism Metabolism of terpenoids and polyketides 0.688 <0.001
A B
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Figure 6. (A) Spearman correlations of the differentially abundant MetaCyc pathways of level 2 and
CAGs; (B) Spearman correlations of the differentially abundant MetaCyc pathways of level 3 and
CAGs. * indicates p-value < 0.05, ** indicates p-value < 0.01.

The results of the predictions indicate that fluoride exposure exhibits a strong positive
dose-response relationship (up-regulation) with functions like D-lyxose ketol-isomerase,
alanine-synthesizing transaminase, Fis family transcriptional regulator, CoA-dependent
NAD(P)H sulfur oxidoreductase, 3D-(3,5/4)-trihydroxycyclohexane-1,2-dione acylhydro-
lase (decyclizing), and nickel transport system permease protein. Conversely, it displays a
strong negative dose-response relationship (down-regulation) with functions like DNA
polymerase Il subunit gamma/tau, F-type H+-transporting ATPase subunit gamma, F-type
H+-transporting ATPase subunit a, and F-type H+-transporting ATPase subunit c. Fluoride
exposure has a pronounced positive dose-response relation (up-regulation) with metabolic
pathways like metabolism of terpenoids and polyketides and energy metabolism, while it
has a pronounced negative dose-response relation (down-regulation) with pathways like
viral infectious diseases and folding, sorting, and degradation.
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3.5. Associations between Functional Alterations and Gut Microbiome

The association analysis between functional alterations and the gut microbiome pre-
sented correlations ranging from —0.69 to 0.65. Significant positive correlations were found
in Genus CAG3/Species CAG1 with MetaCyc pathways of level 2, such as metabolism
of terpenoids and polyketides (Spearman’s correlation 0.60/0.62) and energy metabolism
(0.49/0.57), and with MetaCyc pathways of level 3, such as metabolism (0.58/0.64). Mean-
while, a negative correlation was observed with MetaCyc pathways of level 2, such as drug
resistance: antimicrobial (—0.67/—0.59) and infectious diseases: viral (—0.65/—0.62), and
with MetaCyc pathways of level 3, such as human diseases (—0.59/—0.50) (Figure 6).

For the genus CAG4, significant positive correlations were found with MetaCyc path-
ways of level 2, such as infectious diseases: viral (Spearman’s correlation 0.60), drug
resistance: antineoplastic (0.41), and drug resistance: antimicrobial (0.40), while a negative
correlation was observed with MetaCyc pathways of level 2, such as energy metabolism
(—0.69) and metabolism of terpenoids and polyketides (—0.68), and with MetaCyc path-
ways of level 3, such as metabolism (—0.79) (Figure 6).

In all, the three fluoride exposure-associated CAGs were significantly correlated with
the metabolism of terpenoids and polyketides and thallium, energy metabolism, drug
resistance: antimicrobial, and infectious diseases: viral (Figure 6A).

4. Discussion

In this study, we investigated the impact of varying concentrations of fluoride ex-
posure on alterations in the gut microbial community and its functional changes. The
research demonstrates significant dose-response changes in the composition of the gut
microbiome in rats due to fluoride exposure. Moreover, these disturbed intestinal bacteria
are closely associated with alterations in many gut microbiota-related functions, indicating
that fluoride exposure not only interferes with the bacterial abundance but also significantly
alters the functional characteristics of the gut microbiota, leading to a disruption in the
host’s homeostasis post exposure.

The gut microbiota, including micro-organisms, their genomes, and the surrounding
environment in the gut, has received unprecedented attention in the past decade [20]. In-
creasing evidence suggests that metabolic activities within the gut microbiota are intricately
linked to human health and disease [21]. Several crucial functions executed by the gut
microbiota are now widely recognized, encompassing polysaccharide digestion, biosyn-
thesis of vitamins and nutrients, colonization resistance, and modulation of the immune
system [21-25]. Moreover, the influence of the gut microbiota on the host’s metabolism and
physiology extends beyond the intestine, impacting distant organs such as the liver, mus-
cles, and brain [21,25]. Different gut bacteria have certain functions. For instance, Bilophila
is conditionally pathogenic in healthy human hosts, which promotes intestinal inflamma-
tory effects, intestinal barrier defects, systemic inflammation, bile acid dysmetabolism,
and changes in the functional profile of the microbiome [26]. Turicibacter strains lead to
changes in host bile acid profiles, and were positioned as modulators of host fat biology [27].
Roseburia has been proved to be a probiotic that can prevent intestinal inflammation and
maintain energy homeostasis by producing metabolites [28]. The composition and function
of the gut microbiota can be easily influenced by various intrinsic and extrinsic factors [29],
and exposure to exogenous pollutants can lead to functional dysregulation of the gut mi-
crobiota [24,25,29]. More research is suggesting that the detrimental functional alterations
in the gut microbiota due to exposure to these external pollutants might be associated with
increased disease risk [21].

Numerous studies highlight that excessive fluoride exposure has adverse effects on
human health, primarily resulting in dental and skeletal fluorosis [2] as well as unfavorable
impacts on human reproductive development, the liver, kidney, endocrine system, nervous
system, and genetics [2—4]. In recent years, there has been growing attention on soft tissue
lesions associated with excessive fluoride exposure [30]. Studies have shown that fluoride
metabolism is five times faster in rodents than in humans [31]. The fluoride doses used
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in the current study (25, 50, 100, and 150 mg/L NaF corresponding to 11.3, 22.6, 45.2,
and 67.8 mg/L fluoride ion, respectively) are equal to environmental levels. Although
the World Health Organization sets the guideline limit for fluoride in drinking water at
1.5 mg/L [32], the levels of fluoride in drinking water in endemic fluorosis areas are up
to 16 mg/L [33]. Moreover, fluoride can be ingested from food and the air. Thus, the
doses in this study were supposed to mimic the real human exposure in areas of endemic
fluorosis. Research indicates that excessive fluoride exposure can impair the organism’s
intestinal morphology and ultrastructure, leading to gastrointestinal diseases [12,34,35]. For
instance, after exposure to 100 mg/L sodium fluoride for 90 days, C57BL/6] mice exhibited
disrupted small intestine tissue structure and ultrastructural disorder, with a marked
decrease in the ratio of villus height to crypt depth [36]. Exposure to 50 mg/L and 100 mg/L
fluoride (calculated as fluoride ion) for 70 days resulted in severe structural damage to the
rats” colon and rectum, with a significant inhibition of epithelial cell proliferation [12,13].
However, the current research on the effects of fluoride exposure on the gut microbiota
remains relatively limited [7,11,15]. Studies have found that environmental chemicals
can directly impact gut bacteria by interrupting specific metabolic pathways or gene
expressions, leading to differential selective pressures. This, in turn, reshapes the gut
microbial community due to the unique set of metabolic pathways and genomes possessed
by different bacterial species [37]. (Some environmental chemicals can directly affect the gut
bacteria by interrupting specific metabolic pathways or gene expression, leading to distinct
selection pressures, hence shaping the gut microbial community due to the uniqueness of
the set of metabolic pathways and genome possessed by different bacterial species.) The
potential mechanism behind the impact of fluoride exposure on the intestinal microbiota is
likely related to the changes observed; however, the specific mechanisms remain unclear
and warrant further research.

The current study indicates that exposure to fluoride induces significant dose-responsive
alterations in the composition of the intestinal microbiome. Notably, different fluoride
concentrations showed a positive correlation with CAG3 in different genera, with the
genera Bilophila, Holdemania, Pelagibacterium, and Ruminococcaceae significantly positively
correlated with fluoride concentrations. A plethora of studies demonstrate that there is a
marked increase in the genus Bilophila among patients with diabetic nephropathy [38-40],
IgA nephropathy [41], intrahepatic cholestasis of pregnancy [42], autism-related Bilophila
abundance increase [43], and ovarian premature aging mice [44]. Additionally, an increase
in both the Bilophila and Ruminococcaceae genera affects the reproductive performance
of sows [45]. Chronic hepatitis B patients showed a correlation between an increase in
the genus Holdemania and a heightened risk of chronic hepatitis B [46]. Elevated blood
urea nitrogen levels in children with idiopathic nephrotic syndrome positively correlate
with the Ruminococcaceae genus [47]. Moreover, patients with conditions such as diabetic
nephropathy [38], liver-kidney transplantation [48], hepatitis C virus (HCV) infection [49],
non-alcoholic fatty liver [50], liver fibrosis [51], polycystic ovary syndrome [52], thyroid
cancer [53], Parkinson’s disease [54], autism spectrum disorder [55], multiple sclerosis [56],
and spinal cord injury [57] all show a significant rise in the relative abundance of the
Ruminococcaceae genus. After exposure to perfluorooctanesulfonic acid, there was a trend
of increased abundance of Ruminococcaceae, but only the high-dose group was significantly
higher than the control group [58]. This suggests that fluoride exposure-induced aug-
mentation of the aforementioned intestinal microbes might further be associated with
pathological changes in the kidneys, liver, and nervous system, reproductive development,
and the thyroid.

In contrast, different fluoride concentrations were negatively correlated with CAG4 in
different genera. The genera Corynebacterium, Lachnospiracea incertae sedis, Roseburia, and
Turicibacter showed a significant negative correlation with fluoride concentrations. Recent
studies revealed a significant decrease in the relative abundance of Corynebacterium in de-
pression model rats compared to controls [59]. Patients with conditions such as polycystic
ovary syndrome [60], IgA nephropathy [61], Parkinson’s disease [54], and non-alcoholic
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fatty liver [62] all display a marked reduction in the abundance of Lachnospiracea incertae
sedis. Studies suggest that as the abundance of Lachnospiracea incertae sedis increases, lev-
els of indolyl sulfate, formyl sulfate, and phenylacetylglutamine in circulation decrease,
correlating with improved renal function [63]. Kidney diseases, including diabetic kid-
ney disease (DKD) [64], chronic kidney disease (CKD) [65], and end-stage renal disease
(ESRD) [66], are associated with a notable decrease in the Roseburia genus, potentially
linked to its involvement in butyrate production, indole synthesis, and mucin degrada-
tion [67]. Autoimmune diseases show a marked reduction in Roseburia abundance in
autoimmune disease mice [68], and patients with IgA nephropathy also exhibit a signifi-
cant reduction in Roseburia compared to healthy individuals [62]. Neurological conditions
such as schizophrenia [69], Parkinson’s disease [70], and spinal cord injury [71], as well
as reproductive disorders like infertility, show a decrease in the number of Roseburia [72].
Compared to controls, benign prostatic hyperplasia rat groups displayed a marked reduc-
tion in Turicibacter [73], as did unilateral ureteral obstruction (UUO) rats [74]. This implies
that fluoride exposure-induced diminishment of the aforementioned intestinal microbes
might further correlate with pathologies in autoimmunity, the kidneys, liver, and nervous
system, and reproductive development. The current study indicated that fluoride exposure
causes a certain up-regulation of metabolic pathways like metabolism of terpenoids and
polyketides and energy metabolism, while it causes a certain down-regulation of pathways
like viral infectious diseases and folding, sorting, and degradation. Concurrently, strong
correlations exist between these metabolic pathways and CAGs. In summation, these
functional and metabolic pathway changes may represent potential mechanisms by which
fluoride exerts toxicity by affecting the intestinal microbiota. In summation, our results
suggest that the bacteria sensitive to fluoride in a fecal sample could be a biomarker of
fluoride exposure, and these functional and metabolic pathway changes may be used to
further explore the mechanism of bacteria in the pathogenesis of fluorosis.

The concept of intestinal microbiota toxicity has been increasingly recognized. Intesti-
nal microbiota toxicity refers to the structural and functional changes in the gut microbial
community caused by exposure to certain environmental chemicals, potentially leading to
a series of adverse health consequences [75]. Environmental exposure is a significant risk
factor for a range of human diseases that overlap with those associated with gut microbial
composition [76,77]. Consequently, microbial community toxicity may represent the miss-
ing link between environmental exposure and microbial community-associated human
diseases [75]. At present, this has not received adequate attention, and the dose-response
relationship of gut microbiota toxicity has largely remained unexplored. In this study,
we investigated the toxicity of fluoride on the gut microbiota and further explored the
dose-response relationship between them.

5. Conclusions

We analyzed the effects of fluoride exposure at various concentrations on the gut
microbial community and its functions in rats. Exposure to different concentrations of fluo-
ride significantly altered the composition of the gut microbiota, showing a dose-response
relationship with changes in the abundance levels of multiple bacterial genera. The func-
tions and metabolic pathways of the gut microbiota experienced substantial alterations
post fluoride exposure, also displaying a dose-response relationship. Moreover, correlation
analyses identified that some gut bacterial CAGs (co-abundance groups) were highly asso-
ciated with the altered metabolic pathways of the gut microbiota. In summary, fluoride
exposure not only disrupted the gut microbiota composition in terms of abundance but
also affected its functions and metabolic pathways. This study explored the pathogenesis
of fluorosis and provided a clue for the biomarkers of fluoride exposure.

Supplementary Materials: The following supporting information can be downloaded at https:

//www.mdpi.com/article/10.3390/metabo13111159/s1: Table S1: Correlation coefficient between
gut microbiome in genera and fluoride exposure; Table S2: Correlation coefficient between gut
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microbiome in species and fluoride exposure; Table S3: Correlation coefficient between functional
alterations and fluoride exposure.
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Abstract: Perturbations of the gut microbiome are often intertwined with the onset and development
of diverse metabolic diseases. It has been suggested that gut microbiome perturbation could be a
potential mechanism through which environmental chemical exposure induces or exacerbates human
diseases. Microplastic pollution, an emerging environmental issue, has received ever increasing at-
tention in recent years. However, interactions between microplastic exposure and the gut microbiota
remain elusive. This study aimed to decipher the responses of the gut microbiome upon microplastic
polystyrene (MP) exposure by integrating 165 rRNA high-throughput sequencing with metabolomic
profiling techniques using a C57BL/6 mouse model. The results indicated that MP exposure signifi-
cantly perturbed aspects of the gut microbiota, including its composition, diversity, and functional
pathways that are involved in xenobiotic metabolism. A distinct metabolite profile was observed
in mice with MP exposure, which probably resulted from changes in gut bacterial composition.
Specifically, untargeted metabolomics revealed that levels of metabolites associated with cholesterol
metabolism, primary and secondary bile acid biosynthesis, and taurine and hypotaurine metabolism
were changed significantly. Targeted approaches indicated significant perturbation with respect to
the levels of short-chain fatty acids derived from the gut microbiota. This study can provide evidence
for the missing link in understanding the mechanisms behind the toxic effects of microplastics.

Keywords: microplastic exposure; gut microbiome; metabolomics; toxicity

1. Introduction

It has been well demonstrated that the gut microbiota plays a key role in immune
response [1,2], metabolic processes [3], epithelial homeostasis [4], etc. Mounting evidence
has established significant associations between an imbalanced gut microbiota and var-
ious adverse health outcomes such as inflammation [5], obesity [6], diabetes [7,8], and
cancer [9]. The gut microbiota evolves through several transitions during infancy and
relatively stabilizes thereafter if no significant perturbations occur. However, it has been
well recognized that exposure to numerous environmental chemicals, including heavy
metals [10-14], pesticides [14,15], artificial sweeteners [15-17], and others [18], is able to
alter the gut microbiome. In particular, environmentally driven perturbations in the gut
microbiome may lead to adverse effects on the host. For example, arsenic exposure per-
turbs the gut microbiome and induces alterations of diverse microbiota-related metabolites,
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which is suggested as a novel mechanism underlying arsenic toxicity [13,19,20]. Likewise,
nicotine-induced changes in gut microbial metabolic pathways and metabolites related
to neurotransmitters might contribute to the neurotoxicity of nicotine [21]. The func-
tional damage driven by environmental exposure in the gut microbiome has recently been
proposed as gut microbiome toxicity [18].

Recently, microplastic pollution and its potential health effects have become an emerg-
ing global environmental health issue. Plastic particles with a size of less than 5 mm are
usually called microplastics [2]. Widespread occurrence of microplastics has been reported
in a variety of environmental matrices, including oceans, rivers, soil, and even table salt [1].
Microplastics can easily accumulate in the environment due to their ubiquity and persis-
tence. Studies have shown that microplastics can be ingested by marine organisms and
passed through the food chain [7,8]. Microplastics have been detected in a variety of food
products such as bottled water, honey, beer, and canned fish [22]. Thus, similar to how
humans can be exposed to organic contaminants such as bisphenol A, they can also be ex-
posed to microplastics via a variety of exposure routes [23,24]. The resulting accumulation
of microplastics in tissues may cause a variety of toxic effects, such as growth inhibition, en-
ergy deficiency, inflammation, oxidative stress, and metabolic abnormalities [7,8]. However,
the potential mechanisms remain elusive. In addition, it has been recently reported that
the gut microbiota can be perturbed by microplastic exposure. For instance, microplastics,
including polystyrene and polyethylene particles, could affect gut microbial composition
and induce adverse effects such as inflammation [25,26]. Likewise, the profile of metabo-
lites such as bile acids in the gut microbiota could also be impacted upon exposure to
microplastics [27,28]. The gut microbiota not only directly impacts intestinal homeostasis
locally through microbial metabolic products, but it also triggers systemic effects on remote
tissues/organs such as liver, adipose, or brain by producing metabolites that can act as
signaling molecules [29,30]. Moreover, the role of the gut microbiota in chemical toxicity
has been well recognized [18]. Given the profound role of the gut microbiome in human
health coupled with extensive and constant exposure to microplastics, it is of necessity to
elucidate effects of microplastic exposure on the gut microbiome.

The main goal of the present study is to elucidate the effect of MP exposure on the gut
microbiota. Microplastics comprise a variety of particles, of which polystyrene is the most
classic example of a microplastic that exists widely throughout the environment. Provided
the ubiquitous existence of polystyrene coupled with the use of polystyrene as a represen-
tative microplastic in a number of studies [26-28,31,32], polystyrene (5 pm, 0.1 mg/day)
microplastic particles were used in the present study as representative microplastics for
exposure to the gut microbiota. Polystyrene is widely used as a raw material in a variety
of consumer products, including food packaging, leading to its ubiquitous environmental
occurrence [33]. Thus, microplastic polystyrene is often used in a number of studies to
investigate microplastic toxicity [26,27,34]. MP at 5 um is the smallest diameter of plastic
debris found in marine habitats [35], and it is within the smaller size range of particles that
have been known to be ingested by aquatic organisms [36]. The dose is chosen based on
environmentally relevant concentrations of MP in the environment [37]. Two complemen-
tary omic approaches have been employed to achieve a comprehensive understanding of
how the gut microbiome is impacted by MP exposure at an environmentally relevant level.
The 16S rRNA gene sequencing technique has been used to identify bacteria at the species
level perturbed by MP exposure, which has been used as a mainstay of sequence-based
bacterial analysis for decades. The other technique, activity-based metabolomics, including
both untargeted and targeted approaches, allows the identification of metabolites with
significant change upon exposure. An untargeted approach enables the comprehensive
comparison of metabolomes under different conditions, while a targeted approach can
enable the highly sensitive analysis of specific gut-microbiome-derived metabolites, which
is critical in understanding drivers of physiological activities related to the gut microbiome.
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2. Materials and Methods
2.1. Chemicals

Five-micrometer green, fluorescent polystyrene microplastic particles were purchased
from Tianjin BaseLine ChromTech Research Center (Tianjin, China), with an excitation
wavelength of 488 nm and an emission wavelength of 520 nm.

2.2. Animals and Experimental Design

Twenty male specific-pathogen-free (SPF) C57BL/6 mice (~4 weeks old) were pur-
chased from SLAC Laboratory Animal Co., Ltd (Shanghai, China). After 1 week of accli-
mation, mice were randomly assigned into 6 cages with 3 or 4 mice per cage. A total of
10 mice were marked as controls (Control group, n = 10), and the rest of them were marked
as MP-treated mice (treatment group, n = 10). The mice were housed under a temperature
of 22 °C and 40-70% humidity with a 12/12 h light/dark cycle. Mice from the treatment
group were given MP particles (0.1 mg/day [27,37]) by oral gavage; the control mice were
given equivalent volume of water also by oral gavage. After 6-week MP treatment, fecal
samples were collected individually, and these were put into liquid nitrogen immediately
and stored at —80 °C for further experiments. Before sacrifice, mice were euthanized in
a carbon dioxide chamber after 12 h of fasting. Mouse tissues were collected and quickly
frozen in liquid nitrogen and stored at —80 °C. The animal experiment was conducted
at Laboratory Animal Research Center of Zhejiang Chinese Medical University with ap-
proval by the Animal Care and Use Committee of Zhejiang Chinese Medical University
(No. 20201103-08). All experiments were in accordance with relevant guidelines. All mice
were treated humanely with regard for alleviation of suffering.

2.3. 165 rRNA Gene Sequencing

Microbial DNA was extracted from mouse fecal samples (1 = 8 per group, ~50 mg
per mouse) using QlAamp DNA Stool Mini Kit (Qiagen, Germany), as per the manufac-
turer’s instructions. Purified amplicons were pooled in equimolar and then paired-end
sequenced using an Illumina MiSeq platform (Illumina, San Diego, CA, USA), as per
the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).
The V4 region of the 16S rRNA gene was amplified by PCR with primers of 515 (5'-
GTGCCAGCMGCCGCGGTAA) and 806 (5'- GGACTACHVGGGTWTCTAAT). PCR reac-
tion conditions were 3 min at 95 °C, followed by 30 cycles of 45 s at 95 °C, 60 s at 50 °C and
90 s at 72 °C. Raw fastq files were quality-filtered by Trimmomatic and merged by FLASH.
The taxonomy of each 165 rRNA gene sequence was analyzed by the RDP Classifier al-
gorithm. OTUs were clustered using a 97% similarity cutoff with UPARSE (version 7.1).
Tax4Fun, an open-source R package for pathway prediction, was used to profile functional
genes of the gut microbiome, based on marker genes from the 165 rRNA gene sequencing
data combined with the KEGG database of reference genomes [38].

2.4. Quantification of Fecal Short-Chain Fatty Acids (SCFAs)

Briefly, 50 mg of fecal samples (1 = 6 per group) were mixed with an NaOH solution
containing internal standards of SCFAs (acetate, butyrate, and propionate), and then
homogenized for 2 min. The homogenates were centrifuged, and the supernatants were
mixed with 1-propanol/pyridine (3:2, v/v) and propyl chloroformate for derivatization.
Derivatives were extracted using hexane and transferred to an autosampler vial for injection.
An Agilent 7820A GC-5977B MS system (Agilent Technologies, Santa Clara, CA, USA)
using an HP-5 ms capillary column was applied for GC/MS analysis. The initial oven
temperature was held at 50 °C for 2 min, then ramped to 70 °C at a rate of 10 °C min~ !,
to 85 °C at a rate of 3 °C min—1, to 110 °C at a rate of 5 °C min—1, to 290 °C at a rate of
30 °C min~!, and finally held at 290 °C for 8 min. In addition, the temperatures of the front
inlet, transfer line, and electron impact (EI) ion source were set to 260, 290, and 230 °C,
respectively [39].
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2.5. Untargeted Metabolomic Analysis

To extract fecal metabolites, 50 mg of mouse fecal samples (1 = 6 per group) were
mixed with pre-cooled solution (methanol:acetonitrile:water = 2:2:1, v/v), which was added
to 20 pL of L-2-chlorophenylalanine as the internal standard. Samples were extracted ul-
trasonically for 30 min at 5 °C. After 10 min of incubation at —20 °C, the sample was then
centrifuged at 14,000x g/4 °C for 20 min. The supernatant was dried up using nitrogen.
Before injection, the samples were dissolved with 100 uL of acetonitrile solution (acetoni-
trile:zwater = 1:1, v/v), followed by vortexing for 30 s and ultrasonic extraction for 5 min
at 4 °C. The supernatant was used for injection after centrifuging at 14,000x g/4 °C for
15 min. Fecal metabolite profiles were analyzed using an Agilent 1290 Infinity LC Ultra
High-Performance Liquid Chromatography System (UPLC) with a Hydrophilic Interac-
tion Liquid Chromatography (HILIC) column in ShangHai Applied Protein Technology
Co. Ltd. (Shanghai, China). A total of 20 uL of supernatant from each sample was mixed
together as the quality-control sample. The mobile phase composition of A was as fol-
lows: water + 25 mM ammonium acetate + 25 mM ammonia. For B, it was as follows:
Acetonitrile. The solvent gradients were as follows: at 0-0.5 min, B was 95%; at 0.5-7
min, B changed linearly from 95% to 65%; at 7-8 min, B changed linearly from 65% to
40%; at 8-9 min, B was maintained at 40%; at 9-9.1 min, B changed linearly from 40% to
95%; at 9.1-12 min, B was maintained at 95%. Mass spectrometry settings were as follows:
ion source gasl: 60; ion source gas2: 60; curtain gas: 30; source temperature: 600 °C;
ion sapary voltage floating: 5500 V; TOF MS scan m/z range: 60-1000 Da; product ion
scan m/z range: 25-1000 Da; TOF MS scan accumulation time: 0.20 s/spectra; product
ion scan accumulation time: 0.05 s/spectra; and information-dependent acquisition (IDA)
was applied for MS/MS with a collision energy of 35 & 15 eV. Raw data, converted from
Wiff format into mzXML format by ProteoWizard, were imported into XCMS software
for baseline filtering, peak identification, retention time correction, and peak alignment.
Identification of metabolites was performed based on the accuracy m/z value (<25 ppm)
and the comparison of MS/MS spectra with an in-house database established by ShangHai
Applied Protein Technology Co. Ltd. (Shanghai, China), which was built using available
authentic standards.

2.6. Statistical Analysis

Differences in gut bacterial abundances were assessed by a nonparametric test via
Metastats. Two-tailed Welch’s t-test was used to analyze metabolites that differed in
abundance between groups corrected for the FDR. In addition, alpha rarefaction and
principal co-ordinates analysis (PCoA) were used to assess diversities in the gut microbial
communities. Principal components analysis (PCA) and a hierarchical clustering algorithm
were used to visualize the comparison of metabolite profiles and pathways. The correlation
matrix between gut bacterial species and metabolites was generated using Spearman’s
correlation coefficient. Unless otherwise indicated, all results are expressed as mean values
with standard deviation (** p < 0.01; * p < 0.05). The symbol * represents statistically
significant difference.

3. Results
3.1. MP-Induced Alterations in Diversity and Composition of the Gut Microbial Community

After 6-week exposure of MP, there was no significant change in final body weight,
weight gain, or food intake observed between the control and the MP-treated groups.
Details regarding body weight, food intake, and organ indices are provided in the supple-
mentary information (Figure S1). To investigate the impact of MP on the gut microbiome,
fecal samples of mice were collected for taxonomic characterization and metabolite profiling
after 6-week exposure to MP (Figure 1A). The overall composition of the gut microbial com-
munity was assessed by examining taxonomic similarity between the sequencing samples
in the control and the MP-treated groups. As shown in Figure 1B, the sequences assigned to
Firmicutes were more enriched in fecal samples from the MP-treated mice, whereas reads
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PC2(22.88%)

054

assigned to Bacteroidetes were slightly lower in these samples. Overall, the MP-treated
group and the control group shared 170 bacterial species (Figure 1C). Interestingly, there
were 12 and 19 unique genera in the gut microbiota of the control and MP-treated mice,
respectively. Bacterial communities were clustered using Principal Coordinate Analysis
(PCoA), which revealed that the gut microbiota of the MP-treated mice was distinctly
clustered compared to that of the controls (Figure 1D).

0.5+

Figure 1. MP-induced alterations in the mouse gut microbial community. (A) Experimental design.
(B) Circos diagram for component profiles of the gut microbial community at phylum level (n = 8).
(C) Venn diagram for component profiles of the gut microbial community at species level (1 = 8).
(D) Component profiles analyzed by PcoA model (n = 8). (E-H) Alpha diversity indices of Ace,
Chaol, Shannon, and Simpson (n =8, * p < 0.05, ** p < 0.01).

Ace and Chaol are indices estimating the number of OTUs in the community. A larger
value of Ace or Chaol indicates more OTUs of the microbiota community. Significantly
increased values of Ace and Chaol were observed in the MP-treated group compared to the
controls (Figure 1E,F). Shannon and Simpson are indicators reflecting the diversity of the
microbial community. Increased diversity comes with a larger Shannon value or a smaller
Simpson value. MP exposure significantly increased the diversity of the gut microbiota
community (Figure 1G). Taken together, we found that MP treatment increased the number
of OTUs and diversity in the gut microbiota of mice. In addition, the phylogenetic tree
shown in Figure 2A indicated that the gut microbiota were significantly modified by MP
treatment. The red color represents bacteria that are abundant in the control mice, and
the blue color represents abundant bacteria in the MP-treated group. As shown, phyla of

Firmicutes and Campilobacterota were enriched in the mice upon microplastic exposure.

LEfSe analysis disclosed that MP treatment is associated with an expansion of Clostridia
and Lachnospiraceae (o_Lachnospirales) (Figure 2B). Particularly, at a species level, MP
treatment is associated with an increase in a species from f Muribaculaceae and a species
from g_Anaerotruncus but a decrease in a species from g_Dubosiella (Figure 2C).
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Figure 2. (A) Cladogram (phylum to genus) by discriminant analysis of Lefse with different colors
representing control (Red) or microplastics (Blue) groups (n = 8). (B) Discriminant analysis of
Lefse multi-level species difference (1 = 8). (C) Community barplot analysis at species level (n =8,
*

p <0.05).

3.2. MP-Induced Changes in Functional Pathways of the Gut Microbiome

We next investigated changes in functional pathways of the gut microbiome in re-
sponse to MP exposure. As shown in Figure 3A, the heatmap representing distribution of
gene abundances shows strong comparison of functional pathways between the control
and MP-treated groups. In particular, abundances of bacterial genes that were involved
in pathways including xenobiotic biodegradation and metabolism, bacterial infectious
disease, and drug resistance were significantly enriched in the MP-treated group com-
pared to the controls (Figure 3B,D). In addition, abundances of bacterial genes encoding
xenobiotic-related genes including ABC transporters, the bacterial secretion system, lyso-
somes, flagellar assembly, and quorum sensing were significantly perturbed with the
administration of MP (Figure 3E-I).
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Figure 3. Comparisons of Functional pathways (n = 8). (A) Heatmap constructed by abundances of
bacterial pathways at KEGG Level 1. The abundance of pathways related to xenobiotic biodegrada-
tion and metabolism (B), bacterial infectious disease (C), and drug resistance (D). The abundance
of pathways related to ABC transporters I, bacterial secretion system (F), flagellar assembly (G),
lysosome (H), and quorum sensing (I). *, p < 0.05.

3.3. MP Alters Metabolite Profiles of the Gut Microbiome

To further assess the impact of MP on metabolic products of the gut bacteria, an
untargeted metabolomics experiment was performed on mouse fecal samples. Table 1
lists annotated dysregulated features with fold changes of >1.5 or <0.67 (p < 0.05) for
microplastic challenges, including numerous metabolites that were related to gut microbial
activities. PCA analysis clearly separated the two cultivars under both positive and negative
ion modes (Figure 4A,C). The distribution of metabolic profiles of the MP-treated group
was well-separated from the control group. Differential metabolites were screened with
criteria of fold change >1.5 or <0.67 and p-Value < 0.05, which were visually represented
with volcano plots (Figure 4B,D). In addition, enrichment analysis indicated that the
pathways of cholesterol metabolism, primary and secondary bile acid biosynthesis, and
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taurine and hypotaurine metabolism, which play a key role in bile acid metabolism, were
significantly enriched in the MP-treated mice (Figure S2). Fold change and classification of
identified metabolites under positive and negative ion modes were visually presented in
Figure 4EF, respectively.
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Figure 4. Comparisons of metabolite profiles (1 = 6). Volcano plots represent distribution of metabolite
fingerprints in positive (A) and negative (C) ion modes. PCA score charts of metabolite profiles in
positive (B) and negative (D) ion modes. Fold change and classification of identified metabolites
under positive (E) and negative (F) ion modes.

3.4. Key Metabolites That Are Associated with MP Exposure

The structures of altered metabolites are diverse, with a number of the metabolites
being either directly generated or modified by the gut microbes. As shown in Figure 5,
several typical gut-microbiota-related metabolites were differentiated upon MP exposure.
Specifically, significantly increased levels of bile acids were observed in the gut microbiota
(Figure 5A). Accordingly, the abundance of the bile acid metabolism pathway also showed
significant increase upon MP treatment (Figure 5B). Moreover, modulation of purine and
pyrimidine nucleoside abundances, in addition to pathways of nucleotide metabolism,
was found in the gut microbiome of mice (Figure 5C,D). Given the essential role of SCFAs
in metabolic activities of the gut microbiota, we additionally measured fecal levels of
SCFAs. Fecal levels of SCFAs, including acetic acid, propionic acid, butyric acid, and
isobutyric acid, were significantly decreased upon MP exposure (Figure 5F). Taken together,
significant changes of key metabolites derived from the gut microbiota upon MP exposure
were observed, which could contribute to the toxicity of MP.
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Table 1. Significantly dysregulated (p < 0.05) metabolomic classes and the corresponding metabolites

in mice exposed to microplastic.

Annotated Feature Adduct m/z rt(s) 2 VIP P Fold Change ¢ p-Value HMDB ID
Nucleosides, nucleotides, and analogues
2’-Deoxyuridine M —H)— 227.0671 112.8 10.7 0.4 6.80 x 107+ 12
Deoxycytidine M + H)+ 228.0964 206.6 1 0.4 724 x 1073 14
Deoxyguanosine M —H)— 266.0890 230.3 2.1 0.3 6.30 x 1072 85
Guanosine M —H)— 282.0840 262.8 1.3 0.1 1.20 x 1072 133
Uridine M+ H)+ 245.0757 159.2 17 0.2 344 x 1074 296
Ribothymidine M - H)- 257.0780 142 4 0.2 320 x 1073 884
Lipids and lipid-like molecules
3-Hydorxy—3-methylglutaric acid M —H)— 161.0452 373.8 11 0.5 9.00 x 1074 355
alpha-Tocopherol (Vitamin E) M —-H)- 429.3724 315 1.9 4.2 3.10 x 1072 1893
Cholic acid M - H)— 407.2802 227.2 14 2.5 1.70 x 10~* 619
Palmitic acid M —H)— 255.2327 46.7 9.4 24 4.60 x 1072 220
Taurochenodeoxycholate M —-H)— 498.2886 140.7 3 2.1 1.60 x 102 951
Taurocholate M —-H)— 514.2840 200.3 24 2.8 4.40 x 1072 36
Chenodeoxycholate (M + CH3COO)— 451.3053 160.3 4.4 1.8 8.00 x 10~° 518
Lithocholic acid (M + CH3COO)— 435.3105 82.6 3.3 2.1 2.10 x 1072 761
L-Palmitoylcarnitine M+ H)+ 400.3401 172.9 24 47 1.41 x 1072 222
Taurodeoxycholic acid (M + NH4)+ 517.3270 140.8 1.7 2 1.01 x 1072 896
Organic acids and derivatives
DL-lactate M- H)— 89.0243 304.1 18 0.7 4.00 x 1072 1311
L-Glutamate M - H)— 146.0458 398.3 2 0.4 4.70 x 1072 148
L-Phenylalanine M - H)— 164.0719 261.5 3.1 0.6 5.00 x 1073 159
L-Valine M —H)— 116.0714 304.9 2.3 0.7 250 x 1072 883
Methylmalonic acid M —H)— 117.0188 104.9 12 0.4 1.10 x 1072 202
L-Arabinose M —-H)— 149.0449 133 2 0.6 1.50 x 1072 646
Galactinol (M + CH3COO)— 401.1292 391.2 1.1 0.3 1.20 x 102 5826
N-Acetyl-L-tyrosine (M — H + 2Na)+ 268.0606 242.4 1.3 0.4 3.45 x 1072 866
N-Acetyl-D-glucosamine M +H)+ 222.0966 256.4 3 0.6 2.76 x 1072 215
N-Acetylneuraminic acid M +H)+ 310.1121 373.6 22 0.4 4.82 x 107° 230
Cellobiose (M + NHy)+ 360.1487 389.6 4.4 0.4 3.05 x 1072 55
D-Mannose (M + NHy)+ 198.0958 302.8 2 0.5 446 x 1073 169
Maltotriose (M + NHy)+ 522.2001 449.6 1.6 0.5 2.10 x 1072 1262
Benzenoids
Tyramine M +H)+ 138.0900 218.2 12 0.4 2.46 x 1072 306
Norepinephrine M +H — HO)+ 152.0691 105.2 2.7 0.4 343 x 107* 216
Organoheterocyclic compounds
2-Hydroxyadenine M+ H)+ 152.0559 2624 15 0.5 3.03 x 1072 403
Hypoxanthine M+ H)+ 137.0448 217.3 4.2 0.2 417 x 1072 157
Uracil M + H)+ 113.0334 84.7 1.9 0.6 331 x 1072 300
Others
1-Palmitoyl —2-hydroxy-sn-glycero—3- M — H)— 4522773 2006 46 05 2.00 x 102 na.d
phosphoethanolamine
2-Methylbenzoic acid M - H)- 135.0445 133.3 12 0.6 1.20 x 1072 2340
3b-Hydroxy—>5-cholenoic acid M —H)— 373.2733 61.2 2.5 0.5 3.00 x 1072 308
gamma-Linolenic acid M —H)— 277.2174 46.1 6.4 0.8 4.20 x 1072 3073
Cholesterol 3-sulfate M —H)— 465.3042 26.3 15.8 1.7 1.40 x 1072 653
Isobutyric acid M —H)— 87.0452 132.6 6 0.3 1.30 x 107* 1873
Tetrahydrocorticosterone M —-H)— 349.2373 67.6 14 1.8 7.50 x 1073 268
Isoetharine (M + CH3CN + Na)+ 303.1689 197.6 1.6 49 2.00 x1072 14366
1-Palmitoyl-sn-glycero—3-phosphocholine M +H)+ 496.3396 194.5 10.3 1.8 3.93 x1073 n.a.
1-Stearoyl—2-hydroxy-sn-glycero—3- (M + H)+ 482.3230 195.7 31 34 173 x10°5 na.
phosphoethanolamine
2’-Deoxyinosine M+ H)+ 253.0924 179.6 3.5 0.5 3.21 x1072 71
Arg-Phe M+ H)+ 322.1851 340.8 1.2 53 1.28 x1073 n.a.
DL-Indole—3-lactic acid M +H - H,O)+ 188.0693 259.1 13 0.6 3.25 x1072 671
Thioetheramide-PC (M + Na)+ 758.5646 129.4 21 4.1 5.77 x1073 n.a.
D-(-)-Lyxose (M + NHy)+ 168.0853 152.6 1.3 0.5 9.26 x107* n.a.
1-0-(cls—=9-Octadecenyl) ~2-O-acetyl-sn- (M + H)+ 550.3832 188.7 17 25 449 %10 na.

glycero—3-phosphocholine

2 rt—retention time; ® VIP—variable importance in projection; ¢ the value of fold change higher than or equal to
1.5 indicates that the corresponding metabolite was upregulated, and the value of fold change lower than or equal
to 0.7 indicates that the corresponding metabolite was downregulated; ¢ n.a., the HMDB ID is not available for
the corresponding metabolite.
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3.5. Correlation between the Gut Microbiome and Metabolites

To explore the functional correlation between the gut microbiome changes and metabo-
lite perturbations induced by MP treatment, we performed functional correlation analysis be-
tween the gut microbial species and metabolites with significant changes. Strong correlations
were identified between the relative abundances of gut bacterial species and altered metabo-
lite profiles (rho > 0.7 or <—0.7; p < 0.05). Figure 6 lists several typical gut-microbiota-related
metabolites that are highly correlated with specific gut bacteria. For example, taurocholate,
a key bile acid, negatively correlates with Bl (s__uncultured_bacterium_g Dubosiella) but
positively correlates with B2 (s__uncultured_bacterium_g Anaerotruncus).
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Figure 5. Key metabolites in the gut microbiota associated with MP exposure. (A) bile acids (n = 6).

(B) Pathways involved in bile acid metabolism (1 = 8). (C) Purine nucleosides (1 = 6). (D) Pyrimidine
nucleosides (1 = 6). (E) Pathways involved in nucleotide metabolism (1 = 8). (F) Short-chain fatty
acids (n = 6). *, p < 0.05.

76

1 Control
— MP



Metabolites 2023, 13, 530

rho=-0.75 rho=0.75
p<0.05 p<0.05

(=]

(=) *

g_ .

wn

N e

o

3

g 87 g

s 2

-g S |e )—I]

g S . o5

= O -

3 0 4

& = =

= o
S e
> | ” =
g ’ 8

. S |e*
T T T 2 T T
0.00 005 010 0.00 0.05 0.10
B1 B1
rtho=0.73 rtho=-0.72
p<0.05 p=0.05
[=]
8 * *
o * o
] 27
8 ’ 8
S | & B
2 8 g
S o P
> 2=

= 8 = o |

g2 S| -~ 9o

£ 3 3 s

5 _

< v /| «

— § ¢
'~ — * - *
=3+
8 2] .

* -~ *
T T T ey T T
0.0000 0.0010 0.0000 0.0010
B2 B2

B1: s__uncultured_bacterium_g_Dubosiella
B2: s uncultured bacterium_g Anaerotruncus

Figure 6. Scatter plots illustrating statistical associations between key metabolites and gut bacterial
species (Blue dot: MP; Red dot: Control; rho > 0.7 or <—0.7; p < 0.05).

4. Discussion

We used high-throughput 16S rRNA gene sequencing and metabolomics profiling to
investigate the impact of MP exposure on the gut microbiota. The results clearly showed
that MP exposure induced a significant alteration in the gut microbial composition of mice.
In addition, perturbations in gut bacterial composition were associated with changes in
a variety of gut-microbiota-related metabolic products, suggesting that MP exposure not
only perturbs the gut microbiota at the abundance level but also essentially changes the
metabolite profile. Specifically, MP exposure significantly perturbed aspects of the gut
microbiota, including its composition, diversity, and functional pathways that are involved
in xenobiotic metabolism. A distinct metabolite profile was observed, which probably
resulted from changes in gut bacterial composition and metabolic pathways induced by
MP exposure. A number of key metabolites, including bile acids, purine and pyrimidine
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nucleosides, lipids, and SCFAs that are associated with MP exposure, may contribute to
the toxic effects of MP.

The underlying mechanisms by which MP may exert toxic effects are still elusive.
Mounting evidence suggests that metabolic changes associated with gut microbiome pertur-
bations are key risk factors for the onset and development of various adverse outcomes [40].
The gut microbiome could not only directly impact intestinal homeostasis locally through
bacterial products, but it could also trigger systemic effects on remote tissues including
liver, adipose, or brain by producing metabolites that serve as signaling molecules [29,30].
Therefore, metabolic changes, especially perturbations in microbiota-generated metabolites,
play an essential role in the disease development.

The gut microliome is critical to the energy metabolism of the host. Dysbiosis of
the gut microbiome may be associated with obesity and diabetes [41,42]. In the present
study, we observed an increase in the proportion of Firmicutes and a slight decrease in the
proportion of Bacteroidetes in the MP-treated mice compared to the controls, which is a
typical characteristic of obesity-driven dysbiosis and is consistent with previous reports [6].
Similar changes regarding Firmicutes and Bacteroidetes were also reported in a previous
study [27]. However, this result is in contradiction with another previous study, which
reported a decrease in the proportion of Firmicutes and a slight increase in the propor-
tion of Bacteroidetes in the MP-treated mice compared to the controls [28]. In addition,
we observed an increase in microbial diversity in the MP-treated mice compared to the
controls. Our follow-up results shown in Figures 3 and S3 indicate that MP may lead to
the appearance of potentially pathogenic bacteria, providing a possible explanation for the
increase of microbial diversity. Moreover, abundances of bacterial genes that are involved
in pathways including bacterial infectious disease and drug resistance were significantly
enriched in the MP-treated group compared to the controls (Figure 3C,D), further support-
ing the appearance of potentially pathogenic bacteria in the gut of the MP-treated mice. It
is worth noting that the microbes in MP dilutes may also impact the composition of the
gut microbiota of the MP-treated mice, and verification of sterility is able to exclude the
possible effects of this factor.

The gut microbiome has profound roles in xenobiotic metabolism and evolved in
the toxicity of environmental agents. Our results show enrichment of pathways involved
in xenobiotic biodegradation and metabolism (Figure 3B). Particularly, abundances of
bacterial genes encoding xenobiotic-related genes including ABC transporters, the bacterial
secretion system, and lysosomes were significantly altered in the gut microbiome of the
MP-treated mice. It is reported that ABC transporters are capable of exporting microplastic
particles [43]. Consistently, we also observed alterations in metabolites that are related to
ABC transporters (Figure S4). Therefore, MP treatment would induce functional changes
in xenobiotic-metabolism-related pathways of the gut microbiome, providing additional
evidence regarding the interactions between the gut microbiome and xenobiotic metabolism
and toxicity.

Recent evidence suggested that perturbations of the gut microbiome and its functions
may be a potential mechanism underlying the toxic effects of environmental agents [18].
The gut bacteria could directly communicate with the host through the production of a vari-
ety of endogenous metabolites. Bile acids are cholesterol derivatives that are synthesized in
the liver before undergoing extensive enterohepatic recycling as well as modification by gut
bacteria. It is established that not only are bile acids involved in digestion and absorption,
but also they act as signaling molecules affecting diverse pathways by activating a number
of nuclear receptors [44]. Bile acids and intermediates, in addition to bile-acid-related path-
ways, were significantly perturbed in the MP-treated mice, indicating that MP exposure
affects the homeostasis of bile acids. The underlying mechanisms remain elusive; however,
MP-induced gut-microbiome perturbations may be involved. Previous reports demon-
strated that the gut microbiota would affect primary and secondary bile acid profiles in the
tissues of antibiotic-treated rats [45]. Moreover, it is reported that bile-acid signaling via the
relevant receptors is associated with the regulation of the immune system and inflammatory
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response [46]. It is particularly interesting that taurocholate, a key bile acid molecule, nega-
tively correlates with abundances of s__uncultured_bacterium_g_ Dubosiella, whereas
it positively correlates with abundances of s__uncultured_bacterium_g_Anaerotruncus.
Therefore, alterations in the bile-acid profile in the MP-treated mice could be associated
with species changes in the gut microbiota, suggesting the involvement of the bacterial
metabolic activities of bile acids in chemical toxicity. MP-induced alterations in bile-acid-
related metabolites were reported in a previous study; their results showed that exposure
to 5 um MP impacted bile acid metabolism of mice via measurement of the total bile acids
in serum and the liver [27]. This is further confirmed in a more recent study in which
plasma metabolites were profiled in mice upon MP exposure. Perturbations of bile acids
and derivatives were also observed in mouse plasma such as taurochenodeoxycholate
(TUDCA) [47], which increased with a fold change of two in fecal samples of the MP-
treated mice compared to that of the controls, according to the results of the present study.
It is worth noting that we cannot exclude an effect on host metabolism due to styrene
monomers derived by MP degradation, which could also exert an impact on biliary and
taurine metabolism. Likewise, an important class of gut-microbiota-derived metabolites,
the functions of SCFAs have been extensively studied. For example, it is well documented
that butyrate has anti-inflammatory effects, mainly via suppression of nuclear factor kappa
3 (NF-kB) activation in macrophages and histone deacetylation (HDAc) in acute myeloid
leukemia [48,49]. It has recently been reported that propionate and butyrate have a potential
role in regulatory T-cell production and function at the whole-animal level through inhibi-
tion of HDAc [50,51]. Thus, perturbations of metabolic profiles, especially bile acids and
SCFAs in the gut microbiome, may be linked to MP-induced toxic effects. Taken together,
these results support the hypothesis that perturbations in the gut microbial composition
and key metabolites could be one of the underlying mechanisms of MP toxicity.

5. Conclusions

In summary, MP exposure perturbs the gut microbial composition and key metabolites
in mice. This finding represents an important step toward understanding how MP exposure
affects the gut microbiome and its functions. Future studies are warranted to address more
intriguing issues. For instance, the dose-, time-, and particle-size-dependent effects of
MP exposure on the gut microbiota need to be defined. Nevertheless, our results indicate
that MP exposure not only changes the gut microbiota at the abundance level but also
substantially alters the metabolic profiles with perturbations in key metabolites. Key
metabolites and bacterial species were identified. Perturbations in the gut microbiota
and these gut-microbiota-related metabolites by MP exposure support the hypothesis that
environmental chemicals including MP could lead to toxic effects via perturbation of the
gut microbiome and its metabolic profiles.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ metabo13040530/s1. Figure S1. Metabolic impact of MP exposure.
(A) Body weight curve. (B) Total weight gain. (C) Food intake. Organ indices of liver (D), kid-
ney (D), and cecum (F). Student’s f-test, p < 0.05 was considered statistically significant. Figure
S2. KEGG enrichment analysis of differential metabolites. Figure S3. Wilcoxonrank-sum test on
phenotype. Figure S4. Alterations in metabolites that are related to ABC transporters.
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Abstract: Epoxiconazole (EPX), a triazole fungicide, is widely used in agriculture to control pests
and diseases. High residual and occupational exposure to EPX increases health risks, and evidence of
potential harm to mammals remains to be added. In the present study, 6-week-old male mice were
exposed to 10 and 50 mg/kg bw EPX for 28 days. The results showed that EPX significantly increased
the liver weights. EPX also decreased the mucus secretion of the colon and altered intestinal barrier
function in mice including a reduced expression of some genes (Muc2, meprinf, tjpl). Moreover,
EPX altered the composition and abundance of gut microbiota in the colon of mice. The alpha
diversity indices (Shannon, Simpson) in the gut microbiota increased after exposure to EPX for
28 days. Interestingly, EPX increased the ratio of Firmicutes to Bacteroides and the abundance of other
harmful bacteria including Helicobacter and Alistipes. Based on the untargeted metabolomic analysis,
it was found that EPX altered the metabolic profiles of the liver in mice. KEGG analysis of differential
metabolites revealed that EPX disrupted the pathway related to glycolipid metabolism, and the
mRNA levels of related genes were also confirmed. In addition, the correlation analysis showed
that the most altered harmful bacteria were associated with some significantly altered metabolites.
The findings highlight that EPX exposure changed the micro-environment and lipid metabolism
disturbance. These results also suggest that the potential toxicity of triazole fungicides to mammals
cannot be ignored.

Keywords: mice; epoxiconazole; intestinal barrier; gut microbiota; metabolome

1. Introduction

For the past few years, large amounts of triazole fungicides have been approved for
use in agriculture. With the increasing reports of fungicides, widespread safety concerns
have been raised about the whereabouts of residues and the toxic effects of pesticide
exposure [1,2]. Fungicides may enter the aquatic environment through spray drift, surface
runoff, and rainfall [3]. Occupational exposure in agriculture increases the potential for
toxic effects [4]. Epoxiconazole (1-[[3-(2-chlorophenyl)-2-(4-fluorophenyl) oxiran-2-yl]
methyl]-1,2,4triazole, EPX), as a triazole fungicide, is one of the most widely used pesticides
worldwide [5]. In killing fungi, it does so by directly inhibiting sterol 140« demethylase
encoded by the CYP51A1 gene in humans. The blocking of sterol 14 demethylase results
in a deficiency of ergosterol, which is essential for cell membranes in yeast and fungi [6-8].
It has been shown that fungicides have toxic effects on mammal organisms [9-11] and
numerous studies have revealed that EPX produced brain, cardiac, liver, kidney, intestinal,
and endocrine-disrupting toxicity [12-17]. There have been few studies on metabolic
toxicity and intestinal barrier function impairment in mice.

Drugs entering the body by intragastric administration are common in vivo experi-
ments of physiology, pathology, and toxicology [18]. The gastrointestinal tract is the main
digestive organ, and its epithelial surface has a physical barrier that effectively absorbs
nutrients from food [19]. The first probability is harmful substances in the gastrointestinal
tract, which will have a toxic effect on the intestine [20]. Intestinal barrier function is
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influenced by endogenous and exogenous factors such as cytokines and chemicals [21]. A
breakdown of the intestinal barrier can lead to tissue damage such as a disruption in mucus
production [22,23]. The presence of rich flora in intestinal contents can ferment dietary fiber.
The intestinal microbiome can also regulate intestinal motility and maintain the integrity
of the intestinal epithelial biological barrier [24,25]. In addition, the intestinal microbiome
influences gut and systemic health through its metabolites. Bacteria interact directly or
indirectly with the host through secreted biologically active molecules, which may have
protective or harmful effects on the intestinal barrier and various organs including the liver,
kidney, and brain [26,27]. The liver interacts with the gut via the gut-liver axis.

With the development of mass spectrometry, the application of the metabolome in
toxicological research has rapidly increased [28]. At environmentally relevant concen-
trations, exposed organisms respond more sensitively at the molecular level than at the
organic level [29]. The implications of pesticides on biological metabolism should be ad-
dressed [30,31]. The metabolome based on LC-MS has been widely applied to explore
changes in the liver metabolic profile [32-34]. Here, 6-week-old male C57BL/6 mice
were orally administered 10 mg/kg bw, and 50 mg/kg bw EPX for 28 days. The growth
phenotypes, biochemical indices, and intestinal barrier function were investigated. Gut
microbiota is conducted to explore changes in the gut micro-environment. In addition, the
untargeted metabolome of the liver can effectively reveal the difference in the metabolic
profile of mice induced by EPX at the molecular level. This study aimed to reveal the
effects of the pesticide EPX on the intestinal and hepatic toxicity in mice, mainly related to
the effects of gut micro-environment and metabolic profile. The findings could provide
evidence for the toxicological effects of the triazole fungicide EPX on the gut and liver in
mammals, which can provide support for assessing the health risks of fungicides.

2. Materials and Methods
2.1. Chemical

EPX (CAS No.: 106325-08-0, purity > 95%) and corn oil (CAS No.: 8001-30-7, medical-
grade) were purchased from Aladdin Chemical Reagent Industry (Shanghai, China) and
stored at 4 °C.

2.2. Animals and Study Design

The five-week-old male C57BL/6 mice (n = 24) were supplied by the China National
Laboratory Animals Resource Center (Shanghai, China). The mice were randomly assigned
to cages (a photoperiod of 12:12-h light/dark cycle, 22 4 2 °C). Water and food were freely
available throughout the feeding process. After a week of acclimatization, all mice were
randomly placed into three treatment groups: Con, EPX-L (10 mg/kg bw), and the EPX-H
group (50 mg/kg bw) (n = 8). The 100 uL corn oil with doses of 0, 10, 50 mg/kg bw were
administered intragastrically daily, respectively, and the doses were selected based on the
LD50 (>5000 mg/kg) of the rat. The duration of the gavage was 28 days, as a sub-chronic
exposure test. Each mouse could drink pure water and consume commercial feed freely.

After 28 days of continuous gavage, all mice were sacrificed and dissected. The mice
were fasted for 12 h, anesthetized with ether, then blood was taken from the eyeballs, and
the neck was pulled to death. Serum was collected from the whole blood centrifugated
(7000 rpm) at 4 °C for 10 min. The killed mice were dissected promptly, and the organs were
weighed and immediately placed in liquid nitrogen. The serum and rapid-freezing organs
were deposited at —80 °C for further testing. All mouse experiments were authorized by
the Guiding Principles of Zhejiang University of Technology (20211117091).

2.3. Histological Analysis of the Liver and Colon

The liver and colon (1 = 4) selected from the Con and EPX-H treatment group were
randomly used for histological analysis. Briefly, the liver and colon were fixed in 4%
paraformaldehyde overnight, embedded within paraffin wax, and cut into 5 pum-thick
sections. The 5 um-thick sections of livers were stained with hematoxylin and eosin (H&E),
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and the sections of the colon were stained with Alcian blue-periodic acid Schiff (AB-PAS).
Image]2 was used for the quantitative analysis of AB-PAS staining.

2.4. Immunohistochemical and Immunofluorescence Analysis of the Colon

The pre-processing was the same as the previous steps to obtain 5 um-thick sections of
colons. For the immunohistochemical analysis, the rabbit anti-Muc2 (GB11344, Servicebio,
Wubhan, China) primary antibody was applied at 1:500, then stained with FITC-conjugated
(GB25303, Sevicebio) anti-rabbit secondary antibody. For the immunofluorescence analysis,
the rabbit anti-claudin-1 (GB11032, Servicebio) and -ZO-1 (GB111402, Servicebio) primary
antibodies were applied at 1:500, then stained with the HRP-conjugated (GB23303, Service-
bio) anti-rabbit IgG secondary antibody. All images were captured with a fluorescence
microscope (Nikon, Tokyo, Japan).

2.5. Biochemical Evaluation of the Serum and Hepatic Indices

The serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
were evaluated to assess liver function. The serum and hepatic triglyceride (TG), total
cholesterol (TC), glucose (Glu), pyruvate (PYR), high-density lipoprotein cholesterol (HDL-
C), and low-density lipoprotein cholesterol (LDL-C) were measured to evaluate the changed
biochemical indices of the mice. The serum samples were directly used to detect the liver
function and biochemical indicators. Liver samples were processed by adding PBS at 1:9
for grinding and centrifuging at “1000x g for 10 min. The supernatant was used to assess
the biochemical indicators. The above tests followed the instructions in the commercial
kits purchased from Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). In
addition, the protein concentration in the liver was detected with a Bradford Protein Assay
Kit (Beyotime, Shanghai, China) for the relative quantification of each indicator.

2.6. RNA Extraction and Quantitative Real-Time PCR

The total RNA was extracted from the liver and colon of mice with the TRIZOL reagent.
All extraction steps followed the instructions, and chloroform, isopropyl alcohol, and 75%
alcohol were prepared. A Nano-300 (ALLSHENG, Hangzhou, China) detected the RNA
concentration and purity. Furthermore, 1000 ng RNA was used for the cDNA synthesis
using a reverse transcription kit. The next step was RT-qPCR, which was performed with
the SYBR green system. All reagents were purchased from Vazyme (Nanjing, China), and
all operations were conducted according to the instructions. Here, the specific primer
sequences of the gene are listed in Table S1, and the synthesis was performed by Sangon
Biotech (Shanghai, China). The expression level of (3-actin was used to normalize the
expression of specific genes. The PCR protocol followed the previous study [35]. The
relative quantification of genes in all treatment groups was based on an earlier study [36].

2.7. 165 rRNA (V3-V4 Region) Sequencing and Data Analysis

The V3-V4 region of 165 rRNA sequencing was used to explore the intestinal mi-
croflora changes between the Con and EPX-H treatment groups. The total genomic DNA
was extracted from the colon contents using a magnetic bead extraction method in our pre-
vious study [37]. Then, the DNA was amplified with specific primers of bacteria 165 rRNA
(V3-V4, 338F: 5'-ACTCCTACGGGAGGCAGGAG-3'; 806R: 5'-GGACTACHVGGGTWTCT
AAT-3'). The DNA amplification program was conducted according to a previous study [35].
Finally, the PCR products were purified with a Qiagen Gel Extraction Kit (Qiagen, DUS,
Germany). The next step was sequencing library construction with the TruSeq® DNA
PCR-Free Sample Preparation Kit and adding index codes. The Qubit@ 2.0 Fluorometer
(Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system evaluated the
library quality. The Illumina NovaSeq platform was used for high-throughput sequencing,
and the 250 bp paired-end reads were obtained.

After data splitting and screening, sequence analysis was conducted with Uparse
software (Uparse v7.0.1001) [38]. For the species annotation of 16S, the Silva Database was
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applied according to the Mothur algorithm. Alpha diversity analysis was calculated using
the OIIME (Version 1.7.0) including PD_whole_tree, Shannon, Simpson, chaol, and ace.
For the beta diversity, the OIIME (Version 1.9.1) was applied to calculate the unweighted
unifrac. The linear discriminant analysis effect size (LEfSe) was used to detect the difference
in taxonomies between the Con and EPX-H groups, which was convenient for finding the
biomarker.

The microflora differences at the phylum level were determined by qPCR with DNA,
and the primers are shown in Table S2. The protocol was performed as in the previous
study [39]. The abundance of 16S was used to normalize the relative abundance of specific
bacteria.

2.8. LC-MS-Based Metabolomics Analysis

The livers were used for metabolomics analysis based on LC-MS. A sample of 100 g
of liver tissue was ground in tissue extract [75% (methyl alcohol: chloroform = 9:1): 25%
H,O]. After sanding (50 Hz for 60 s, twice), the homogenate was treated with ultrasound
for 30 min and placed on ice for 30 min before being centrifuged at 12,000 rpm for 10 min at
4 °C to achieve the supernatant for concentration and drying. The samples were redissolved
using 50% acetonitrile solution with 2-chloro-L-phenylalanine solution (internal standard),
which was used for LC-MS detection. The detection included chromatography conducted
by the ultra-performance liquid system (Thermo Fisher Scientific, Waltham, MA, USA)
and mass spectrometry was performed by the mass spectrometer detector (Thermo Fisher
Scientific, Waltham, MA, USA). The above extraction, detection, and analysis work were all
supported by Suzhou PANOMIX Biomedical Tech Co., Ltd. (Suzhou, China). Details are
presented in the Supplementary Materials.

2.9. Statistical Analysis

Data were executed with GraphPad Prism 7.0 software and presented as the mean +
standard error of the mean (SEM). Data analysis between the Con and treatment groups
was performed with one-way ANOVA followed by Dunnett’s post hoc test. Statistical
significance was denoted with * (p < 0.05) and ** (p < 0.01).

3. Results
3.1. Oral Exposure to EPX Altered the Growth Phenotype of Mice

After continuous EPX administration for 28 days, the body weights of mice showed
an upward trend. However, there was no statistical significance (Figure 1A). Fasted for
12 h, the body weights of mice in different treatment groups did not change significantly
(Figure 1B). However, the liver weight was elevated obviously (p < 0.05), with the increase in
concentration as well as the ratio of liver to body weight (Figure 1B). Although the kidney
weight did not change significantly, the ratio of the kidney to body weight decreased
significantly (p < 0.05) in a concentration-dependent manner. Similarly, the fat weight did
not vary, and the ratio of fat to body weight decreased (p = 0.035) in the EPX-H group.

In addition, there was no apparent pathological damage (vacuolization) to the liver
of mice after being exposed to EPX (Figure 1C). The serum AST and ALT were also not
altered significantly (Figure 1D).

3.2. EPX Altered the Biochemical Indices of Mice

For the serum biochemical indices (Table 1), the TC levels decreased significantly
(p < 0.05) with the concentration dependence, and the TG and Glu levels did not change.
The levels of PYR decreased (p = 0.03) in the EPX-L treatment group. Furthermore, HDL
(p = 0.005) and LDL (p = 0.03) were lower in the high-concentration treatment group than
in the other groups.
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Figure 1. Effects of the oral exposure to EPX on the growth phenotype of mice. (A) The body weight
of mice in each group weekly during exposure. (B) The body weight and organ weight of mice on
the day of dissection. (C) The H&E staining of the liver. Black arrow: vacuolation. (D) Serum liver
function indicators: AST activity, ALT activity. Values are shown as the means = SEM (n = 8), and
statistical significance: p < 0.05*; p < 0.01 **.

Table 1. Effects of EPX exposure on the biochemical indicators of mice.

Biochemical Indicators Con EPX-L EPX-H
Serum
TC 2.267 4+ 0.042 2.038 4+ 0.038 * 1.914 + 0.083 **
TG 0.133 4 0.006 0.117 + 0.015 0.150 4 0.009
Glu 6.115 + 0.357 5.782 + 0.406 5.605 + 0.215
PYR 0.402 + 0.013 0.359 + 0.007 * 0.439 + 0.013
HDL 3.119 4+ 0.152 2.651 +0.176 2.302 + 0.181 **
LDL 0.774 + 0.039 0.762 + 0.062 0.533 + 0.081 *
Liver
TC 0.028 + 0.007 0.030 4+ 0.004 0.021 4+ 0.005 *
TG 0.148 4+ 0.051 0.151 4+ 0.031 0.124 4+ 0.027
Glu 0.163 + 0.013 0.188 4+ 0.033 0.137 +0.014
PYR 0.011 4+ 0.005 0.012 4+ 0.002 0.008 4+ 0.002
NEFA 0.058 + 0.016 0.055 + 0.016 0.038 + 0.006 *

Full name of biochemical indicators: TG, Triglyceride; TC, Total cholesterol; Glu, Glucose; PYR, Pyruvate; HDL,
High-density lipoprotein cholesterol; LDL, Low-density lipoprotein cholesterol; NEFA, Non-esterified fatty acid.
Values are shown as the means + SEM (1 = 8), and statistical significance: p < 0.05*; p < 0.01 **.
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In addition, the hepatic biochemical indices were also detected (Table 1). The TC level
was also decreased observably (p = 0.03) in the EPX-H treatment group. The TG, Glu, and
PYR levels did not change after exposure to EPX. The HDL and LDL were not detected in
the liver (not shown). Furthermore, we found that the NEFA level also decreased (p = 0.02)
in the liver of mice exposed to EPX-H.

3.3. EPX Affected the Mucus Secretion and Tight Junctions in the Colon of Mice

The mucus secretion of mice showed a numerical decrease in the EPX-H group com-
pared to the Con group (Figures 2A and S1A). Inmunohistochemistry revealed that the
expression of Muc2, a protein associated with the mucus secretion, also showed a down-
ward trend, although there was no significant effect (Figures 2A and S2B). We further
detected the expression levels of genes involved in mucus secretion. As shown in Figure 2B,
the expressions of the four genes detected were all decreased, among which, the expression
level of Muc2 in the colon of mice treated with EXP-L was significantly reduced (p = 0.026).
Additionally, the transcriptional level of meprinf was decreased in all EPX treatment groups
(p =0.016).
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Figure 2. Effects of the oral exposure to EPX on the intestinal barrier function of mice. (A) AB-PAS
staining and immunohistochemistry of Muc2 in the colon (1 = 3). (B) The transcriptional levels of
genes related to mucous secretion: Muc2, Muc3, and meprinf. (C, D) Immunofluorescent staining of

claudin-1 and ZO-1 (n = 3). (E) The transcriptional levels of genes related to tight junction: claudin-1,
Z0-1, and tjp1. Values are shown as the means + SEM (n = 8), and statistical significance: p < 0.05 *.
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In addition, immunofluorescence revealed no significant changes in the claudin-1 and
Z0-1 protein expression (Figure 2C,D). Similarly, the transcriptional levels of several genes
associated with tight junctions were also examined. As shown in Figure 2E, the mRNA
level of tjpl was decreased in the EPX-L group (p = 0.040) and EPX-H (p = 0.060) group
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when compared to the Con group, and the mRNA level of ZO-1 was also decreased in the
EPX-H group (p = 0.059).

3.4. EPX Regulated AMPs Expression and the Ionic Transport-Related Genes in the Colon of Mice

As shown in Figure S2A, the relative mRNA levels of genes related to lyz, plazr4a, and
ang4 were all increased significantly (p < 0.05) in the EPX-H treatment group. The other
genes (defu20, defa3) did not change significantly.

Additionally, we analyzed the relative mRNA levels of genes involved in ionic trans-
port in the colon of mice (Figure S2B). The results revealed that exposure to EPX had little
effect on ion transport. Among the genes analyzed (cftr, nkccl, slc26a3, slc26a6), only the
mRNA level of slc26a3 increased in a concentration-dependent manner (p < 0.05).

3.5. Oral Exposure to EPX Altered the Composition of Intestinal Microbiota in the Colon Contents

Principal coordinate analysis showed that the colonic microbiota in the EPX treatment
group was different from that of the Con group (Figure 3A). After being exposed to EPX,
the microbial composition changed, and the number of OTUs increased (Figure 3B). There
was a difference in the affinities of species within the intestinal microbiota (PD_whole_tree:
p = 0.069) of the two treatment groups. The Shannon and Simpson indices increased
significantly (p < 0.05) in the EPX treatment group. Two other indices (chaol, ace) also
increased, though not significantly. The above results show that EPX exposure increased
the intestinal microbiota diversity in the colon content of mice. In addition, EPX disrupted
the intestinal microbiota composition at the phylum level (Figure 3D). Specifically, the
Campylobacteria and Actinobacteria levels increased in the EPX treatment group. Each of the
other phyla had varying levels of change.
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Figure 3. Effects of the oral exposure to EPX on the diversity of intestinal microbiota in the colon
of mice (n = 6). (A) Principal coordinate analysis (PCoA) of OTUs. (B) Venn diagram of the OTUs
numbers. (C) The relative abundance of the top—10 at the phylum level. (D) The indices of alpha
diversity: PD_whole_tree, Shannon, Simpson, chao 1, ace. Values are shown as the means + SEM
(n = 6), and statistical significance: p < 0.05 *.
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Moreover, the difference in the intestinal microbiota in the colon contents between
the EPX treatment group and the Con group was evaluated at the phylum level through
RT-qPCR (Figure 4A). The relative abundance of Actinobacteria, Verrucomicrobia, and a-
Proteobacteria was elevated significantly (p < 0.01) in the EPX-H treatment group. Although
our RT-qPCR showed that only the relative abundance of Firmicutes declined (p = 0.03) in the
EPX-L treatment group, 16S rRNA sequencing showed that the relative abundance ratio of
Firmicutes to Bacteroides (p = 0.02) was significantly increased (Figure 4B). LEfSe analysis re-
vealed that the relative abundance of Campylobacteria was increased significantly (Figure 4C).
The relative abundance of some harmful bacteria such as g_Alistipes, g_Helicobacter was
also increased. Specifically, other bacteria genera had been significantly altered (Figure 4D)
including those upregulated (Lachnospiraceae, Prevotellaceae, Blautia, and Colidextribacter)
and downregulated (Alloprevotella, Bacteroides, Odoribacter, and Anaerostipes).
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Figure 4. Effects of the oral exposure to EPX on the composition of intestinal microbiota in the colon
of mice. (A) Relative abundance of the intestinal microbiota at the phylum level. Values are shown as
the means + SEM (n = 8), and statistical significance: p < 0.05 *; p < 0.01 **. (B) The ratio of Firmicutes
to Bacteroides. (C) Cladogram generated from the LEfSe analysis (LDA score > 3). (D) The top-10
genera at the genus level.

3.6. Oral Exposure to EPX Disrupted the Metabolic Profile of the Liver

Untargeted metabolomics based on LC-MS revealed differences in the metabolic pro-
files between the EPX treatment group and the Con group. In the negative and positive
modes, the primary differential metabolites in the EPX treatment group showed better
separation than that in the Con group (Figure 5A,B), and the metabolome data were reliable
(Figure S3). As shown in the heatmap, MSMS secondary analysis suggested that samples
from each treatment group in biological replications were clustered together by hierarchical
clustering (Figure 5C). Among the identified metabolites, there was a total of 123 differ-
ential metabolites (DEMs) including 95 upregulated DEMs and 28 downregulated DEMs
(Figure 5D). Some of the various metabolites included organic acids (indoleacetic acid,
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deoxycholic acid, trans-ferulic acid) and saccharides (D-xylose). In addition, the enrichment
analysis of the KEGG pathway based on these DEMs showed that lipid metabolism-related
metabolic pathways were the most affected including the PPAR signaling pathway and
sphingolipid signaling pathway (Figure 5E). Interestingly, several bacteria with significant
variations at the genus level were significantly correlated with differential metabolites
such as Alloprevotella, Prevotellaceae, and Bacteroides (Figure 5F). In addition, through the
screening of specific metabolites, we found changes in some major metabolites in gly-
cometabolism (glycolysis) and lipid metabolism pathways such as citric acid, adipic acid,

and ribitol (Figure 5G).
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Figure 5. Effects of oral exposure to EPX on the metabolic profiles of the liver in mice. (A,B) PCA of
metabolites in positive and negative ion mode. (C) Heatmap of DEMs. (D) Volcano map of DEMs.
(E) Concept network of the KEGG pathway analysis for DEMs. (F) The correlation between the top
genera conducted with the Spearman’s rank test. (G) Carbohydrate and lipid metabolites. Significant

correlation: p < 0.05*; p < 0.01 **.
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3.7. Oral Exposure to EPX Affected the Transcription of Genes Related to Lipid Metabolism in
the Liver

Based on previous results, we further detected the transcription levels of genes in-
volved in lipid metabolism (Figure 6). EPX downregulated the expression of PPAR-7,
SREBPIc, and scd1, and upregulated the expression of FAS and FAT, which are involved in
fatty acid synthesis (Figure 6A). Notably, the relative expression of coA-s, which synthesizes
and oxidizes fatty acids and pyruvate, was markedly decreased. The expression of genes
involved in lipid -oxidation was also downregulated including PPAR-a, CPT1, acot-1,
and MCAD (Figure 6C). The transcription levels of fatpl and fatp2 were also decreased
significantly in the EPX-H treatment group, which are involved in fatty acid transport
(Figure 6D). Furthermore, the transcription levels of the TG synthesis-related genes were
less affected, and the DGAH mRINA level was decreased in the EPX-H treatment group
(Figure 6E). For the glycolysis and Glu transport, the relative mRNA levels of GK, PK, and
Glut2 were increased significantly in the EPX-H treatment group (Figure 6EG).
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Figure 6. Effects of the oral exposure to EPX on the transcriptional levels of genes related to glycolipid
metabolism. (A) Fatty acid synthesis. (B) Fatty acid -oxidation. (C) Fatty acid transport. (D) TG
synthesis. (E), TG transport. (F) Glycolysis. (G) Glu transport. Values are shown as the means + SEM
(n = 8), and statistical significance: p < 0.05*; p < 0.01 **.
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4. Discussion

Health risk assessments for pesticides are always in progress. As one of the most
widely used agricultural fungicides, triazoles account for over a quarter of the global sales of
fungicides [40]. Their structures are similar to medical triazole drugs and have raised public
health concerns [2,41]. Here, we assessed the potential toxicity of the triazole fungicide EPX
in mammals. We found that the oral administration of EPX altered the growth phenotype
and biochemical indices of the mice. EPX also induced enterotoxicity including impairment
of the intestinal barrier function in the colon and intestinal microbiota dysbiosis. More
importantly, untargeted metabolomics revealed changes in the liver metabolic profiles of
the mice, affecting the lipid metabolic-related metabolic pathways.

The growth phenotype can first reflect the toxic effects of exogenous substances. EPX
did not change the body weight of mice throughout the exposure period (Figure 1A).
However, EPX significantly increased the liver weight and liver/body weight ratios and
decreased kidney/body weight ratios in a concentration-dependent manner (Figure 1B). As
previously reported, the liver weights and liver/body weight ratios increased significantly
in the CD-1 mice fed with EPX at 50, 200, and 500 ppm [42]. EPX also increased the absolute
and relative liver weight in the mice and rats [14,43]. This also supports that EPX does
induce hepatotoxic effects. Although the serum AST and ALT levels also did not change in
our study (Figure 1D) as well as in the existing findings in rat [43], the hepatotoxicity of
triazole fungicides has previously been established [44-47]. After 28 days of EPX exposure,
the AST and ALT levels were significantly increased, and liver function was disturbed [14].
This may be due to the significant individual differences in the mice in our study, and the
error of the measured results was significant, failing to obtain the changes in these two
levels. In addition, the serum and hepatic biochemical indices were also detected. The
serum TC levels decreased with increasing EPX exposure concentration, and the hepatic TC
level decreased significantly (Table 1). The same result was confirmed by the lower serum
TC levels in the mice treated with 200 and 500 ppm EPX [42]. However, the biochemical
indices of the parents would have the opposite trend of change [47]. The phenomenon
also had the same conclusion in our previous experiments on the passage of maternal
exposure [48]. The above results indicated that EPX can change the growth phenotype and
physiological indices of the mice and may cause liver toxicity.

The gut is a vital tissue that can prevent harmful substances from entering the body’s
circulation and acts as an intestinal barrier [49]. The intestinal barrier prevents foreign
substances from entering the body through microbial recognition, mucus secretion, tight
junction, AMP production, and ion transport [20]. Numerous pollutants can disrupt the
intestinal barrier function and homeostasis of intestinal microbiota such as pesticides and
microplastics [50,51]. The mucus layer is the physical line of defense of the gastrointestinal
tract, and the Muc2 protein is the major structural component of the mucus [52,53]. We
found that EPX reduced the colon mucus secretion in mice, and the expression of Muc2 was
obviously decreased in the EPX-L treatment group (Figure 2A,B). Furthermore, meprinp,
a gene related to mucus secretion, was significantly reduced in the EPX treatment group.
An impaired tight junction is another major cause of barrier dysfunction, resulting in
increased intestinal permeability. The Zo-1 anchors membrane proteins (claudin-1), the
main component of tight junctions, on the actin cytoskeleton to maintain the integrity of
interepithelial connections [54,55]. The mRNA levels of tight junction-related genes were
decreased, and EPX had a more significant effect on the expression of ¢jp1 and zo-1 genes
(Figure 2E). In addition, some genes associated with AMP expression and ion transport
were also affected, mainly lyz, plazr4a and slc26a3. A recent study suggested that EPX
alters the pathological structure of the colon of mice including the reduction in mucosal
width and villus, and causes the infiltration of intestinal inflammatory cells [56]. The same
triazole fungicide, difenoconazole, and prothioconazole disrupted the intestinal barrier
function in mice [51,57].

The structure of the intestinal flora of the mice was similar to that of human flora. Firmi-
cutes are essential in energy absorption, diabetes, and obesity development [58]. Actinobac-
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teria can prevent systemic gastrointestinal diseases [59], while proteobacteria can prepare
the gut for the rigorous colonization of anaerobic bacteria required for healthy intestinal
function [60]. An existing study revealed that the relative abundance of proteobacteria and
actinobacteria increased significantly in the intestinal flora of IgA nephropathy patients [61].
In the present study, we found that the abundance of actinobacteria and a-Proteobacteria was
increased in the EPX-H treatment group, and the abundance of firmicutes was decreased in
the EPX-L treatment group (Figure 4A). The ratio of Bacteroides to Firmicutes was increased
(Figure 4B), which may contribute to metabolic syndromes such as obesity and diabetes [62].
In addition, Verrucomicrobia is a mucin-degrading bacterium that lives in the mucus layer of
the large intestine and is involved in maintaining gut integrity [63]. However, abnormally
proliferative Verrucomicrobia will survive by over-depleting mucin and may cause damage
to the intestinal barrier. The abundance of Verrumicrobia was increased in the colon of
mice exposed to EPX-H. At the genus level, the abundance of some harmful bacteria grew,
and that of beneficial bacteria decreased. For example, alist3ipes is associated with obesity,
and helicobacter can cause digestive tract lesions [64,65]. Bacteroides, as beneficial bacteria,
play an important role in immune system regulation [66]. In contrast, Bacteroides at the
phylum level were elevated in the gut of EPX-exposed rats [43]. However, the genus level
of Bacteroides in rats exposed to EPX for 6 weeks also decreased compared to the control
samples [13]. This slight difference in genus level is not sufficient to cause a change in
the phylum level, which may lead to a difference in the results. This could be a result of
a difference between species. In short, EPX disrupts the intestinal flora and may cause
metabolic disorders.

Furthermore, we used untargeted metabolomics to explore changes in the mouse liver
metabolic profiles. Metabolomics based on liquid chromatography-mass spectrometer
(LC-MS) is widely used for the metabolic profiling of urine, serum samples, or animal
tissue extracts [67]. The present study found that EPX resulted in apparent changes in
the overall metabolite levels in mice (Figure 5A,B). The 1H-NMR-based metabolomics
revealed that EPX altered the adult male zebrafish’s metabolic spectrum, mainly through
increased amino acid levels [68,69]. According to the results of the KEGG enrichment
of DEMs, the levels of some amino acids changed significantly including ornithine, L-
leucine, and L-phenylalanine (Figure 5E). The same study also found that EPX altered
genes related to energy metabolism in adult zebrafish including mitochondrial respiratory
chain, ATP synthesis, and fatty acid $-oxidative [68]. Consistent with our research, EPX
also affected the PPAR signaling pathway in the liver of the mice offspring [47]. From the
perspective of the metabolic pathway, EPX altered metabolites in the pathway associated
with energy metabolism in the liver of mice such as ATP, IMP, GMP, and UDP. Based on
the correlation analysis of the bacteria with the greatest variation in phylum level and
the greatest differences in metabolites, we found that some bacteria were closely related
to metabolites such as Alloprevotella, Prevotellaceae, Helicobacter, Bacteroides, and Alistipes
(Figure 5F). We believe that the effects of EPX on the abundance of these harmful bacteria
are strongly related to the toxic effect on the liver. In addition, numerous toxicological
studies have used transcriptome analysis to effectively detect changes in biomolecular
indicators of model organisms, which can explain the mechanism of toxic events [70,71].
The transcriptome is also a good method to further explore the effects of pesticides on the
gene level of mice.

Some metabolites in glycolipid metabolism changed significantly (Figure 5G). Again,
the transcriptional levels of genes involved in glycolipid metabolism were also affected
by EPX in mice (Figure 6). Specifically, with an altered PPAR signaling pathway, we
found that the gene expression of PPAR-, scd1, PPAR-a, MCAD CPT1, acot-1, and fabp1,
decreased significantly, which classified into fatty acid synthesis, fatty acid 3-oxidation,
and fatty acid transport. Reduced expression levels of CPT1, AOX, and MCAD in adult
zebrafish exposed to EPX were also confirmed [68]. In addition, the metabolome revealed
that D-glucose decreased as did glucose in the serum and liver (no significant). It may
be that the expression of genes involved in glycolysis (GK, PK) and Glu transport (Glut2)
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increased significantly. Our previous experiments on larval zebrafish have also shown that
EPX reduced glucose levels and increased the expression of GK and HK1 but decreased
the PK expression levels [72]. Transcriptome analysis also suggested that EPX may alter
glycolipid metabolic pathways in mice such as cholesterol metabolism as well as the PPAR
signaling pathway above-mentioned [47]. It is also our finding that EPX induced glycolipid
metabolism in the liver of mice.

5. Conclusions

The toxicity of EPX to the liver and gut of male C57BL /6 mice exposed for 28 days was
studied with 16S sequencing and untargeted metabolomics. EPX increased the liver weight
and decreased the relative kidney weight. EPX also altered the intestinal barrier function
and induced gut microbiota dysbiosis. Furthermore, EPX disrupted the metabolic profile
of the liver in mice and induced glycolipid metabolism disorder. These results clarify the
effect of EPX on the gut, intestinal microenvironment, and liver metabolism of the mice
and provide a more theoretical basis for the risk assessment of EPX.
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Abstract: Osteoporosis is a multifactorial bone metabolic disorder characterized by the
deterioration of bone mass and microarchitecture, leading to increased fragility and fracture
risk. Recent advances have revealed the critical role of the gut microbiota in the patho-
genesis of osteoporosis, primarily mediated by metabolite-driven and immune-mediated
interactions along the gut-bone axis. Dysbiosis, or microbial imbalance, can influence bone
health by modulating host metabolism, immune function, and endocrine responses. While
growing evidence suggests that gut microbiota modulation holds therapeutic potential for
osteoporosis, the underlying mechanisms remain poorly understood. This review examines
the latest findings on the role of prebiotics, probiotics, and natural bioactive substances in
modulating the gut microbiota to improve bone health. We discuss how these interventions
may restore microbial balance, enhance gut barrier function, and reduce systemic inflam-
mation, thereby influencing bone metabolism. A deeper understanding of the gut-bone
axis will pave the way for more targeted, effective, and personalized therapeutic strategies
for osteoporosis prevention and treatment.

Keywords: gut microbiota; modulation; osteoporosis; natural compounds

1. Osteoporosis and Gut Microbiota
1.1. Osteoporosis

Osteoporosis is a systemic skeletal disorder characterized by reduced bone mass and
the deterioration of bone microarchitecture, which increases bone fragility and susceptibility
to fractures. The pathogenesis primarily involves an imbalance in bone metabolism, where
bone resorption exceeds bone formation, leading to progressive bone loss. Osteoporosis is
most commonly seen in the elderly, particularly postmenopausal women and older men, as
bone density decreases with age [1]. According to the World Health Organization (WHO),
approximately 41.5 million people worldwide are affected by osteoporosis, making it a
major global health issue [2].

Primary osteoporosis arises from age-related bone loss or estrogen deficiency (e.g.,
postmenopausal osteoporosis), while secondary osteoporosis results from medical con-
ditions (e.g., hyperparathyroidism) or medications (e.g., glucocorticoids). Risk factors
include genetic predisposition, age, gender, hormonal changes, poor nutrition (e.g., insuf-
ficient calcium and vitamin D), lack of physical activity, smoking, and excessive alcohol
consumption [3]. Additionally, medical conditions such as hyperparathyroidism, rheuma-
toid arthritis, and long-term use of glucocorticoids also increase osteoporosis risk [4,5].
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Osteoporosis is often asymptomatic, with many individuals unaware of their condition
until they experience a fracture. Given its gradual and painless progression, osteoporosis is
sometimes referred to as the “silent killer” or “iceberg disease” [6]. Globally, osteoporosis
is responsible for 8.9 million fractures annually, with common fracture sites including the
spine, hip, and forearm, and an increasing frequency of fragility fractures in the pelvis [7].

1.2. Gut Microbiota

The gut microbiota is a complex microbial ecosystem comprising bacteria, archaea,
viruses, and fungi that reside in the human digestive tract. In adults, approximately
100 trillion microorganisms make up the gut microbiota, whose collective genetic material,
the microbiome, vastly outnumbers the human genome. This microbiome is often referred
to as the “second genome” [8]. In recent years, attention has focused on the gut microbiota’s
role in maintaining host health and regulating disease processes, including metabolic,
immune, nervous, and endocrine functions.

Metabolically, the gut microbiota breaks down dietary fibers and polysaccharides that
the host cannot digest, producing short-chain fatty acids (SCFAs) like acetate, propionate,
and butyrate. These metabolites serve as important energy sources for intestinal epithelial
cells and modulate immune responses and energy metabolism [9]. The microbiota also
synthesizes essential amino acids, vitamins (such as vitamins K and B), and regulates bile
acid and lipid metabolism, playing a critical role in maintaining metabolic balance [10,11].
Additionally, the gut microbiota is crucial for the development and function of the immune
system, interacting with intestinal immune cells to modulate both innate and adaptive
immune responses [12,13].

Homeostasis of the gut microbiota is vital for health. Dysbiosis, or an imbalance in
microbial populations, is linked to various diseases, including obesity, diabetes, inflam-
matory bowel disease, allergic disorders, depression, neurodegenerative diseases, and
certain cancers [14]. Dysbiosis is typically marked by a reduction in beneficial microbes,
an overgrowth of pathogenic species, and decreased microbial diversity. Factors such as
poor diet, overuse of antibiotics, infections, stress, and lack of physical activity can trigger
dysbiosis [15].

In summary, the gut microbiota, often referred to as an “invisible organ” [16], plays
a crucial role in both physiological and pathological processes. Further exploration of
the relationship between the microbiota and host health could lead to novel therapeutic
strategies and personalized health management approaches.

1.3. Gut—Bone Axis

Recent studies have emphasized the pivotal role of the gut microbiota in regulating
bone metabolism through the “gut-bone axis”. Dysbiosis significantly influences bone
health by modulating the host’s metabolic, immune, and endocrine systems, contributing
to the development and progression of osteoporosis and bone loss [17,18]. The growing
recognition of the gut microbiota as a potential regulator of bone health highlights its
complex and multifaceted interactions with bone metabolism.

The gut microbiota can directly or indirectly affect bone mass through various mecha-
nisms, including the modulation of host metabolism, calcium absorption, hormone levels,
immune function, and the central nervous system [17,19]. However, despite progress in
understanding the gut-bone axis, the underlying mechanisms remain poorly defined. The
bidirectional interactions between bone and the gut microbiota, and the specific regulatory
pathways involved, require further investigation. This gap in knowledge hinders our
understanding of osteoporosis pathogenesis and limits the development of microbiota-
based interventions.
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Nevertheless, the gut microbiota presents significant potential as a therapeutic target
for osteoporosis and related bone diseases. Microbiota-based approaches, such as pro-
biotics, prebiotics, and natural bioactive compounds, could offer effective strategies for
preventing and treating osteoporosis. These interventions aim to restore a healthy microbial
balance early, suppress bone disease, and explore new avenues for osteoporosis prevention
and treatment.

1.4. Modulation of Gut Microbiota

Gut microbiota modulation can be achieved through various interventions aimed
at restoring microbial balance and optimizing host health. Key strategies include di-
etary changes, probiotics, prebiotics, antibiotics, FMT, and bioactive compounds [20].
These approaches influence microbiota composition and function, thereby impacting host
metabolism, immune responses, and overall health.

Studies have identified significant differences in the gut microbiota of osteoporosis
patients compared to healthy controls [21]. Targeting the gut microbiota in osteoporosis
has thus emerged as an important area of research. Investigating gut microbiota—bone
interactions can help uncover the pathophysiological mechanisms of osteoporosis and
provide a scientific foundation for developing new therapeutic strategies.

Probiotics and prebiotics, as key modulators of the gut microbiota, have been shown
to significantly influence bone metabolism. Probiotics enhance bone health by increasing
beneficial gut bacteria, restoring microbial balance, and modulating immune responses
to reduce inflammation in bone metabolism. For example, Lactobacillus rhamnosus GG has
been shown to regulate the dysbiosis in the gut of ovariectomized mice. This probiotic
promotes the secretion of anti-inflammatory cytokines, such as TGF- and IL-10, while
suppressing pro-inflammatory cytokines like TNF-« and IL-17. These effects help miti-
gate estrogen deficiency-induced inflammation, reduce osteoclastic activity, and improve
osteoporosis [22].

Prebiotics, which serve as a “fuel” for probiotics, indirectly support bone health by
promoting the growth and activity of beneficial gut bacteria. The fermentation of prebiotics
in the gut produces short-chain fatty acids (SCFAs), such as butyrate, that activate gut
receptors to inhibit bone resorption and stimulate bone formation [23]. Additionally,
prebiotics improve intestinal barrier function, reduce gut permeability, and limit the passage
of harmful bacteria and their toxins, further protecting bone health [24].

In addition, plant-derived natural compounds, particularly polyphenols and flavonoids,
are increasingly recognized for their ability to regulate the gut microbiota and improve
bone health. These compounds positively influence bone metabolism through various
mechanisms. Oxidative stress is a key factor in osteoporosis, and polyphenolic compounds
have strong antioxidant properties that help alleviate oxidative damage. Moreover, grape
seed extract has been shown to modulate gut microbiota composition, increase beneficial
bacterial populations, and alter their metabolic profiles, thereby protecting bone mineral
density and slowing osteoporosis progression [25].

In summary, the regulation of gut microbiota plays a pivotal role in bone metabolism
and may significantly influence the onset and progression of osteoporosis. While current
evidence supports the potential of probiotics, prebiotics, and plant-derived compounds in
bone health, further investigation is needed to understand the underlying mechanisms and
optimize these strategies for clinical applications.

1.5. Potential Mechanisms of Gut Microbiota in Bone Metabolism

Although substantial evidence supports the link between gut microbiota and bone
metabolism, the exact molecular mechanisms remain insufficiently understood. Key ques-
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tions persist regarding the roles of microbial metabolites, signaling pathways, and immune
modulators in maintaining bone health.

One significant mechanism by which gut microbiota may influence bone homeostasis
is through the diffusion of intestinal metabolites into systemic circulation (Figure 1, Part (D).
Among these metabolites, short-chain fatty acids (SCFAs) such as butyrate, propionate,
acetate, and valerate have been central to gut-bone axis research [26]. For example, valerate
supplementation in ovariectomized mice has been shown to reduce bone resorption and
improve bone microstructure [27]. Valerate exerts its effects primarily by inhibiting RELA
protein production and enhancing IL-10 mRNA expression, which suppresses osteoclast
maturation while promoting osteoblast differentiation. Similarly, sodium butyrate has
been shown to alleviate oxidative stress and inflammation in rats, promoting osteoblast
differentiation and inhibiting osteoclast differentiation [28]. Additionally, sodium butyrate
enhances SIRT1 expression, a NAD*-dependent deacetylase that mitigates oxidative stress
and promotes osteoblast differentiation while concurrently inhibiting histone deacetylases
(HDACS) [17,28]. This dual action restores bone metabolism by balancing acetylation-
dependent signaling, ultimately improving bone strength and density in osteoporotic
models [17]. Taken together, these data suggest that SCFAs are effective regulators of bone
cell metabolism and play a significant role in maintaining bone homeostasis [29].

Immune » °
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Figure 1. Potential mechanisms of gut microbiota in regulating osteoporosis: (D The metabolites
of gut microbiota, short-chain fatty acids, modulate osteoblasts and osteoclasts through oxidative
stress and inflammatory responses, affecting bone resorption and bone formation; 2) Gut microbiota
influences bone resorption by regulating the balance between T cell and Th17 cell; 3) Inflammatory
factors, such as LPS, which are metabolites of gut microbiota, excessively activate osteoclasts through
inflammatory responses, impacting bone resorption and bone formation.
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Furthermore, gut microbiota interact with immune cells to regulate both innate and
adaptive immune responses [30] (Figure 1, Part 2)). CD4+ T helper (Th) cells play a pivotal
role in immune function, modulating other immune cells, such as B lymphocytes, through
surface receptors and cytokines. In the gut, Th cell expansion facilitates their migration
to the bone marrow, where they increase the recruitment of inflammatory monocytes as
osteoclast precursors [31]. Imbalances between Th17 and regulatory T (Treg) cells have been
linked to bone health, as Th17 cells promote osteoclast differentiation and bone resorption
via the RANKL pathway, while Treg cells suppress osteoclast differentiation [32].

Finally, increased intestinal permeability allows inflammatory mediators, such as
lipopolysaccharides (LPS), to enter systemic circulation, triggering inflammation and exces-
sive osteoclast activation (Figure 1, Part (3)). LPS has been implicated in postmenopausal
osteoporosis, where it promotes femoral bone loss and enhances osteoclast survival while
inhibiting osteogenic differentiation of osteoclast precursors [33,34].

Understanding these mechanisms is critical for developing microbiota-targeted thera-
pies. Therefore, the following sections explore research progress on the role of prebiotics,
probiotics, and natural bioactive compounds in modulating the gut microbiota to improve
osteoporosis, laying the foundation for further investigations into the specific mechanisms
of these interventions, their impacts on the gut microbiota, and the development of more
precise and personalized intervention strategies (Figure 2).

Changes in microbiota and metabolites
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Figure 2. The pivotal role of gut microbiota in mediating the effects of prebiotics, probiotics, and
natural substances on osteoporosis regulation: Upon ingestion, these bioactive agents modulate the
composition and relative abundance of gut microbiota, thereby inducing alterations in metabolite
profiles, which subsequently drive structural bone remodeling and contribute to the amelioration
of osteoporosis.

1.6. NAFLD/MAFLD and Its Emerging Role in Bone Metabolism

Non-alcoholic fatty liver disease (NAFLD) is a multisystemic condition and has be-
come the leading cause of chronic liver disease worldwide, affecting approximately 25%
of the global population and posing a significant burden on healthcare systems [35]. To

103



Metabolites 2025, 15, 301

better reflect its metabolic underpinnings, an international panel of experts has proposed
renaming NAFLD as metabolic dysfunction-associated fatty liver disease (MAFLD) [36].

NAFLD/MAFLD is increasingly recognized not only as a liver-centric disease but also
as a condition with systemic implications. A growing body of epidemiological evidence
has established a link between NAFLD/MAFLD and osteoporosis. Patients with NAFLD
exhibit a significantly higher risk of developing osteoporosis [37]. In a U.S. population-
based study involving individuals aged 20-59 across various races and sexes, NAFLD was
independently associated with reduced bone mineral density (BMD) [38]. Similarly, Chinese
cohort studies have shown a consistent inverse relationship between NAFLD and BMD,
regardless of sex [39,40]. These findings suggest that NAFLD contributes to osteoporosis
not only through impaired hepatic function but also via systemic metabolic alterations.
Proposed mechanisms include the dysregulation of bone turnover markers, vitamin D
deficiency, chronic hepatic inflammation, liver fibrosis, a disrupted lipid metabolism, and
gut microbiota dysbiosis [41].

Dysbiosis of the gut microbiota is frequently observed in patients with NAFLD. Al-
tered microbial composition compromises intestinal barrier integrity, allowing bacterial
metabolites such as lipopolysaccharide (LPS), short-chain fatty acids (SCFAs), and ethanol
to translocate via the portal circulation to the liver, thereby exacerbating hepatic metabolic
dysfunction through the gut-liver axis [42]. In parallel, chronic low-grade inflammation
and metabolic disturbances arising from gut dysbiosis can affect bone metabolism via the
gut-bone axis, as demonstrated in models of osteoporosis [43].

These observations highlight a complex bidirectional interaction wherein liver health—
particularly in the context of NAFLD—modulates gut microbiota composition, which, in
turn, influences bone homeostasis. The gut-liver-bone axis has thus emerged as a potential
physiological network of critical importance in bone metabolism regulation. Elucidating
the mechanistic pathways underlying this axis may offer novel strategies for the prevention
and treatment of osteoporosis in individuals with metabolic liver disease [44].

1.7. Sex Differences in Gut Microbiota and Osteoporosis Pathogenesis

Significant sex-related differences exist in gut microbiota composition, bone metabolism,
and the pathogenesis of osteoporosis. In females, hormonal fluctuations related to the
menstrual cycle and estrogen levels induce unique gut microbiota patterns, distinct from
those observed in males [45]. Regarding bone metabolism, females generally exhibit a
higher rate of bone formation and a lower rate of bone resorption, primarily due to the
influence of estrogen [46]. However, with aging and the associated decline in estrogen
levels, females become more susceptible to osteoporosis. In contrast, males experience
relatively stable estrogen levels, with bone metabolism being predominantly influenced by
androgens and other metabolic factors [47]. Although osteoporosis occurs less frequently
in males, their bone mineral density significantly declines with aging, especially when
testosterone levels decrease [48]. Estrogen not only affects gut microbiota composition but
also modulates bone metabolism via specific immune pathways within the gut-bone axis.
Therefore, the sex-dependent regulation of bone metabolism is likely linked to differences
in gut microbiota composition [49].

Reproductive states such as pregnancy, lactation, and menopause exert profound
effects on both gut microbiota and bone metabolism in women. During pregnancy and
lactation, significant hormonal changes influence both bone metabolism and gut microbiota
composition. Studies have shown that during pregnancy, hormonal levels of estrogen
and progesterone rise significantly, leading to changes in gut microbiota diversity. These
changes are closely associated with maternal bone metabolism [50]. Moreover, during
pregnancy, increased calcium release from bones supports fetal skeletal development, yet
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this process also elevates the risk of osteoporosis [51]. Postmenopausal women experi-
ence a sharp decline in estrogen levels, leading to significant reductions in bone mineral
density and an increased risk of osteoporosis. This decline in estrogen is closely linked to
heightened inflammation and increased bone resorption [52]. Importantly, postmenopausal
women often exhibit gut dysbiosis, and the decrease in estrogen levels not only directly
affects bone metabolism but also indirectly influences osteoporosis by modulating gut
microbiota and the immune system [53].

1.8. Literature Search Strategy

A systematic search was conducted across three major databases (PubMed, Web of
Science, and Scopus) for studies published between January 2010 and March 2024, using
the following Boolean search terms: (“gut microbiota” OR “gut microbiome” OR “in-
testinal flora”) AND (“osteoporosis” OR “bone loss” OR “bone mineral density”) AND
(“prebiotics” OR “probiotics” OR “synbiotics” OR “natural compounds” OR “bioactive
substances”). Inclusion Criteria: (1) Study types: peer-reviewed randomized controlled
trials (RCTs), preclinical studies (animal models or in vitro mechanistic investigations),
or observational studies with mechanistic analyses; (2) Outcomes: Focus on bone health
parameters, including but not limited to bone mineral density, bone microstructure, or
biochemical markers. Exclusion Criteria: (1) non-English publications; (2) studies with-
out control groups; (3) review articles, commentaries, or meta-analyses lacking original
experimental data.

2. Prebiotics and Osteoporosis

In 1995, Gibson and Roberfroid introduced the concept of prebiotics—non-digestible
food ingredients that selectively stimulate the growth and/or activity of beneficial gut
bacteria, thereby improving host health [54]. Clinical studies have shown that prebiotic
supplements, including fructooligosaccharides (FOS) and galactooligosaccharides (GOS),
can reduce body fat and alleviate obesity-related diseases [55,56]. Moreover, prebiotics
have been reported to enhance calcium retention in postmenopausal women and increase
bone mass in ovariectomized rats [57,58]. This has led to growing interest in the role
of prebiotics in preventing bone loss and osteoporosis, as well as in understanding the
underlying mechanisms (Table 1, Figure 2).

Table 1. Summary of studies related to the effects of prebiotics on osteoporosis.

Class Study Population Prebiotics Function Gut Microbiota Reference
° FOS/GOS treatment
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Table 1. Cont.

Class Study Population Prebiotics Function Gut Microbiota Reference

° The number of
Lactobacillus and
Bacteroides
anomalies in the
cecum contents of

. p ) Femoral calcium content was g;.gﬁ;x;f FOS
orty-five male ionifi ; i AN S .
sen?;cence- 5% FOS, 5% GM lszl(%glﬁf g: tl};h};lﬁ?srt}llr; the mgmflcanﬂy higher [59]
accelerated mice sroup than that in the
control group. control group.

o Clostridium spp.
counts were
significantly higher
in the GM group of
mice than in the
control group.

Short-chain
fructo-oligosaccharides
Short-chain treatment lead§ to
Female rats (SD) fructo- significantly higher bone [23]
oligosaccharides anabolic responses with no
effect on catabolic
parameters and enhanced
peak bone mass
GOS supplementation
increases net calcium
absorption in a
dose-dependent manner.
GOS dietary e  Increased relative
supplementation increases ratioof
net magnesium absorption, Bifidobacteria to
calcium absorption in the o SOS‘.{ t
4-week-old malerats g femur, calcium and tgniticant [60]
(SD) magnesium retention, and reduﬁtlon fm the
fracture strength of the Bum erofgut
femur and tibia. ora bands in mice
Increased total bone mineral after 1G OS dtlet’Fary
density and area of the distal supplementation.
femur and bone mineral
density of the proximal tibia
after dietary
supplementation with GOS.
Upregulation of IL-10 mRNA
expression in the colon in
mice with 12% resistant - .
starch in the diet. e  Significant increase
Downregulation of nuclear in ﬁhe numbe; of
) factor kB receptor activator ? zﬁdobt}cte;jm 1nftthe
Female mice (ddY) Resistant starch ligand and IL-7 receptor (fi‘;esiro mmice atter [61]
(RS) gene expression in bone 1}’ tati
marrow of mice with 12% Su}t)ﬁ) en}etn at ton
resistant starch in the diet. V‘;l }rles1s an
Dietary 12% resistant starch starch.
attenuates
ovariectomy-induced bone
loss.
Combined treatment with
ISO and RS alters the
expression of ° Resistant starch
ovariectomy-induced treatment
; inflammation-associated significantl
8-week-old female a%}(%jizng:rﬂes factors in bone marrow and in%reases t}zg [62]

mice (ddY)

starch (RS)

prevents the loss of
trabecular bone density in
the distal femur.

The combined treatment of
ISO and RS can weaken bone
resorption in mice.

relative abundance
of Bifidobacterium

spp.
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Table 1. Cont.

Class Study Population Prebiotics Function Gut Microbiota Reference
° D-mannose
reconstitutes the
gut microbiota and
alters metabolite
composition in
mice.
s . . e  Higher

Significant increase in proportions of

ﬁgﬁécj?rla]%(;rclﬁl‘;?lume and Verrucomicrobia,

. microarchitecture in mice éfﬁzg;%scfolb?;i e
12-month-old senile following dietary addition of in the f :
female mice D-mannose D-mannose. n the teces o [63]
(C57BL/6) Downregulation of cytokin D-mannose-

ownregulation of cytokines supplemented
?elated to osteoclastogengsis mice compared to
in the bone marrow of mice Sham group mice
in the D-mannose group ° D-mannose
increases the
relative abundance
of Verrucomicrobia
and
Akkermansiaceae in
feces compared to
control mice.
° Oral intake of
Puerarin improves
intestinal mucosal
integrity and
reduces systemic
inflammation in
rats.
° Oral intake of
Puerarin
10 Keold f ! Increased bone mineral 1ar111t1 ee;;gf;alt Eésy sbiosis
rat;v(ge[)) O TemAE " Puerarin density inorally and increases the [64]
administered Puerarin rats. concentration of
metabolites and
short-chain fatty
acids in rats;
enrichment of
amino acid
metabolism, LPS
biosynthesis, and
butyric acid
metabolism
pathways.
Significantly higher bone *  XOSsignificantly
mineral density and fracture dIez{creaCslqd cecuné
strength in mice with 4% priand increase
XOS in the diet. cecum wall weight
) BMD was significantly g\oge- dependent
28-day-old male X]Y o- harid enhanced in mice with 4% manner.p [65]
mice (ICR) ?Xlg)(s);acc arides XOS in the diet during late e  AsXOS
growth. concentration
Dietary supplementation increases, villus
with XOS upregulates the height and the
expression of related calcium ratio of villus
transport proteins. height to crypt
depth increase.
Both low-dose (5 g GOS/d) e  Total dominant
and high-dose (10 g GOS/d) fecal flora is not
Population Healthy adolescent GOS treatments significantly affected by GOS.
Studi i GOS i d calci e Bifidobacteria in [66]
udies glrls improved calcium

absorption compared with
the control group.

feces increased
with treatment
with GOS.

The protective effects of FOS on osteoporosis have been validated in several animal
studies. Tanabe et al. fed high-fat diet (HFD) mice 5% FOS and observed significant
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improvements in osteoporosis and changes in gut microbiota composition [24]. Compared
to the control group, FOS treatment alleviated HFD-induced bone loss, reversed the im-
balance in differentiation between osteoblasts, adipocytes, and osteoclasts, and improved
gut barrier function by reducing tight junction protein downregulation and inflammatory
factor increases. These effects were associated with a correction of gut dysbiosis, including
an increase in the Firmicutes /Bacteroidetes ratio and a decrease in microbial diversity. Similar
findings were observed in accelerated aging male mice, where FOS supplementation led to
higher bone calcium content and an increased abundance of Lactobacillus and Bacteroides
compared to the control group [59]. In female SD rats, short-chain FOS supplementa-
tion increased bone metabolic response and peak bone mass compared to ovariectomized
rats [23].

GOS, a naturally occurring prebiotic found in human milk, has also shown potential in
improving mineral balance and bone characteristics. Weaver et al. investigated the effects
of varying concentrations of GOS on bone mineral content and properties in rats [60]. GOS
supplementation resulted in significantly higher mineral absorption and retention, includ-
ing calcium and magnesium, compared to controls. Additionally, femur and tibia breaking
strength, as well as bone mineral density (BMD) at both the distal and proximal femur ends,
were significantly increased. The relative abundance of Bifidobacteria also increased, while
microbial diversity decreased. Human studies by Whisner et al. on GOS supplementation
in girls aged 10-13 years confirmed these findings, with GOS significantly improving
calcium absorption and increasing Bifidobacterium abundance in fecal samples [66]. These
results suggest that GOS-enhanced calcium absorption is mediated through Bifidobacteria.

In addition to FOS and GOS, other prebiotics such as resistant starch, D-mannose,
puerarin, and xylooligosaccharides (XOS) have also been studied for their impact on bone
resorption and loss. Tousen et al. fed female mice with resistant starch (cornstarch) to assess
its effects on bone loss [61]. Compared to the control group, mice on a 12% resistant starch
diet showed reduced bone loss following ovariectomy, with a downregulation of RANKL
and interleukin-7 receptor gene expression in bone marrow. These effects were likely
linked to increased IL-10 expression in colon tissues and an enhanced relative abundance of
Bifidobacteria. In a follow-up study, resistant starch supplementation significantly reduced
bone resorption and increased Bifidobacterium levels in fecal samples [62]. Similarly, Liu et al.
found that D-mannose supplementation in mice significantly improved cortical bone vol-
ume and trabecular bone microstructure while downregulating osteoclastogenesis-related
factors [63]. The gut microbiota of D-mannose-fed mice showed increased abundances of
Firmicutes, Erysipelotrichales, Verrucomicrobia, and Akkermansiaceae compared to control and
ovariectomized groups.

Studies on puerarin, a natural compound, have demonstrated its ability to increase
bone density in rats, improve gut dysbiosis, and enrich gut microbial metabolism related
to amino acids, lipopolysaccharide (LPS) biosynthesis, and butyrate production, while also
increasing short-chain fatty acid concentrations [64]. XOS supplementation has similarly
been shown to increase bone density, breaking strength, bone crystallinity, and calcium
transport protein expression in mice [65]. These findings indicate that prebiotics, as di-
etary components, can modulate gut microbiota structure and function, influencing bone
resorption and improving bone characteristics.

Through the analysis and summary of different experimental models, it was found that
in the majority of ovariectomized mouse models, supplementation with prebiotics primarily
increased the relative abundance of Bifidobacteria in the gut, as well as the concentration of
short-chain fatty acids, amino acid metabolism, biosynthesis of lipopolysaccharides (LPS),
and pyrimidine metabolism. This also led to a reduction in systemic inflammation and the
regulation of bone metabolism. In high-fat diet-induced obese mouse models, prebiotic

108



Metabolites 2025, 15, 301

supplementation mainly increased the Firmicutes—Bacteroidetes ratio in the gut, improved
intestinal barrier function, and reversed the imbalance in the differentiation of osteoblasts,
adipocytes, and osteoclasts, thereby modulating bone metabolism. In growth-stage or
preclinical models during the growth phase, prebiotic supplementation mainly increased
the relative abundance of Bifidobacteria in the gut and enhanced calcium absorption in the
bones. In accelerated aging mouse models, prebiotic supplementation led to an increased
relative abundance of Lactobacillus, Bacteroides, and Clostridium spp. in the gut.

In summary, prebiotics such as FOS, GOS, resistant starch, D-mannose, and XOS have
been shown to modulate gut microbiota composition and improve bone health through
several interconnected mechanisms. These prebiotics primarily promote the growth of
beneficial bacteria, including Bifidobacteria and Lactobacilli, which are associated with en-
hanced gut barrier function and reduced systemic inflammation. The microbiota alterations
induced by prebiotic treatments lead to increased production of SCFAs, such as butyrate,
which play a vital role in maintaining intestinal integrity and reducing inflammation. Ad-
ditionally, some prebiotics improve calcium and mineral absorption in the gut, potentially
by enhancing the microbiota-mediated breakdown of dietary fibers and boosting mineral
bioavailability. In animal studies, prebiotics like FOS and GOS have demonstrated the
ability to modulate bone metabolism by increasing bone mineral content, density, and
osteoblast activity, potentially through the gut-bone axis. These mechanisms suggest that
prebiotics may offer a synergistic approach for managing osteoporosis by simultaneously
supporting gut health and regulating bone homeostasis.

3. Probiotics and Osteoporosis

Probiotics are live microorganisms that confer health benefits to the host by promoting
a balanced gut microbiota and improving its characteristics [67]. Osteoporosis has been
linked to changes in gut microbiota, particularly a reduction in Lactobacillus species and an
increase in pro-inflammatory cytokines such as TNF-«, IL-6, and IL-14 in the serum [68].
The concept of bone microbiology highlights the close relationship between gut health
and bone metabolism [69]; moreover, as research progresses, scientists are investigating
how probiotic exposure affects bone properties and the underlying mechanisms involved
(Table 2, Figure 2).

Table 2. Summary of studies related to the effects of probiotics on osteoporosis.

Class Study Population Probiotics Function Gut Microbiota Reference
° Protective effects of ° LGG treatment increased
LGG were found in the abundance and
ovariectomized rats commymty diversity of
and were more gut microbiota and
favorable in improved community
osteogenesis. ii(c;léness.
tin rats
. ~ th-old femal ° LGG treatment ° treatmen .
Animal faItI;c()gD) OETEMAE  thamnosus GG ameliorated estrogen decreased the relative [22]
Experiment deficiency-induced abundance of Firmicutes

inflammation and
mucosal injury and
increased GLP-2R
and tight junction
protein expression.

and Desulfobacterota and
increased the relative
abundance of
Bacteroidetes and
decreased the relative
abundance ratio of
Firmicutes / Bacteroidetes.
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Table 2. Cont.

Class Study Population Probiotics Function Gut Microbiota Reference
Lactobacillus plantarum
treatment increased the
diversity of gut

° Lactobacillus microbiota, decreased
plantarum treatment the ratio of )
restored bone Firmicutes/Bacteroidota,
microstructural increased the relative
parameters, abundance of beneficial
increased bone bacteria, and decreased

12-week-old female  Lactobacillus density, number, and the relative abundance of
: harmful bacteria [70]
rats (SD) plantarum thickness of bone (Desulfovibri
trabeculae. esu fovzbrzonaceae).

° Lactobacillus The serum metabolites of
plantarum inhibits rats in different
osteoclast formation treatment groups were
and promotes significantly changed,
osteoblast formation. mainly in the pentose

and glucuronic acid
interconversion pathway
and the propionic acid
metabolism pathway.
Bifidobacterium lactis
BL-99 treatment

° Bifidobacterium lactis significantly increased
BL-99 treatment the expression of
significantly intestinal barrier-related
improved bone proteins.

6-week-old male Bifidobacterium volume percentage After Bifidobacterium (71]
mice (C57BL/6) lactis BL-99 (BV/TV), trabecular lactis BL-99 treatment,
number, and the relative abundance of
thickness in mice Bacteroides and Firmicutes
with ulcerative at the family level
colitis. decreased. The relative
abundance of
Akkermansia increased at
the genus level.

° Bifidobacterium
treatment
significantly
improved bone
mineral density,

Egﬂfn\{g 11.1;21; /total Bifidobacterium treatment

(BV/TV), and increased the relative

trabecular number, abundance of o

and effectively Lagog%llgs, tClqstrzdzuén,
8-week-old female e . s hibyi and Bifidobacterium an
mice (C57BL/6) Bifidobacterium . Eﬁg;g;g;;nceaf 5 decreased the relative [72]

inhibit the abundance of

expression of glisnfll]f; ovibrio and

. ococcus in the

inflammatory colon.

cytokines in the

intestinal tract,

reduce intestinal

inflammation, and

inhibit the

overproduction of

osteoclasts.

° Ph treatment
inhibited osteoclast Ph treatment improves
formation and the composition,
promoted richness, and diversity of
osteogenesis, " - y

8-week-old female Prevotella histicola reduced the release the gut microbiota. (73]

mice (C57BL/6)

(Ph)

of pro-inflammatory
cytokines (IL-13 and
TNF-«), and
reversed the
expression of tight
junction proteins.

Ph treatment can repair
intestinal mucosal barrier
damage and optimize
intestinal permeability.
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Table 2. Cont.

Class Study Population Probiotics Function Gut Microbiota Reference
e Lactobacillus reuteri e  The gene richness of the
Lactobacill tori ATCC PTA 6475d gut microbiota was
Olderwomen aclobact s retiter treatment can reduce significantly higher after  [74]
ATCC PTA 6475 bone loss in elderly Lactobacillus reuteri ATCC
women with low PTA 6475 treatment.
e Bifidobacterium lactis
Probio-M8 treatment
s ; ; affected the
® ﬁiﬁﬁﬁj{% Z:; ?afg;z;t interact-related network
can improve bone of gut mlcroblota},
metabolism. as especially bacteria that
Patients with indicated b}; Iaaz?(;isuce short-chain fatty
postmenopausal ZBZf;dOlb,aCtﬁrmﬁs 1r}tcrea§ e%éeveg of . Biﬁdobacterium lactis [75]
Population osteoporosis fchs TrobIo” ecrensed love Probio-M8 treatment
. P decreased levels of Lobio catme
Studies parathyroid significantly increased
hormone and genes encoding )
procalcitonin in carbohydrate metabolic
serum. pathways and genes
encoding choline
phosphocytidylate
transferase.
. C-3102 significantly o After 12 weeks of C-3102
increased BMD in treatment, the relative
the total hip. abundance of the
e  The bone resorption B.lﬁdf?l?actermrﬁ genus
Healthy Bacillus subtilis marker significantly increased.
. . ; 76
pOStmenOpausal C-3102 (C-3102) tartrate-resistant acid @ The relative abundance [76]
women

phosphatase isoform
5b tended to
decrease after 12
weeks of C-3102
treatment.

of the Fusobacterium
genus was significantly
reduced at 12 and 24
weeks of C-3102
treatment.

Among the probiotics studied, Lactobacillus species have been extensively researched

for their role in regulating postmenopausal osteoporosis through the gut-bone axis. Guo
et al. administered Lactobacillus rhamnosus GG (LGG) to ovariectomized rats and observed
significant changes in bone formation and gut microbiota [22]. LGG treatment reduced
bone loss, improved trabecular microstructure, and increased gut microbiota diversity
compared to controls. It also lowered the Firmicutes/Bacteroidetes ratio, improved estrogen-
deficiency-induced inflammation, and enhanced the expression of tight junction proteins
in the gut. Additionally, LGG treatment helped balance Th17 and Treg cells in bone tissue,
counteracting the osteoporosis caused by estrogen deficiency.

Similarly, Li et al. showed that Lactobacillus plantarum treatment in SD rats increased
bone density, trabecular number, and thickness while inhibiting osteoclast formation and
promoting osteoblast activity [70]. These effects were accompanied by increased gut
microbiota diversity and a reduced Firmicutes/Bacteroidetes ratio, as observed in previous
studies. Other research has demonstrated that Lactobacillus treatments can prevent bone
loss, accelerate fracture healing, and reduce bone density loss in various osteoporosis
models [77].

In human studies, elderly women who supplemented with Lactobacillus reuteri ATCC
PTA 6475 experienced reduced bone loss, particularly those with low bone density. Gut
microbiota diversity and inflammatory markers also improved [74]. In addition to Lac-
tobacillus, other probiotics such as Bacillus subtilis, Bifidobacteria, and Prevotella have been
shown to improve gut symptoms and alleviate osteoporosis. These probiotics help reduce
gut inflammation and prevent bone loss.
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For example, Lan et al. administered Bifidobacterium lactis BL-99 to mice with ulcerative
colitis, showing that BL-99 not only reduced inflammatory cytokines (TNF-«, IL-1§3, IL-6,
IL-17) but also improved bone volume, trabecular number, and thickness compared to con-
trols [71]. Zhang et al. observed similar results, with Bifidobacterium treatment improving
bone density, reducing bone loss, and positively altering gut microbiota composition [72].
In human studies, Bifidobacterium lactis Probio-M8 improved bone metabolism in post-
menopausal women by increasing vitamin D3 levels and reducing parathyroid hormone
and procalcitonin levels [75].

Moreover, Zhang et al. demonstrated that Prevotella histicola could prevent ovariectomy-
induced bone loss by promoting osteoblast formation and suppressing osteoclastogenesis
in mice while improving gut microbiota composition and diversity [73]. Similarly, Bacillus
subtilis C-3102, as shown by Takimoto et al., prevented bone loss in postmenopausal women
by improving bone density and regulating gut microbiota composition [76].

In addition, probiotic metabolites also play a crucial role in the effects on bone health.
Tryptophan metabolites (e.g., indole-3-propionic acid) and polyamines (e.g., spermidine)
modulate osteoclastogenesis via aryl hydrocarbon receptor (AhR) signaling and mito-
chondrial biogenesis, respectively [78,79]. Conversely, trimethylamine N-oxide (TMAO)
exacerbates bone resorption by activating the ROS-dependent NF-kappaB signaling path-
way [80].

A summary and analysis of estrogen deficiency, glucocorticoid-induced, and ulcer-
ative colitis osteoporosis models revealed that probiotic supplementation reduced the
Firmicutes / Bacteroidetes ratio in ovariectomized mice and glucocorticoid-induced osteo-
porosis mouse models. Additionally, in the ovariectomized mouse model, probiotics also
increased the relative abundance of Lactobacillus, Clostridium, and Bifidobacterium in the
gut, while also decreasing the relative abundance of Desulfovibrio and Ruminococcus. This
modulation improved estrogen deficiency-induced inflammatory responses, enhanced the
expression of intestinal tight junction proteins, and influenced bone metabolism. In the
glucocorticoid-induced osteoporosis mouse model, probiotic supplementation led to a
reduction in the relative abundance of Desulfovibrionaceae in the gut microbiota, which, in
turn, altered bone metabolism. In the ulcerative colitis mouse model, probiotic treatment
resulted in a decrease in the relative abundance of Bacteroides and Firmicutes while increas-
ing the relative abundance of Akkermansia. These changes ultimately led to alterations in
bone volume percentage, trabecular number, and thickness in the mice.

In summary, probiotics, particularly Lactobacillus and Bifidobacterium species, play
a critical role in osteoporosis management by modulating gut microbiota composition,
reducing systemic inflammation, and influencing bone metabolism. Probiotics restore
microbial diversity, promote the growth of beneficial gut microbes, enhance gut barrier
function, and modulate immune responses. In animal models, Lactobacillus rhamnosus GG
and Lactobacillus plantarum have demonstrated the ability to reduce bone loss, improve
trabecular microstructure, and stimulate osteoblast activity while suppressing osteoclas-
togenesis. These effects are largely mediated through the reduction of pro-inflammatory
cytokines like TNF-a and IL-6, which are elevated in osteoporosis and contribute to bone
resorption. Additionally, probiotics can influence the gut-bone axis by modulating the
Firmicutes—Bacteroidetes ratio, which is linked to improved bone health. The interaction
between probiotics and immune cells, particularly Treg and Th17 cells, supports bone
protection by regulating bone remodeling processes. Probiotics may also mitigate estrogen
deficiency-induced inflammation, thus preventing bone loss in postmenopausal models.
Overall, probiotics have a multifaceted impact on bone health through their ability to re-
store gut microbiota balance, reduce inflammation, and directly modulate bone metabolism,
positioning them as promising candidates for osteoporosis treatment.
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However, a limited number of randomized controlled trials have suggested that the
results regarding the improvement of bone mineral density (BMD) markers with probiotic
supplementation may be contradictory [81]. For instance, postmenopausal women who
consumed Lactobacillus-rich probiotics exhibited conflicting results concerning bone density
and bone turnover biomarkers [82]. Compared to the control group, the experimental group
showed a reduction in bone density loss in the lumbar spine, femoral neck, and trochanter.
However, no significant differences were observed in bone turnover biomarkers. One
possible reason for this could be the influence of individual differences on the effectiveness
of probiotic treatments. It was suggested that probiotics may only have a positive effect
on bone health in populations with lower BMD, older age, or higher body mass index
(BMI) [83,84]. For example, Gregori et al. recruited 292 early postmenopausal women
and administered Limosilactobacillus reuteri 6475 [83]. After two years, they measured the
relative changes in tibial total volumetric BMD, as well as lumbar spine and total hip BMD.
The results indicated a significant decrease in BMD for all participants, with no notable
differences observed between the groups. However, a re-treatment study involving patients
with high BMI found significant therapeutic effects on bone health. This discrepancy may
be explained by the fact that the participants in the initial study were early postmenopausal
women, whose BMD may not have experienced significant decline at the time of the study.
In contrast, individuals with higher BMI may have been more responsive to probiotic
treatment due to differing baseline conditions or bone metabolism rates.

4. Natural Active Substances and Osteoporosis

Several naturally active substances have shown protective effects on bone health,
potentially through modulation of the gut microbiota (Table 3, Figure 2). Kang et al. treated
mice with Korean Red Ginseng (KRG) extract and found that it significantly prevented
antibiotic-induced bone loss, reduced gut microbiota alpha diversity, and improved gut
permeability [85]. They observed shifts in the relative abundance of specific gut bacteria,
including Lactobacillus and Alistipes finegoldii, which may contribute to the gut-bone axis
effects of KRG. Further studies confirmed that KRG could also prevent glucocorticoid-
induced bone loss in mice by restoring gut microbiota composition [86].

Table 3. Summary of studies related to the effects of naturally occurring substances on osteoporosis.

Natural-Occurring

Class Study Population Substance Function Gut Microbiota Reference
e KRG can prevent the
reduction of « diversity
of gut microbiota and the
KRG can prevent increase of intestinal
12-week-old male Korean Red Ginseng antibioticcinduced permeability in mice. (85]
mice (Balb/C) extract (KRG) bone loss ° Several genera, including
’ Lactobacillus, rc4-4, and
Animal Alistipesfinegoldii, may be
Experiment involved in the effect of
KRG on the axis of the
gut.
e  Treatment with
; teold mal K Red Gi KRG extrcilct ° It causes significant
-week-old male orean Red Ginseng revente i
mice (CD-1) extract (KRG) frabecular bone ﬁi?gsisoltr;gut [86]
loss in the distal
femur.
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Table 3. Cont.

Natural-Occurring

Class Study Population Substance Function Gut Microbiota Reference
° AR treatment
suppressed bone
° ifgltlr%glrlr?:rslt AR treatment reversed
7-week-old female Aﬁastache rugosa elevated the disturbance of gut [87]
mice (C57BL/6) ethanol extract (AR) osteogenic markers microbiota induced by
in bone marrow ovariectomy.
cells and type 1
collagen «1 in the
distal femur.
GSE treatment could
° .Gi].ibt.ietz;tment can reduce the number of
23( larisior? of bone opportunistic pathogens
p di (Alistipes, Turicibacter,
iﬁiﬁ:‘fé téfeose and Romboutsia), increase
- i the number of beneficial
11-week-old female ~ Grape seed extract lipolysis of bone bacteria Bifidobacterium, 25
mice (C57BL/6) (GSE) marrow adipose and regulate the [25]
tissue, and imbalance of gut
promote bone microbiota caused by
formation, thereby ovariectomy.
improving bone GSE mainly affects lipid
loss. and amino acid
metabolism.
° CBDE treatment
could significantly
improve the CBDE treatment makes
microstructure of the gut microbiota of
. Compound deer the trabecular bone osteoporosis model mice
Female mice (ICR) bonezxtract in mice. The tend t%wards healthy (88]
trabecular bone mice in terms of type and
increased, and the quantity.
reticular structure
was clearer and
more orderly.
) In the HE group, a
e  Forty-eight weeks higher abundance of
Posl Hop Extract of HI? i Turicibacter and Shigella
opulation Standardized in supplementation nera (which ar
Stfdies I)OStrnenopausalv\]omen8-Prer1ylnaringenin increased tg}fosgh:f to bce assiciated [89]
(HE) whole-body bone

mineral density.

with whole-body bone
mineral density) was
observed.

Other natural substances, such as Agastache rugosa ethanol extract (EEAR), compound

deer bone extract (CBDE), and grape seed extract (GSE), have also demonstrated potential in

preventing osteoporosis. Hong et al. showed that EEAR treatment improved bone strength

and reversed gut microbiota dysbiosis in ovariectomized mice, suggesting its potential

for treating postmenopausal osteoporosis [87]. GSE treatment in estrogen-deficient mice

inhibited bone marrow adipose tissue expansion, promoted bone formation, and modulated

gut microbiota by reducing pathogenic bacteria and increasing beneficial bacteria such as

Bifidobacteria [25]. Similarly, CBDE treatment improved trabecular microstructure and gut

microbiota composition in ovariectomized mice [88].

While many studies focus on how natural substances, particularly plant-derived

compounds, impact bone health through gut microbiota modulation, it is also essential

to recognize that these substances may exert direct effects through molecular interactions

with the body. Phytoestrogens, for example, mimic estrogen and can bind to estrogen

receptors, potentially influencing bone metabolism by modulating bone resorption and

formation, especially in postmenopausal women [90]. Additionally, natural compounds

such as flavonoids, polyphenols, and alkaloids may act directly on bone cells or hormonal
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pathways to promote bone health, independent of microbiota-related mechanisms [91].
These compounds interact with various signaling pathways involved in bone remodeling,
including those related to osteoblast differentiation and osteoclast activity.

In human studies, a clinical trial supplementing postmenopausal women with hops
extract standardized in 8-Prenylnaringenin (HE), along with calcium and vitamin D3,
demonstrated that HE supplementation increased bone density and altered gut micro-
biota composition, with specific bacteria showing positive correlations with bone den-
sity [89]. These findings suggest that HE extract may help prevent bone density loss in
postmenopausal women, although longer-term studies are needed to confirm these results.

In conclusion, prebiotics, probiotics, and natural active substances show promise in
preventing and treating osteoporosis through their effects on gut microbiota and bone
metabolism. These findings highlight the need for further research into their clinical
applications and potential for enhancing bone health.

5. Perspective

Modulating the gut microbiota has emerged as a promising approach for preventing
and treating various diseases, including osteoporosis. This review highlights how micro-
biota modulation can alleviate osteoporosis and offers insights into potential therapeutic
strategies. However, our current understanding remains limited.

While existing research emphasizes the critical role of the gut microbiota in osteoporo-
sis, the precise mechanisms by which it influences bone metabolism are still unclear. Future
studies should focus on how gut microbes affect bone health through their metabolites,
signaling pathways, and immune modulation. Delving deeper into the molecular mecha-
nisms of the gut-bone axis is essential for developing more targeted interventions, which
will pave the way for new research directions and clinical applications in osteoporosis
prevention and treatment.

Given the significant variations in gut microbiota composition among individuals,
personalized intervention strategies are crucial. Future research should explore how per-
sonalized treatments, based on an individual’s unique microbiota profile, can optimize
therapeutic outcomes. Variations in microbiota composition and immune system function
significantly influence the effectiveness of microbiota-based treatments for osteoporosis.
The gut microbiota is highly personalized, shaped by factors such as genetics, diet, lifestyle,
and pre-existing health conditions [92]. Additionally, immune system variations—such as
differences in cytokine profiles and inflammatory responses—affect the body’s response
to microbiota modulation [93]. These factors underscore the need for strategies that con-
sider both microbiota composition and immune system status to optimize osteoporosis
treatment outcomes.

Much of the current research has focused on short-term effects, while the long-term
impacts and safety of microbiota modulation have not been systematically evaluated.
Therefore, future studies should investigate the long-term effects and potential side effects
of these interventions to ensure their sustained efficacy and safety. A large portion of
current research on the gut-bone axis and microbiota-based interventions relies on animal
models, particularly rodents. While these models provide controlled environments to
study mechanisms and therapeutic effects, they often fail to fully replicate the complexity
of human microbiota and bone physiology. Differences in gut microbiota composition
between species, along with variations in immune responses and bone metabolism, may
limit the generalizability of findings from animal studies to human conditions. Additionally,
methods of microbiota manipulation (e.g., antibiotics or fecal microbiota transplantation)
used in animals may not be directly applicable to human clinical settings. Therefore, well-

115



Metabolites 2025, 15, 301

designed human clinical trials are crucial for assessing the long-term safety, efficacy, and
potential side effects of microbiota-based interventions.

While most studies have concentrated on the immediate effects of microbiota modula-
tion, the long-term consequences remain underexplored. Individuals with compromised
immune systems, such as those with HIV or undergoing immunosuppressive treatments,
may be at higher risk of opportunistic infections when using probiotics or undergoing
fecal microbiota transplantation (FMT). Additionally, although FMT shows promise as a
treatment, it carries the risk of transferring harmful pathogens from donor to recipient,
underscoring the need for strict safety protocols and careful donor selection.

6. Conclusions

The gut microbiota plays a crucial role in the onset and progression of osteoporo-
sis. Current evidence suggests that prebiotics, probiotics, and natural active substances
have significant potential to mitigate osteoporosis. However, while early findings are
promising, future research must focus on understanding the underlying mechanisms of
these interventions and their long-term efficacy. By doing so, we can establish a stronger
scientific foundation for microbiota-based osteoporosis treatments. Further exploration
will enable the development of more precise and effective intervention strategies, offering
new perspectives and methods for preventing and treating osteoporosis.

7. Lay Summary

Osteoporosis is a condition where bones become weak and fragile, leading to a higher
risk of fractures. Recent studies have found that the balance of microbes in our gut may
play a key role in bone health. These tiny organisms affect how our immune system
works, how nutrients are absorbed, and how inflammation is controlled. This study looks
at how certain dietary changes, like adding prebiotics (which feed good bacteria in the
gut), probiotics (live helpful bacteria), and natural substances from plants, might help
improve bone strength by supporting a healthy gut. These findings could offer new ways
to protect bone health, especially for groups at higher risk, like older adults and women
after menopause.
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Abstract: Background: Non/low-caloric artificial sweeteners (NAS) are recognized as chemical
additives substituting sugars to avoid caloric intake and subsequent sugar-derived diseases such as
diabetes and hyperglycemia. Six NAS have been claimed safe and are authorized by the US Food
and Drug Administration (FDA) for public use, with acceptable daily intake information available:
aspartame, acesulfame-K, saccharin, sucralose, neotame, and advantame. However, the impacts
of NAS on the gut microbiome have raised potential concerns, since sporadic research revealed
NAS-induced microbial changes in the gastrointestinal tracts and alterations in the microbiome-host
interactive metabolism. Methods: Given the fact that the gut microbiome influences kaleidoscopic
physiological functions in host health, this review aimed to decipher the impacts of NAS on the
gut microbiome by implementing a comprehensive two-stage literature analysis based on each
NAS. Results: This review documented disturbed microbiomes due to NAS exposure to a maximal
resolution of species level using taxonomic clustering analysis, and recorded metabolism alterations
involved in gut microbiome-host interactions. Conclusions: The results elucidated that specific NAS
exhibited discrepant impacts on the gut microbiome, even though overlapping on the genera and
species were identified. Some NAS caused glucose tolerance impairment in the host, but the key
metabolites and their underlying mechanisms were different. Furthermore, this review embodied
the challenges and future directions of current NAS-gut microbiome research to inspire advanced
examination of the NAS exposure-gut microbiome-host metabolism axis.

Keywords: artificial sweetener; gut microbiome; microbiome-host interaction; exposure; metabolism

1. Introduction

Over the past few decades, the global population has been facing the considerable
health threats of obesity and cardiovascular diseases associated with high sugar consump-
tion [1-5]. Non/low-caloric artificial sweeteners (NAS) became a remarkable dietary sugar
replacement for combating the global prevalence of obesity and hyperglycemia [6]. NAS
are a category of food additives utilized in food products, which are thought to bring a
sweet taste and health benefits by avoiding the substantial energy content and carbohydrate
intake from table sugar [7]. The U.S. Food and Drug Administration (FDA) has authorized
six NAS with provided information on their acceptable daily intake: aspartame, acesulfame-
K, saccharin, sucralose, neotame, and advantame. These six authorized sweeteners are
claimed to be safe for the general population under certain conditions of use by the FDA,
with support from scientific research [8,9]. Contradictorily, scientific research has revealed
that NAS consumption was associated with multiple disease outcomes, for instance, liver
cancer and chronic liver diseases [10-12], urinary tract cancer [13], kidney injury [14], and
cardiovascular diseases [14-18]. In the meantime, more and more emerging evidence has
highlighted that NAS might have complicated impacts on the gut microbiota [3,19,20].
However, the specific impacts of NAS on the gut microbiota are possibly underestimated
when evaluating the safety and applicability of NAS.
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Humans harbor diverse and dynamic microbial communities [21,22]. The gut micro-
biota is a collection of endogenous microorganisms that symbiotically inhabit the digestive
tract [23]. Colonization of the gut microbiota begins in the proximal gastrointestinal tract,
starting in the stomach and ending with diverse microorganisms in the distal gastroin-
testinal tract or the colon [24]. A healthy gut microbiota is typically characterized by
high taxonomic diversity, extensive microbial gene richness, and a stable core of microbial
species. The gut microbiota is generally composed of six dominant phyla: Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia. Of these,
Firmicutes and Bacteroidetes are the most prevalent [25]. Moreover, the gut microbiota
plays a significant role in numerous physiological processes, such as immune system main-
tenance [25-28], drug metabolism [29-31], and biotransformation [32,33]. Previous research
has shown that NAS such as saccharin and aspartame traverse the human gastrointestinal
tract either undigested, indicated by their existence in excrement such as feces and urine, or
digested, indicated by the detection of their secondary metabolites [34-38]. Taken together,
consumption of NAS can induce their exposure to intestinal microbiota.

We have found fragmented information illustrating the interaction between the gut
microbiome and NAS exposure, and limited research was available to evaluate the toxicity
of NAS on the gut microbiome in vivo. Notably, there is a lack of knowledge to compre-
hensively summarize the affected gut microbiome species and underlying host-microbe
interactive metabolic mechanisms. These two components were essential for revealing the
toxicology of NAS on the gut microbiome and for investigating the reciprocal influence
in the NAS—gut microbiome-host axis. Consequently, the purpose of this review is to
summarize the current understanding of the impacts of NAS on the gut microbiome, and
to provide a guideline for future research on determining the gut microbiome-NAS interac-
tion and gut health outcomes in the host. This review leveraged a two-stage exploratory
review, primarily focused on uncovering the affected gut microbiome, followed by an
illustration of the interactive metabolic mechanisms, including the metabolism pathways
and signature metabolites, altered in the host as a response to NAS. Taxonomy cluster-
ing analysis was implemented to classify the biological relationships of NAS-disturbed
species. This review also documented the current challenges and future directions in
NAS-microbiome-host-related research. Meaningfully, this review provides fundamental
information to advance the understanding of NAS interference on the gut microbiome, and
contributes to decision-making on the safety of NAS in the future.

2. Materials and Methods

This review is based on a two-tier comprehensive literature analysis on the PubMed
and Google Scholar databases. The purpose of the literature analysis was to investigate the
associations among the use of low /no-calorie sweeteners (NAS), changes in the composition
of the gastrointestinal microorganisms, and the subsequent metabolism alterations in the
host. The aim of the literature search was to maximize the information input of current
academic literature that examined the impact of the six officially recognized NAS on
the gut microbiota, which is commonly referred to as the gut or intestinal “bacteria”,
“microbiome”, “microbiota”, “microbes”, “microflora”, or “microorganisms”. Furthermore,
the investigation encompassed the inclusion of several designations for sweetening agents,
which were enumerated as follows: aspartame; sucralose, also recognized as Splenda;
saccharin; acesulfame potassium, also identified as Acesulfame K or Ace-K; neotame;
and advantame. A combination of phrases related to sweeteners and terms related to
gut microbiota were input to the database generating the primary literature pool on 8
August 2024. The search encompassed articles of all categories, without imposing any
limitations on the dates of publication, which generated 63 articles on aspartame, 104
articles on saccharin, 153 articles on sucralose, 45 articles on acesulfame potassium, 7
articles on neotame, and 4 articles on advantame. This included scholarly publications
that have undergone peer review, as well as non-peer-reviewed articles such as research
articles, reviews, conference abstracts, news articles, interviews, editorials and opinions,
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and book chapters. Neotame and advantame, as second-generation sweeteners approved
more recently by the U.S. FDA—neotame in 2002 and advantame in 2014—have had a
shorter timeframe for research and commercial use, potentially limiting the incentive for
extensive study. Additionally, their structural similarities to aspartame, a more prevalent
or contentious NAS, may have further deprioritized research on them.

This review is composed of two consecutive screening stages(Figure 1). The first
screening adopted a dual exclusion strategy. Initially, the first screening excluded repetitive
articles in one or more databases, which generated 133 records for this review. Published
abstracts from presentations and/or conferences were matched with full articles, where
applicable, and the remaining abstracts were excluded in the search. These articles were
screened for the following exclusion criteria: (a) records not related to NAS exposure;
(b) records that were review articles, editorial and opinion pieces, or letters responding
to recent publications in the field; and (c) records focusing on multiple NAS in a single
experimental setting, multiple NAS categorized as a single variable, or co-existing NAS
exposed to a single independent experimental subject. Beyond this exclusion, these articles
were further screened for relevance based on the following inclusion criteria: (a) in vivo
studies conducted in animals and humans (all in vitro studies were excluded); (b) oral
exposure to NAS, which included diet intake or drinking water exposure; and (c) reported
primary measurements of the microbiome in the gut. Following application of the defined
screening criteria, 22 publications were identified as relevant primary research articles
investigating the administration of NAS to animals or humans and the consequent dis-
turbance to the gut microbiota. The empirical approaches and findings of these articles,
encompassing variables such as sample size, participants, control groups, perturbation
related to the gut microbiota, and analytical methods, have been extracted and classified
based on the type of sweetening agent. The extracted gut microbiome information was
input into the National Center for Biotechnology Information (NCBI) taxonomy database
to conduct taxonomic cluster analysis, which displays a hierarchical clustering of bacterial
taxa (phylum to species level) that are significantly impacted by different NAS.

Based on the primary screening, we performed a secondary literature screening to
collect available evidence on the association between the gut microbiota and metabolic
consequences in the host. The screening aimed at documenting the altered metabolic
pathways in the host and any metabolites or molecules that exhibited significant differences
in the host. The exclusion criteria are listed as follows: (a) alterations in host metabolism
were not reported using direct measurements derived from host biospecimen samples
before or after NAS exposure; and (b) metabolites and affected metabolism pathways were
not documented. This secondary screening resulted in 11 publications that served as the
direct scientific evidence on integrating the triangle relationships among NAS exposure,
the gut microbiome, and host metabolism. A zero match was found on advantame expo-
sure in vivo in two-stage screening; thus, advantame was excluded in the meta-analysis.
The empirical findings of these 11 articles, encompassing variables such as altered host
metabolism pathways, key metabolites and their changing patterns in hosts before and
after NAS exposure, and analytical methods, were extracted and classified based on the
type of sweetening agent.
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Figure 1. Flow diagram of the two-tier publication selection process for this review.

3. Gut Microbiota Species Modulated by NAS Exposure
3.1. Aspartame

The changes in the abundance of the gut microbiome affected by aspartame consump-
tion were examined in rats after 8-week aspartame exposure in drinking water [39]. Even
though the study introduced fat content in feeding as a second variable interacting with the
first variable, the aspartame in water, the absolute bacterial analysis in the study concluded
that Clostridium leptum was significantly higher (p < 0.05) in the low-fat feeding group
fed with chow (12% kcal fat) and aspartame than in the control group fed with chow and
water. C. leptum is known as a nitroreductase-producing bacterium, and its metabolism is
associated with infective and chronic inflammatory bowel disease, including Crohn’s dis-
ease and ulcerative colitis [40-42]. C. leptum was also identified as a prominent bacterium
that elicited quantitative differences between patients with type 2 diabetes and healthy
humans [43], and showed a higher abundance in overweight adolescents [44]. Aspartame
exposure attenuated the increase in abundance of Clostridium cluster XI in both the low-fat
and high-fat diet groups [39]. However, treatment with aspartame in the high-fat diet
(60% kcal fat) group resulted in the highest abundance of Clostridium cluster XI, Enterobac-
teriaceae, and Roseburia spp., and total bacteria, compared to the other groups fed either
the low-fat or high-fat diets, with and without aspartame [39]. An increase of Clostridium
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cluster XI was witnessed in dietary habits involving intaking high levels of carbohydrate,
fat, and protein, and its increase was positively correlated with the inflammation marker
pro-inflammatory mucosal IL1-f3 concentration [45,46]. Interestingly, Roseburia spp. is an
anaerobic rod-shape bacterium that can produce butyrate in the colon, and it contributes
to multiple diseases, including inflammatory bowel disease, type 2 diabetes mellitus, and
antiphospholipid syndrome [47], which exhibits a functional overlap with the C. leptum
mentioned above. Nevertheless, the relative bacterial abundance analysis in the study
conducted by Palmnis et al. seemed to indicate that aspartame can also induce a decrease
in Lactobacillus spp. and no changes in Clostridium cluster I, regardless of the fat content in
feeding [39]. The changes of Clostridium coccoides and Roseburia seemed undifferentiable in
the normal fat feeding group versus the aspartame-dosed normal fat feeding group, while
such changes were notable when high-fat feeding was introduced, depicted as promoting
the abundance of Roseburia and Clostridium coccoides.

Acting not only in rats, aspartame consumption also altered the gut microbiome in
humans, confirmed in a randomized-controlled trial encompassing 20 healthy adults ad-
ministered aspartame for two weeks in a dose lower than the acceptable daily intake [48].
The results elucidated that top five glycemic responders’ aspartame exposure exhibited
a positive association with Bacteroides fragilis and Bacteroides acidifaciens, and an inversely
negative association with Bacteroides coprocola [48]. However, the same studies indicated
that such changes in the gut microbiome could be customized in different hosts, with an em-
phasis that Akkermensia muciniphila increased significantly in human subjects showing the
lowest glycemic response to aspartame exposure [48]. Further microbiome dissimilarities
were displayed with the increase of Clostridium sp. CAG:7 and Tyzzerella sp. Marseille-
P3062 and the decrease of Alistipes obesi and Eubacterium sp. CAG:248 in the top glycemic
responders compared to the bottom glycemic responders [48]. Among all aspartame-
associated gut microbiomes in the study above, enterotoxigenic Bacteroides fragilis was
recently reviewed to be possibly associated with colorectal cancer [49], while commensal
bacterium Bacteroides acidifaciens was proven to participate in insulin protection in serum
and (-oxidation in adipose tissues, protecting the host from diabetes and obesity [50,51].
Akkermensia muciniphila, a next-generation probiotic, has beneficial effects on glucose and
lipid metabolism and the inflammatory response in humans, as well as on endotoxemia
protection [52-54]. Clostridium sp. CAG:7 is a purine-degrading prebiotic [55] and Tyzzerella
sp. Marseille-P3062 was positively associated with Crohn’s disease [56]. Altogether, aspar-
tame exposure caused multiple changes in both probiotic and pathogenic bacteria and such
bacterial consequences were customized in the host.

3.2. Saccharin

A few studies were identified reporting that saccharin exposure can modify the abun-
dance of the gut microbiome community. It was demonstrated that saccharin exposure
in humans, at a dose of 0.18 g/day for 28 days, can cause significant changes in gut
microbiota in experimental subjects who showed impairment of glucose tolerance [48].
Among the five top glycemic responders, saccharin exposure was positively associated
with Prevotella copri [48], a species contributing to glucose homeostasis through enhanc-
ing bile acid metabolism and farnesoid X receptor (FXR) signaling [57], and negatively
associated with Bacterioides xylanisolvens, a xylanolytic anaerobe known for its dietary fiber
degradation and fermentation [58]. Meanwhile, the abundance of Alistipes onderdonkii was
significantly higher during saccharin exposure but reduced to baseline levels in follow-
up measurements [48]. The shift of Alistipes onderdonkii, an anaerobe exhibiting known
pro-inflammatory activity which modulates the inflammatory response [59], might imply
that saccharin exposure caused an inflammation response in the host, and activation of
Alistipes onderdonkii might have healed the response in a short time. Furthermore, Firmicutes
CAG:102 showed an irreversible decrease in the long term after saccharin exposure [48].
Saccharin exposure also exhibited personalized effects on the gut microbiome in different
humans. Top glycemic responders had a richer abundance of Blautia sp. Marselle P2398 and
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Clostridium sp. CAG:62 than bottom glycemic responders [48], in which Blautia sp. Marselle
P2398 was a marker reflecting major depressive disorder [60]. On the contrary, bottom
glycemic responders had a higher abundance of Bifidobacterium ruminantium, Clostridiales
bacterium UBA 7739, Faecalibacterium prausnitzii, and Parabacteroides distasonis than the top
glycemic responders [48]. The same research team also evaluated fecal bacteria composition
in mice exposed to saccharin in drinking water for 11 weeks, where they found over 40 oper-
ational taxonomic units were significantly altered in abundance using 165 RNA sequencing.
At the strain level, Bacteroides uniformis were over-represented in the saccharin-exposed
group compared with the control, while Lactobacilluys Reuteri were under-represented [48].
Bacteroides uniformis can ameliorate the metabolic and immunological dysfunction in obese
mice induced by a high-fat diet [61,62], and its elevation may indicate their potential pro-
tection mechanisms via the gut microbiome to the host. Moreover, a randomized controlled
trial revealed that probiotic Lactobacilluys Reuteri supplementation can increase the insulin
sensitivity and bile acid deoxycholic acid in serum in type 2 diabetic patients [63]. Thus,
decreased Lactobacilluys Reuteri may imply a decrease in insulin sensitivity as well as in bile
acid metabolism. Results from shotgun metagenomic sequencing further exemplified the
over-representation of Bacteriodies vulgatus and the under-representation of microbiome
Akkermansia muciniphila in the saccharin-exposed group [7], which was coherent to the gut
microbiome changes previously reported in patients with type 2 diabetes [64].

3.3. Sucralose

Sucralose, similar to saccharin, has been extensively documented for its alteration of
the gut microbiome. Abou-Donia et al. reported that administration of Splenda (which
contains sucralose) by oral gavage, at different concentrations of up to 1000 mg/kg for
12 weeks in rats, resulted in a significant decrease in beneficial gut bacteria [65]. Even
at the lowest dose (100 mg/kg/d) the bacterial counts of bifidobacterial, lactobacilli, and
Bacteroides were reduced by 36.9%, 39.1%, and 67.5%, respectively. Similarly, another study
reported the alteration of 14 genera after exposing C57BL/6] to sucralose at 0.1 mg/mL
in drinking water for six months, which were an increased abundance of Turicibacteraceae
turicibacter, Lachnospiraceae ruminococcus, Ruminococcaceae ruminococcus, Verrucomicrobiaceae
akkermansia, and unclassified members in the families Clostridiaceae and Christensenellaceae;
and the decreased abundance of Staphylococcaceae staphylococcus, Streptococcaceae streptococ-
cus, Dehalobacteriaceae dehalobacterium, Lachnospiraceae anaerostipes, Lachnospiraceae roseburia,
and unassigned Peptostreptococcaceae, Erysipelotrichaceae, and Order bacillales [66]. However,
these studies did not provide information on bacteria alterations at the strain level.

The impacts of sucralose on the gut microbiome exhibited solid evidence tracking
back to the strain level. Human trials, by exposing healthy adults to sucralose under
ADI for 28 days, revealed the alteration of three bacterial species, which were an increase
of Eubacterium CAG:352 and Dorea longicatena, and a decrease of Oscillibacter ER4 [48].
However, sucralose exposure behaved differently on gut microbiome composition in
different glycemic responders. Bacteroides caccae, Bacteroides sp. Phill3, and Flavonifractor
plautii were three enriched species in the top glycemic responders, but were not shown
in the bottom glycemic responders. The bottom glycemic responders accumulated more
Intestinimonas butriciproducens than the top glycemic responders [48].

3.4. Neotame

Chi et al. reported that four-week neotame exposure in CD-1 mice facilitated the
growth of two genera in the phylum Bacteroidetes, including Bacteroides and one undefined
genus in 524-7, while significantly decreasing three genera in the family Ruminococcaceae,
consisting of Oscillospira, Rumniococcus, and one undefined genus, and five genera in
the family Lachnospiraceae, which contained Blautia, Dorea, Ruminococcus, and two un-
defined genera [67]. This is the only research focusing on neotame exposure and gut
microbiome analysis.
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3.5. Acesulfame Potassium

Acesulfame potassium can induce gut microbiome changes, but multiple variables
may cause discrepancy in its gut microbiome changes. Bian et al. illustrated that acesulfame
potassium induced sex-dependent alterations in gut microbiota [68]. In male mice treated
with Ace-K via oral gavage at a dose of 37.5 mg/kg body weight/day, Bacteroides were
highly increased, along with significant increases in two other genera, Anaerostipes and
Sutterella. Notably, the four-week Ace-K treatment dramatically decreased the relative
abundance of multiple genera in female mice, including Lactobacillus, Clostridium, an unas-
signed Ruminococcaceae genus, and an unassigned Oxalobacteraceae genus, and increased the
abundance of Mucispirillum. Acesulfame potassium showed gut microbiome alteration in
newborn mice when exposing their mother to acesulfame potassium. Olivier-Van Stichelen
et al. illustrated that maternal exposure could induce defective Akkermansia muciniphila in
newborns [69]. However, Akkermansia muciniphila showed no difference in growth when
exposed to low or high acesulfame potassium in culture medium.

A comprehensive summary of the documented alterations in the gut microbiome resulting

from exposure to specific NAS, as detailed in Sections 3.1-3.5, is provided in Table 1.

Table 1. Summary of documented altered gut microbiomes affected by specific NAS.

NAS Exposure Altered Gut Microbiome * Analytical Methods Reference
Rats, SD Normal rats:
Normal rats (N = 10-12), 5 mg/kg/d, ~ Clostridium leptum T Fecal DNA extraction + 163 )
Obese rats: : (Palmnas et al.,
%\l;veeks ts (N = 10-12), 7 me /ke/d Clostridium cluster XI | TRNA sequencing + 2014) [39]
esekra s (N =10-12), 7mg/kg/d, Enterobacteriaceae 1 qRT-PCR analysis
8 weeks C. leptum 1 and Roseburia spp. 1
Top glycemic responders:
Bacteroides Fragilis and Bacteroides
Aspartame acidifaciens T
ADI: 50 mg/kg Bacteroides Coprpcola J
Sucrose equivalence: Humans, Bottom glycemic responders: 165 rRNA sequencing (Suez et al.,

Exposed (N =20),0.24 gand 5.76 g

Akkenmensia muciniphila 1

R glucose, 4 weeks Top compared to bottom responders: lumina NextSeq platform 2022) [48]
DN ocH, Clostridium sp. CAG:7 1
200% OH N L | Tyzzerrlla sp. Marseille-P3062 1
Alistipes obesi and Eubacterium sp.
CAG:24 |
Humans, .
Exposed (N =7), 1.7-332 mg/d, i(’s rR}f\IhA sequencing
based on daily food records in four No significant changes ength heterogeneity (Frankenfeld et al.,
days polyme'rase ch;'am' reaction 2015) [70]
Non-exposed (N = 24) (PCR) fingerprinting
Humans, .
"N — L 16S rRNA sequencing (Ahmad et al.,
B:Ez;(;d (N =15), 0.425 g/day, No significant changes Tllumina MiSeq 2020) [71]
Top glycemic responders:
Prevotella copri 1
Bacterioides xylanisolvens |
Alistipes onderdonkii T
Humans Firmicutes CAG:102 |,
! Top compared to bottom responders: 16S rRNA sequencing (Suez et al.,

Saccharin

ADIL: 5 mg/kg
Sucrose equivalence:
300x%

[o]
'S,

1
Jro

Exposed (N =20),0.18 gand 5.82 g
glucose, 28 days

Mice, C57BL/6

Exposed (N = 20), 3333 mg/kg/d, 11
weeks

Control (N = 20)

Humans, (5 males and 2 females,
aged 28-36)

Exposed, 5 mg per kg of body weight
for 5 days

Mice, male, C57BL/6] (8 weeks old)
0.3 mg/mL in water for six months

Blautia sp. Marselle P2398 1
Clostridium sp. CAG:62 1
Bifidobacterium ruminantium |
Clostridiales bacterium UBA 7739 |
Faecalibacterium prausnitzii |,
Parabacteroides distasonis |
Bacteroides uniformis 1
Lactobacilluys reuteri |

Bacteriodies vulgatus 1
Akkermansia muciniphila |

Bacteroides fragilis 1
Weissella cibaria 1
Candidatus arthromitus |

After three-month consumption:
Anaerostipes | Ruminococcus |
Sporosarcina 1 Jeotgalicoccus T
Akkermansia 1 Scillospira and
Corynebacterium 1

After six-month consumption:
Ruminococcus | Adlercreutzia | and
Dorea |

Corynebacterium 1, Roseburia 1 and
Turicibacter 1.

Illumina NextSeq platform

16S rRNA sequencing

16S rRNA sequencing

16S rRNA gene sequencing

2022) [48]

(Suez et al.,,
2014) [7]

(Suez et al.,
2014) [7]

(Bian et al.,
2017) [72]
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Table 1. Cont.

NAS Exposure Altered Gut Microbiome * Analytical Methods Reference
Dogs, female beagles
0.02% saccharin and eugenol, or 5% No shifts in fecal microbial richness and . (Nogueira et al.,
fiber blend plus 0.02% saccharinand  diversity 16S rRNA gene sequencing 2019) [73]
eugenol for 10 days (N = 8)
Mice, C57B1\6] and Whole body . . . L .
T1R2-deficient mice, (eight-week-old) No alter'a'honstm microbial d.l v]er51t1y or 16S rRNA gene sequencing (2%e2r1r)a F7(é)l]e tal,
250 me /ke for 10 weeks composition at any taxonomic level.
8/ Kg
Humans, 1845 years old
(1) pulp filler / placebo (1000 mg/day
1) so}flium /d . .
saccharin (400 mg/day), (3) lactisole No alterations in microbial diversity or . (Serrano et al.,
(670 mg/day), or (4) composition at any taxonomic level 165 rRNA gene sequencing 2021) [74]
sodium saccharin (400 mg/day) +
lactisole (670 mg/day)
twice daily for 2 weeks
Wistar rats, Murali et al
Exposed, 20 and 100 mg/kg body No effects on microbiome changes 16S rRNA gene sequencing (202%&[;;] al,
weight/day for 28 days
Turicibacteraceae Turicibacter T
Lachnospiraceae ruminococcus
Ruminococcaceae ruminococcus 1
Verrucomicrobiaceae akkermansia
Unclassified members in Family
ll\z/lice, C§7(IB\IL / 61 3) 692 me /ke/d. 6 Clos]:rildiaceaeTChristzn?enellaceae 1
Xpose =10),9-22mg/kg/d, Staphylococcaceae Staphylococcus | : .
months Strfpt%coccaceae strepfoc%ccus 1 165 rRNA sequencing (Bian, 2017) [66]
Control (N =10) Dehalobacteriaceae dehalobacterium |,
Lachnospiraceae anaerostipes |
Lachnospiraceae roseburia |
Unassigned Peptostreptococcaceae |
Erysipelotrichaceae |
Bacillales |
Top glycemic responders:
Eubacterium CAG:352 1
Dorelz; éongicatena T
Humans, Oscillibacter ER4 | .
Exposed (N =20),0.18 gand 5.82 g Top compared to bottom responders: 165 rRNA sequencing (2%1532 itsal"
1 28 days Bacteroides caccae 1 [llumina NextSeq platform ) [48]
glucose, y.
Bacteroides sp. Phil13 1
Flavonifractor plautii 1
Intestinimonas butriciproducens |
Sucralose Eats, Sg (N=10/ ), Splenda 1.1 Bifidobacterial |
. Xpose = group), Splenda 1.1, pgd . Abou-Donia
ADL: 15 mg/kg 3.3,55 or 11 mg/kg/d, 12 weeks Lactobacilli | Culturing plates e 2008) [65]
Sucrose equivalence: Control (N = 10) Bacteroides |
608(3)( Mice, C57B1/6] mice (4 weeks old)
oH Exposed (N = 8/group), sucralose Ueb 1
c OHOI>—’CI 1.4 + 0.1 mg/kg BW/day and Clostridium cluster XIVal 16S rRNA sequencing (20137%‘75& etal,
i 50 14.2 + 2.2 mg/kg BW/day
oM o Control (N =8)
Mice, SAMP1/YitFc (SAMP) . . .
Exposed(N = 5-7/group), 6-week Five classes in Prqteobacterm phylum )
supplementation of Splenda; (Alphaproteobacteria, Betaproteobacteria, Culturing plates + (Rodr_lgueZ-
ingredients: sucralose/maltodextrin, gamlmaproteoguc;er;u, Del teobacteri 16S rRNA sequencing ggiagao%et al,
1:99, w/w), 1.08 mg/mL; 3.5 mg/mL; psilonproteobacteria, Deltaproteobacteria) ) [77]
’ ’ 3 ’ 3 v Escherichia coli T
35 mg/mL
In chow-only mice:
Mice, C57BL/6 (5 weeks old) Firmicutes |, Bacteroidetes |, (Wang et al
Exposed (N = 8/group), 8 weeks, Bifidobacterium 1 16S rDNA sequencing 2018 g78 i
sucralose (2.5%, w/v) In high-fat-diet mice: ) [78]
Firmicutes 1, Bacteroidetes |
Mice, Pathogen-free (SPF) C57BL/6),  1In jejunum: Tenacibaculum 1, Ruegeria 1
male, (28 days) In ileum: Staphylococcus 7, (Zheng et al
Exposed (N = 8/group), 0.0003 g/mL,  Corynebacterium 16S rDNA sequencing 2022) [g79] v
0.003 mg/mL, 0.03 mg/mL, 0.3 In cecum: Lachnoclostridium |,
mg/mL per day for 16 weeks Lachnospiraceae UCG-006 |
Humans, 18-50 years old
Exposed (N = 16), 780 mg s . (Thomson et al.,
sucralose/day for 7 days No significant changes 16S rDNA sequencing 2019) [80]
Control (N = 14)
Humans, 18-35 years old . . . 16S rRNA sequencing . .
_ Lactobacillus acidophilus | L (Méndez-Garcia
Exposed (N =20/group), 48 mg : h P Quantitative polymerase
Splenda/day for 10 weeks Blautia coccoides chain reaction (QPCR) etal, 2022) [81]
Mice, C57BL/6], 8 weeks old Chi ot al.. 2024
Exposed (N = 10), 0.1 mg/mL for Lactobacillus | Ruminococcus | 16S rDNA sequencing EBZ]I etal, )

6 months

129



Metabolites 2024, 14, 544

Table 1. Cont.

NAS Exposure Altered Gut Microbiome * Analytical Methods Reference
Males: )
Mice, CD-1 ggirtgfésdzes 1; Anaerostipes 1; Sutterella 1
Exposed (N = 5), 37.5 mg/kg/d, Mucispirillum 1, Lactobacillus |, 16S rRNA sequencing (Bian, et al.,
4 weeks B Clostridium |, an unassigned 2017) [68]
Control (N =5) Ruminococcaceae genus and an
. unassigned Oxalobacteraceae genus |

Acesulfame/iotassmm Mice, C57B1/6] mice (4 weeks old)

ADIL: 15 mg/kg Exposed (N = 9/group), 15 mg/kg o : Uebanso et al.,

Sucrose equivalence: BW/day No significant changes 16S rRNA sequencing 2017) [76]

209>§ Control (N = 8)

3. Mice, C§7BL/ 6], /(18( wbeeks/ gld)f Clostridiaceae | (Hanawa et al
s Exposed 150 mg/kg b.w./day for 8 Lachnospiraceae | 16S rRNA sequencing v

Ao weeks Ruminococcacea |, 2021) [83]
Humans,
Exposed (N =7),1.7-33.2 mg/d, Frankenfeld et al
based on daily food records in four No significant changes 16S rRNA sequencing (20r1a5r)1 [gg]e Mk
days
Non-exposed (N = 24)

Neotame Bacteroidetes including Bacteroides and

QDI: 18 mg/_ kgl one undefined genus in 524-7

ucrose equivalence: . Three genera in the family

7000-13,000 x Iﬁ/f:f,i'sgf(_lll _5),0.75 mg/kg/d, 4 Ruminococcaceae, consisting of ) (Chi et al.

weeks Oscillospira, Ruminococcus, and one 165 rRNA sequencing 2018) [67],

Hooc/\)I\N
N

HiC.
HiC CHy

undefined genus, and five genera in
family Lachnospiraceae, which contained
Blautia, Dorea, Ruminococcus, and two
undefined genera. |

Control (N =5)

* Note: The arrows (1/]) denote the modulation (increase/decrease) in the relative abundance of particular gut
microbiota in response to specific NAS, as delineated in the referenced scholarly articles. These modulations are
contingent upon the experimental frameworks and outcomes articulated in each study.

4. Alterations of Metabolism in NAS-Microbiome-Host Interactions
4.1. Aspartame

Aspartame and its secondary products can reach to the colon, influencing the micro-
biota. Previous research elucidated that aspartame can be hydrolyzed in the intestines into
phenylalanine, aspartame, and methanol. Aspartame consumption was associated with
fasting hyperglycemia and impaired insulin tolerance in rats in a manner independent of
fat intake in the diet, indicated by no difference in an oral glucose tolerance test and an
elevated area under the curve for glucose in the insulin tolerance test in rats in both low-
and high-fat diets [39]. Through an approach of administrating a high physiological insulin
bolus into rats, the researchers clued that aspartame was able to reduce the capacity of
clearing endogenous glucose, contributed by the mechanism of inducing an impairment
of insulin-mediated suppression of net hepatic glucose output, than the deduction of pe-
ripheral insulin sensitivity [39]. The interlinks between aspartame and host health were
presumed to be attributed to two gut microbiota changes, which were Enterobacteriaceae and
Clostridium cluster X1, revealed in a high-fat diet in rats. The increase of Enterobacteriaceae, a
member of the potentially harmful proteobacteria, produced gases and short-chain fatty
acids that have been previously reported to be associated with inflammation and insulin re-
sistance [84-92]. The decrease of the latter, as a member of the probiotic community, caused
a disadvantageous condition of the community and may consequently have increased the
amount of pathogenic bacteria in the gut microbiota [39].

The metabolites produced by the gut microbiota further entailed the putative mech-
anisms of how aspartame affected host health via gut microbiome-related physiological
changes. Gut microbiome-derived metabolites represented end products of bacteria phys-
iological activities and were the key intermediates bridging the host and the gut micro-
biome [33]. Aspartame exposure is associated with changes in acetate and butyrate [39].
The decrease of butyrate in the serum of the rats can be correlated with the observed de-
crease in Clostridium cluster XI, which are known as butyrate-producing bacteria. Another
signature metabolite is propionate, which exhibited large elevations under the conditions of
low-fat feeding as well as high-fat feeding. This change could be attributable to the increase
of Clostridium leptum as it produces propionate when fermenting oligosaccharides [93,94].
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Human studies reported that the modulation of the gut microbiome affected by aspar-
tame exposure induced personalized but causative impacts on the glycemic response [48].
Such impacts were further demonstrated as significant metabolomic alterations in human
plasma. Kynurenine, terephthalic acid, indole-3-acetate, and benzoate were four signa-
ture metabolites altered in the most sensitive responders to aspartame in the level of the
glycemic response exposed to one-week of aspartame below ADI. Among them, kynure-
nine, indole-3-acetate, and benzoate were increased in the plasma, while the terephthalic
acid was reduced. However, the detailed mechanism correlated with the metabolomic
profiles and the microbiome changes affected by aspartame were not discussed.

Previous research has mentioned that hosts who had experienced aspartame-induced
gut microbiome dysbiosis developed alterations of multiple host metabolism pathways,
which had the potential to be correlated with gut microbiome changes. Gluconeogenesis
might be a potential mechanism through which the gut microbiome interfered with propi-
onate production [39]. Moreover, pathways related to the urea cycle and its metabolites
might be of prime consideration to understanding the interactions between gut micro-
biome dysbiosis and host health, as they were increased in the top aspartame responders
to glycemic responses [48]. Along with these pathways, the negative association of the
pathways in top glycemic responders, including phosphonate and phosphinate metabolism,
flavin biosynthesis, L-histidine degradation, and L-proline degradation, may also be vital
for further analysis on understanding the inhibition mechanisms of aspartame in aspartame—
microbiome-host interactions [48].

4.2. Saccharin

The most direct existing evidence suggested that the mechanisms of the gut micro-
biome interfered with in humans who were exposed to saccharin and impaired glucose
intolerance were related to 1) Uridine Monophosphate (UMP) biosynthesis and 2) glycoly-
sis and glycan degradation [7]. The increase of UMP biosynthesis occurred simultaneously
with the increase of Prevotella copri and shared the same pattern to an extent, which in-
creased correspondingly along four timepoints: before exposure, Day 7 in exposure, Day 14
in exposure, and Day 28 after exposure. On the contrary, the decrease of glycolysis and gly-
can degradation occurred simultaneously with the decrease of Bacteroides xylanisolvens, and
their changes were matched to each other in the exposure duration [48]. However, a study
also reported that saccharin consumption also induced an increase in glycan degradation
pathways and further annotation suggested that five Gram-positive and -negative bacteria
species contributed to this increase, which were Bacterioides fragilis, Bacteroides vulgatus,
Parabacteroides distasonis, Staphylococcus aureus, and Providencia retteri [7]. Such conflicts
further explained that the gut microbiome was engaged in a scrimmage when exposed to
saccharin. Moreover, the disturbance of metabolic pathways was displayed as a compre-
hensive interaction among multiple sub-pathways. The decrease of glycolysis and glycan
degradation can be viewed as a weighted combined outcome of multiple sub-pathways, in-
cluding homolactic fermentation, glycolysis I from glucose 6-phosphate, glycolysis II from
fructose 6-phosphate, glycerol degradation to butanol, hexitol degradation, and Neu5Ac
degradation [48]. Additionally, personalized differences were not neglectable between top
glycemic responders and bottom glycemic responders in pathway changes. In top glycemic
responders, five metabolomic pathways were significantly promoted, including (1) capro-
lactam degradation, (2) L-isoleucine biosynthesis 1I, (3) CDP-diacylglycerol biosynthesis,
(4) glycerol degradation to 1.3-propanediol, and (5) mixed acid fermentation. In bottom
glycemic responders, six metabolomic pathways were emphasized, which were (1) alanine,
aspartame, and glutamate metabolism, (2) pentose phosphate metabolism, (3) L-serine and
glycine biosynthesis I, (4) L-tryptophan biosynthesis, (5) histidine, purine, and pyrimidine
biosynthesis, and (6) polyamine metabolism. Discrepancies in the affected pathways in
human subjects further enlighten the complexity of deciphering the extent and magnitude
to which specific bacteria strains contributed to pathway changes, thus increasing the
difficulty in evaluating the interfering roles of the gut microbiome on their participation
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in these metabolic pathways. In the same study, serum metabolomic analysis revealed
statistically significant changes in five metabolites: 4-hydroxybenzoate, benzoate, indoxyl
sulfate, hexadecanedioic acid, and butyrate. Three of them, indoxyl sulfate, a metabolite
related to vascular disease, 4-hydroxylbenzoate, and benzoate, increased during saccharin
exposure, while hexadecanedioic acid decreased [48]. However, the study did not establish
a detailed mechanism on how the gut microbiome may induce the above metabolomic
changes that can result in host glucose tolerance impairment.

4.3. Sucralose

There is clear evidence to support sucralose-induced physiological changes in the
host via gut microbiome alteration. Sucralose increased the abundance of bacterial genes
related to pro-inflammatory mediators, which featured the increase of genes related to LPS
synthesis, flagella protein synthesis, and fimbriae synthesis as well as bacterial toxin and
drug resistance genes [66]. In addition, fecal metabolomic analysis confirmed that sucralose
altered quorum sensing signals, amino acids and derivatives, and bile acids. Furthermore,
sucralose induced elevated pro-inflammatory gene expression in the liver, including matrix
metalloproteinase 2 (MMP-2) and inducible nitric-oxide synthase (iNOS), that might be
due to crosstalk along the gut-liver axis [66].

Another study depicted that sucralose exposure induced a significant increase in
arginine biosynthesis, a significant decrease in mixed acid fermentation, and alteration
in the Tricarboxylic Acid (TCA) cycle alongside the sucralose supplementation. Three
other bacterial metabolomic pathways showed synergic decreases along the sucralose expo-
sure timeline, including urate biosynthesis/inosine 5'-phosphate degradation, adenosine
deoxyribonucleotide de novo biosynthesis, and guanosine nucleotide de novo biosyn-
thesis [48]. The same study also evaluated changes in serum metabolites, in which they
found increases in isocitrate, trans-aconitate, serine, N-acetylalanine, aspartate, quinolinate,
2-C-methyl-D-erythritol 4-phosphate, galactarate, and psicose; and decreases of pseudouri-
dine, uric acid, and sebacic acid. The researchers performed enriched pathway analysis
which highlighted the alteration of host pathways, including arginine biosynthesis and
glutamine metabolism, aminoacyl-tRNA biosynthesis, and the TCA cycle. In alignment
with the increased abundance of the TCA cycle in the gut microbiota, the quantitative
measurements of two TCA intermediates, isocitrate and trans-aconitate, increased in the
serum of human subjects after experiencing sucralose exposure, enlightened the connection
between the gut microbiome and host via TCA cycle changes. Furthermore, the same study
discovered that three plasma metabolites exhibited significant increases in the top glycemic
responders compared to the bottom glycemic responders: beta-hydroxyisobutrate, cycteate,
and serine [48]. These three metabolites may play an important role in inducing glycemic
responses potentially linked to gut microbiome changes.

4.4. Neotame

Neotame consumption has been proven to alter the metabolic pathways of gut mi-
crobiome. The available research revealed that streptomycin biosynthesis, amino acid
metabolism, folate biosynthesis, and lipopolysaccharide biosynthesis were four pathways
enriched in the neotame-treated microbiome, while seven other pathways were under-
represented, including fatty acid metabolism, sporulation, benzoate degradation, carbo-
hydrate metabolism, lipid metabolism, bacterial chemotaxis, and ABC transporters [67].
Additionally, the functional gene analysis further illustrated that the pyruvate-derived
and succinate-derived butyrate fermentation pathways were perturbed by neotame expo-
sure by alteration of the genes in enzyme production. In the pyruvate-derived butyrate
fermentation pathway, four genes were reduced, which were the genes of acetyl-CoA
C-acetyltransferase, 3-hydroxybutyryl-CoA dehydrogenase, 3-hydroxybutyryl-CoA dehy-
dratase, and butyryl-CoA dehydrogenase. In addition, the genes of phosphate butyryl-
transferase and butyrate kinase were increased. However, the genes of 4-hydroxybutyryl-
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CoA dehydratase, butyryl-CoA dehydrogenase, and acetate CoA-transferase were de-
creased in succinate-derived butyrate fermentation pathways [67].

4.5. Acesulfame Potassium

Acesulfame potassium induced carbohydrate metabolism changes in the gut micro-
biota, but exhibited sex-dependent features. The direct evidence, reported by Bian et al.,
claimed sex-specific alterations of functional genes in the gut microbiome exposed to acesul-
fame potassium [68]. In female mice, many of the key genes related to energy metabolism
were decreased, consistent with the decrease of multiple microbiome bacteria in the female
mice. These genes were involved in carbohydrate absorption and transportation, fermenta-
tion and degradation, polysaccharide hydrolysis, glycolysis, and the TCA cycle. There were
no exceptions in that all these genes tended to be inhibited in the female mice, thus restrict-
ing the expression of multiple proteins such as glucose uptake proteins, lactose permease,
sugar and D-allose transporters, different phosphotransferases, L-xylulokinase, x-amylase,
and D-xylonolactonase. In contrast, the carbohydrate absorption and metabolism pathways
were activated in male mice, in alignment with their increase in gut microbiome Bacteroides.
The genes involved in carbohydrate metabolism and fermentation pathways, sugar and
xylose transportation, glycolysis, and the TCA cycle were all increased. Altogether, ace-
sulfame potassium might interfere with the gut microbiome-host interaction by inducing
sex-specific gene alterations [68].

Furthermore, acesulfame potassium induced increasing gene abundance correlated
to lipopolysaccharide synthesis (LPS synthesis) that might further increase the risk of
inflammation in the host. Bian et al. demonstrated that genes involved in LPS synthesis
also underwent sex-specific alterations after acesulfame potassium exposure. In female
mice, some LPS synthesis-related genes as well as LPS-export genes were decreased,
including UDP-glucose:(Heptosyl) LPS alpha-1,3-glucosyltransferase, ADP-L-glycero-D-
manno-heptose 6-epimerase, amino-4-deoxy-L-arabinose transferase, UDP-D-GIcNAcA
oxidase and UDP-GIcNAc3NACcA epimerase. Meanwhile, genes encoding flagella compo-
nents were also increased. However, in male mice, only two LPS synthesis genes, which
were glycosyltransferase and UDP-perosamine 4-acetyltransferase, and one bacterial toxin
synthesis gene, which was thiol-activated cytolysin, were enriched. In addition, Bian et al.
further demonstrated the changes in key fecal metabolites [68]. In female mice, three
metabolites, which were D-lactic acid, succinic acid, and 2-oleoylglycerol, were signifi-
cantly decreased. Conversely, two metabolites, pyruvic acid and cholic acid, were increased
and one metabolite, deoxycholic acid, was decreased in the male mice after acesulfame
potassium exposure. Even though the study did not correlate the LPS synthesis alter-
ation and key fecal metabolites to the changes in the gut microbiome on the species level,
changes in the bacterial genes supported by the fecal metabolites provided solid support
for interlinking gut microbiome-host interaction mechanisms with LPS synthesis.

A comprehensive overview of the documented metabolic alterations associated with
specific NAS, as discussed in Sections 4.1-4.5, is provided in Table 2.
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Table 2. Summary of documented altered metabolisms affected by specific NAS.

NAS

Altered Host Metabolism Pathways *

Key Metabolites Changes in Host **

Analytical Methods

Source

Aspartame

ADI: 50 mg/kg
Sucrose equivalence:
200x

Fasting hyperglycemia and impaired insulin

tolerance
Pathways: Gluconeogenesis (?)

Altered glycemic response
Pathways: Fatty acid degradation |
L-methionine biosynthesis |
Peptidoglycan biosynthesis |

Top compared to bottom responders:
Pyrimidine nucleobases salvage 1
L-omithine biosynthesis 1

Heme biosynthesis 1

Urea Cycle

Phosphonate and phosphinate metabolism |

Flavin biosynthesis |

Pyridoxal 5'-phosphate biosynthesis and
salvage |

L-histidine degradation |

L-proline biosynthesis |

Acetate (?), butyrate |, propionate 1

Kynurenine 7, terephthalic acid |,
indole-3-acetate T, benzoate 1

Serum metabolomic

proton nuclear magnetic
resonance spectroscopy (1H
NMR)

Serum metabolomic
UPLC + Q-ToF mass
spectrometry

(Palmnis et al.,
2014) [39]

(Suez et al,,
2022) [48]

Saccharin

ADL

Sucrose equivalence:
400x

i,
\ZLO
T

4

Altered glycemic response

UMP biosynthesis

glycolysis and glycan degradation |
homolactic fermentation |

glycolysis I from glucose 6-phosphate |
glycolysis II from fructose 6-phosphate |
glycerol degradation to butanol |

hexitol degradation |

Neu5Ac degradation |

Induced glucose intolerance

glycolysis and glycan degradation 1
Increased inflammation in the host by
increasing the abundance of bacterial genes
involved in elevating the pro-inflammatory

4-hydroxybenzoate 1, benzoate 1,
indoxyl sulfate 1, hexadecanedioic
acid |

Propionate 1 acetate T

Daidzein 1 dihydrodaidzein 1
O-desmethylangolensin 1

Serum metabolomic
UPLC + Q-ToF mass
spectrometry

Fecal metabolomic
HPLC

(Suez et al.,
2022) [48]

(Suez et al,,
2014) [7]

o .
° ?1%1 lsatr?trﬁesis 4 Equol | linoleoyl ethanolamide | Fecal metabolite analysis (Bian et al.,
B Y. . palmitoleoyl ethanolamide | HPLC-Q-ToF 2017) [72]
acterial toxins 1 N N-Dimethvlsphi .
Flagellar assembly protein A\-Uimethylsphingosine +
Fimbrial protein quinolinic acid 1
Drug resistance 1
- Acetate T, propionate T, butyrate 1 IliFIEilcmetabolomlc (z%ezrlr)a F7(4)l]e tal,
Altered amino acids, lipids, energy Targeted MS-based (Murali et al.,
metabolism and bile acids in the plasma i metabolome profiling 2022) [75]
N-butanoyl-l-homoserine lactone |,
N-(3-oxo-hexanoyl)-homoserine
lactone |,
N-tetradecanoyl-L-homoserine
lactone |, and
N-pentadecanoyl-L-homoserine
LPS synthesis 1 lactone |
Flagella protein synthesis 1 L-tryptophan (Trp) 1, quinolinic acid
Fimbriae syr}thesis T . T kypurenic acid i,.and Fecal metabolomic (Bian, et al.,
Bacterial toxins and drug resistance genes 1 2-aminomuconic acid T HPLC-Q-ToF 2017) [66]
Quorum sensing signals | L-tyrosine 1, p-hydroxyphenylacetic
Amino acids and derivatives | acid |, and cinnamic acid |
Sucralose Bile acids (?) 3-Oxo0-4,6-choladienoic acid T,

ADI: 15 mg/kg
Sucrose equivalence:
600x

Arginine biosynthesis 1

Mixed acid fermentation |

TCA cycle |

Urate biosynthesis/inosine 5'-phosphate
degradation |

Adenosine deoxyribonucleotide de novo
biosynthesis |

Guanosine nucleotide de novo
biosynthesis |

Cholesterol-bile acid metabolism

33,7 x-dihydroxy-5-cholestenoate |,
3«,73,12-trihydroxyoxocholanyl-
glycine |, and lithocholic
acid/isoallolithocholic
acid/allolithocholic
acid/isolithocholic acid |

Isocitrate 1, trans-aconitate?, serine T,
N-acetylalanine 1, aspartate T,
quinolinate T,
2-C-methyl-D-erythritol 4-phosphate
1, galactarate 7, psicose T,
pseudouridine |, uric acid |, and
sebacic acid |

Hepatic cholesterol 1

cholic acid 7, ratio of secondary bile
acids (dehydrocholic acids (DCA)
and lithocholic acid (LCA)) to
primary bile acids (CA and CDCA) 1

Serum metabolomic
UPLC + Q-ToF mass
spectrometry

Liver/cecal metabolomic
LC-MS

(Suez et al.,
2022) [48]

(Uebanso et al.,
2017) [76]

134



Metabolites 2024, 14, 544

Table 2. Cont.

NAS

Altered Host Metabolism Pathways * Key Metabolites Changes in Host **  Analytical Methods

Source

1. Richness of bile salt hydrolase gene
(choloylglycine hydrolase) |, secondary bile
acid synthesis pathway |

2. Bile acid compositions and Farnesoid X
Receptor (FXR) activation:

(1)Ratios of various free bile acids and
taurine-conjugated bile acids, including
oMCA/TaMCA, wMCA/TwMCA,
CDCA/TCDCA and DCA/TDCA |,
moderately for BMCA/TRMCA (p < 0.07)
and CA/TCA (p < 0.06) |

(2)Expression of genes of Farnesoid X
Receptor (FXR) signaling in livers, including
Shp, Cyp7al, Cyp27al, and Ntcp |

Hepatic lipid 1,

ceramide T,
hosphatidylethanolamines T,
phosphatidylserines (PS) 1,

Metabolomics and hepatic
lipidomic
UHPLC-ESI-TSQ Quantis
triple quadrupole mass

3. Altered hepatic cholesterol homeostasis
Expressions of genes encoding three major
cholesterol efflux transporters, including
Abcal, Abcg5, and Abcg8 1

Expression of genes associated with reverse
cholesterol transport (RCT), including Ldlr
and Scarb1 |

4. Disrupted hepatic lipid homeostasis
expression of two nuclear receptors, Srebplc
and Chrebp 1

Accl gene and Cd36 gene T

phosphatidylcholines (PC) 1| spectrometer

(Chi et al.,
2024) [82]

Acesulfame
potassium
ADI: 15 mg/kg

Sucrose equivalence:

Female:
Carbohydrate metabolism |
Lipopolysaccharide synthesis 1

Female: lactic acid |, succinic acid |,

2-Oleoylglycerol | Fecal metabolomic

(Bian et al.,

200x Male: Male: pyruvic acid 1, cholic acid T, LC-MS 2017) [68]
5 Carbohydrate adsorption and metabolism T deoxycholic acid |

j;\:i‘\: Lipopolysaccharide synthesis 1
Streptomycin biosynthesis 1

Neotame Amino acid metabolism 1

ADI: 18 me /k: Folate biosynthesis 1 . .

Sucrose eq%livaglence: Lipopolysaccharide biosynthesis 1 Mahg acid li' mannose-6-pl hlosphfate %

7000-13,000 x Fatty acid metabolism | 5-§Crlninova eric acid |and glyceric
Sporulation | acdy, . - Fecal metabolomic (Chi etal.,
Benzoate degradation | 1,3-dipalmitate T, 1-monopalmitin f,  5i\ig 2018) [67]

o
OCH,
HOOC N’
H
NH o

HiC.

Carbohydrate metabolism |
Lipid metabolism |

linoleic acidf, stearic acid 1,
cholesterol 1, campesterol T,
stigmastanol

HiC CHy

Bacterial chemotaxis |
ABC transporters |
Butyrate fermentation pathways

* Note: The arrows (/) signify the upregulation or downregulation of metabolic pathways influenced by specific
NAS, as detailed in the referenced studies. ** Note: The arrows (1/]) represent alterations (increases/decreases) in
the levels of key metabolites detected in the host following exposure to specific NAS, as reported in the referenced
studies and subject to the specific experimental conditions.

5. Challenges in Deciphering Underlying NAS—-Gut Microbiome Mechanisms

It remains debatable if NAS modulations on the gut microbiome were due to direct
interactions between NAS and the gut microbiome when NAS was orally administered.
Scientific evidence has emerged revealing that each NAS exhibits unique absorption,
distribution, metabolism, and excretion (ADME) patterns in organisms, and thus their
kaleidoscopic alterations on the gut microbiome described in Section 3 can be the conse-
quences of the host response in relation to their ADME differences. Clued by its unique
chemical conformation, sucralose is a stable NAS that cannot be digested into monosac-
charides or metabolized for energy. The substitution of hydroxyl groups in sucralose to
chlorine in sucralose resisted sucralose from being cleaved by glycosidic enzymes that are
capable of hydrolyzing sucrose and other carbohydrates. Combined with other evidence
reported in toxicological studies targeting sucralose ADME among several species, not
only in human [34], but also in mouse [36], rat [37], dog [35], and rabbit [36] studies, the
biological fate of sucralose has been evaluated to be similar, depicted as low absorption
and little to no metabolism in the host, regardless of species differences. Quantitatively,
orally administered sucralose was proved to be excreted for 68.4% to 99% of the total dose
in the feces, and only 2% to 26.5% was excreted in the urine [34-38], which illustrates that
sucralose is unlikely to enter bodily circulation. Even though the high sucralose excretion
percentage in the feces indicated that sucralose was barely absorbed or metabolized in
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the host, it can also serve as evidence that the majority of sucralose reached the large
intestine and further implied that the gut microbiome was forced to be exposed directly
to unmetabolized sucralose. Furthermore, a small portion of sucralose, varying from 2%
to 35%, was absorbed [34-38], and its fate remains mysterious, even though sucralose-
associated metabolites have been detected in urine, feces, and tissues [95]. Unlike sucralose,
approximately 85% to 95% of administered saccharin was absorbed to the host plasma
and was eventually eliminated unchanged in urine, as the principal method of plasma
clearance [96]. Saccharin was absorbed by the gut lumen, where saccharin binds reversibly
to plasma proteins and is distributed via the blood to the host body organs and eventually
excreted in the urine [97-101]. However, in humans, the plasma concentration of saccharin
and its time profile after oral dosage was shown to be complex, as its initial elimination
was rapid during the first 10 h and then slowed down, and the slow phase was determined
by prolonged absorption from the gastrointestinal tract, known as flip-flop kinetics [98].
This provided a novel insight that saccharin exposure is likely to induce long-term chronic
toxicity via direct exposure to the gut microbiome, corresponding to its plasma clearance
patterns, especially when active tubular transport, a primary mechanism of the renal elim-
ination of saccharin, is saturated and causes excessive accumulation of saccharin [102].
Furthermore, research has consolidated that saccharin was excreted without undergoing
metabolism in animals and humans [98], which increased the likelihood that saccharin
impacted the gut microbiome via direct interference. Acesulfame potassium displayed
similar absorption and excretion to saccharin, as the majority of acesulfame potassium via
oral administration was absorbed rapidly and completely into the systematic circulation,
and at least 82% of the absorbed acesulfame potassium was excreted in the urine within
24 h after consumption [34-37,96]. Aspartame has unique pharmacokinetics because it is
quickly digested and hydrolyzed into methanol, phenylalanine, and aspartate in the gas-
trointestinal tract [103,104]. Aspartame is broken down in both the gastrointestinal lumen
and inside intestinal mucosal cells by esterase and peptidases [103-106]. Thus, direct expo-
sure of aspartame on the gut microbiome is unlikely to be the dominant mechanism [107].
Two second generation amino-acid based sweeteners, neotame and advantame, as two
analogs of aspartame [108], may exhibit similar metabolism patterns as aspartame does
in the gut microbiome-host interaction, and the impacts of their subsequent metabolites
in the stomach and intestines may outweigh their direct exposure on the gut microbiome.
However, for these two NAS, current knowledge is not adequate to depict whether their
direct effects on the gut microbiome exist.

The systematic effects of NAS exposure on the gut microbiome remain largely in-
scrutable. However, causality has been established through the utilization of germ-free
rodent models, which unequivocally demonstrate that the gut microbiome is the principal
driving force behind NAS-induced metabolomic perturbations and glucose intolerance
in the host [48,109]. A comprehensive evaluation of gut microbiome succession in con-
junction with NAS exposure is urgently warranted to unravel potential bacteria—bacteria
interactions within the host gut microbiome in response to NAS. As inferred from extant lit-
erature, the alterations in gut microbiome composition are predominantly depicted through
comparative analyses of microbiome profiles before and after NAS exposure. However,
this approach fails to elucidate critical insights regarding the mechanisms by which the
microbiome engages in NAS exposure. For instance, saccharin exposure has been observed
to modulate the abundance of Bacteroides uniformis and Lactobacillus reuteri [48]; neverthe-
less, it remains equivocal whether these variations are the result of an abrupt shift due
to NAS toxicity or a progressive transition driven by microbial metabolism in response
to NAS assimilation. Therefore, understanding the dynamic transformations within the
bacterial community is of paramount importance for accurately interpreting the long-term
ramifications of NAS toxicity on the gut microbiome. Changes in specific species within the
gut microbiome community may not provide an accurate assessment of NAS modulation,
given the intrinsic nature of interspecies interactions. Among these, mutualistic effects
and bacterial antagonisms represent two significant modes of bacterial interaction [110].
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Mutualism describes scenarios wherein multiple bacterial species synergistically benefit
from collaborative development and degradation of growth substrates, while antagonism
underscores the competitive dynamics among bacterial species. Consequently, when in-
terpreting a detectable alteration in a specific bacterial species following NAS exposure,
multiple causative factors must be considered, including the following: (1) direct expo-
sure to NAS (particularly if NAS is not metabolized in the stomach and intestines, such
as with saccharin); (2) indirect interferences stemming from metabolomic alterations re-
lated to NAS absorption, distribution, metabolism, and excretion (if NAS is metabolized);
(8) mutualistic effects involving dominant and other non-dominant bacterial species; and
(4) competition with antagonistic species within the microbial community. The subset
mechanisms underlying bacterial competition within the gut microbiome may further
entail competition for beneficial substrates and competition for the optimal physiological
environment. Validating which hypothesis predominantly contributes to NAS modulation
of the gut microbiome is exceedingly challenging, as it necessitates an intricate analysis of
community-level changes without compromising the resolution required to quantify the
abundance of specific strains. The taxonomic clustering and mapping of bacterial species
modulated by NAS exposure, as explored in this review (Figure 2), may provide the initial
clues necessary to elucidate potential bacteria—bacteria cross-feeding mechanisms within
the gut microbiome in response to NAS exposure.

Elucidating the endpoints of metabolic alterations induced by NAS remains a significant
challenge, particularly in understanding how these sweeteners interfere with downstream
gut microbiota-mediated physiological and biochemical processes in the host. Advances
in metabolomics, especially through the use of high-resolution mass spectrometry (HRMS),
have been pivotal in uncovering the complex metabolic chain reactions triggered by NAS
exposure. HRMS-based metabolomics provides extraordinary precision in the quantification
and identification of metabolites within the gut microbiome, offering detailed insights into
how NAS can profoundly alter the microbial metabolic landscape. This high-resolution
approach enables the detection of subtle yet critical changes in metabolic pathways that
might otherwise be overlooked, such as the reprogramming of carbohydrate metabolism
within the microbial community in response to NAS. The gut microbiota, when exposed to
NAS, is forced to adapt by shifting from traditional sugar metabolism, like that of sucrose, to
alternative pathways. This metabolic shift leads to significant changes in the production of
short-chain fatty acids (SCFAs) and other vital metabolites [7,39]. HRMS has been instrumental
in detecting these nuanced shifts, providing comprehensive metabolite profiles that help
elucidate how the altered metabolic pathways influence key endpoints in host metabolism,
including glycemic control, lipid metabolism, and insulin sensitivity—factors that are critical
for maintaining overall metabolic health [111]. The ability of HRMS to reveal disruptions
in these pathways is crucial, as it helps identify potential triggers of low-grade systemic
inflammation, which may arise from metabolic byproducts that provoke immune responses,
thereby contributing to conditions such as obesity, type 2 diabetes, and other metabolic
disorders [112,113]. Despite the insights gained, the direct links between NAS-induced
microbial changes and specific disease phenotypes in the host remain elusive, underscoring
the need for further research. Integrating HRMS-based metabolomic pathway analysis with
microbial gene expression and host metabolic data could provide a more comprehensive
understanding of the intricate interactions between NAS, the gut microbiome, and host
metabolism. This approach holds the potential to identify biomarkers of NAS-induced
metabolic dysregulation and clarify the long-term health implications of these widely
consumed sweeteners.
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Figure 2. Taxonomic cluster analysis of the altered gut microbiome by specific NAS. The vertical axis
represents the taxonomic hierarchy, with columns indicating the taxonomic rank from phylum to
species. Color codes indicate the NAS associated with alterations in specific bacterial taxa.
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The physiological functions of SCFAs modulated by the gut microbiome to NAS expo-
sure remain largely elusive, posing a critical challenge in understanding their broader
impact on host health. SCFAs, primarily acetate, propionate, and butyrate, are key
metabolic end products of gut microbiome activity and serve as essential mediators in
host-microbiome interactions [33]. These fatty acids, produced through the fermentation of
dietary fibers by gut bacteria, play vital roles in maintaining gut health, regulating immune
responses, and influencing metabolic processes such as lipid metabolism and glucose
homeostasis [114,115]. Emerging research suggests that NAS can alter gut microbiota com-
position, consequently affecting SCFA production, as documented in Table 2. Some studies
indicate that NAS affect SCFA-producing bacteria, leading to alterations of SCFA in serum
or in the excretes [7,39]. These alterations in SCFAs could have significant implications
for host metabolism, as SCFAs are involved in promoting insulin sensitivity, regulating
lipid metabolism, and modulating inflammation [112,116]. SCFAs also enter systemic
circulation, where they influence physiological processes such as appetite regulation via
the gut-brain axis, modulation of insulin sensitivity, and adipose tissue function [111,113].
The potential of NAS to disrupt these processes through altered SCFA production from
the gut microbiome could profoundly impact metabolic health, contributing to conditions
like obesity, type 2 diabetes, and cardiovascular disease [112]. Moreover, SCFAs play a
crucial role in maintaining gut barrier integrity by enhancing tight junction protein ex-
pression and providing energy to colonocytes, preventing gut permeability and systemic
inflammation [117,118]. The modulation of SCFAs by NAS through the gut microbiome
has the potential to disrupt gut homeostasis, leading to further dysbiosis, increased gut
permeability, and a heightened risk of inflammatory conditions such as inflammatory
bowel disease (IBD) and irritable bowel syndrome (IBS) [119]. Additionally, NAS may
influence SCFA production by altering fermentation processes among the gut microbiome,
potentially favoring non-SCFA metabolites that exacerbate metabolic imbalances [39]. This
shift in microbial metabolism could impair the host from utilizing SCFAs efficiently, under-
mining their beneficial effects on energy metabolism and immune modulation [115]. Thus,
understanding the relationship between NAS consumption, gut microbiome alteration,
SCFA production, and host metabolic outcomes is imperative for elucidating the long-term
health implications of NAS and the mechanisms through which they may impact health
and disease.

Heterogeneity in the gut microbiome of organisms exposed to NAS can result in varied
microbial alterations and distinct changes in metabolite profiles, leading to differential
impacts on host physiology. Research by Suez et al. (2014) highlighted that NAS exposure
leads to individualized effects, particularly in glycemic response impairment, which varies
significantly across subjects [7]. This variability in response may be attributed to a complex
interplay of extrinsic and intrinsic factors. Extrinsic factors such as diet composition [120],
stress levels [121], and environmental exposures [122] play a crucial role in shaping the gut
microbiome during NAS exposure, potentially leading to the promotion or suppression
of specific microbial taxa. These alterations can influence metabolic pathways differently,
thus contributing to the observed discrepancies in glycemic control. On the other hand,
intrinsic factors, including individual differences in ADME [123], further complicate the
host response to NAS. These intrinsic factors might result in the distinct bioavailability of
NAS and its metabolites, thereby affecting the gut microbiome and metabolic outcomes in
a highly personalized manner. Taken together, the heterogeneity between gut microbiome
composition, metabolic processes, and host response underscores the need for innovative
approaches to assess the impacts of NAS on human health in the future.

6. Limitation

Co-exposure to multiple NAS was not the primary focus of this review. It is undeniable
that co-exposure research on multiple NAS in a strict experimental setting may also be
beneficial to reveal the systematic alterations of the gut microbiome and host metabolism
mechanism, which could reveal potential synergistic or antagonistic effects on gut micro-
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biota and their subsequent impacts on metabolic health. The outcomes of these studies
would be crucial for understanding the broader health implications of NAS consumption,
especially in the context of metabolic syndrome and other related disorders [124]. However,
without specified and detailed understanding of single NAS exposure and its consequences,
the host metabolism alteration from simultaneous multiple NAS exposures in a laboratory
setting cannot be attributed to the consequences of a single NAS, and thus it is not appro-
priate to categorize their outcomes as a single NAS in this review. Moreover, even though
exposure to a NAS mixture is likely the dominant condition in human populations, NAS
intake is always accompanied with other nutrients or ingredients, which undermines the
credibility of whether the host metabolism alteration is induced specifically by NAS. As a
consequence, the authors suspected that an investigation between the gut microbiome and
multiple NAS exposure might not correspond to the collection of single NAS exposures to
the gut microbiome. In the modern food industry, various NAS are commonly incorpo-
rated into foods and beverages, either individually or in combination, resulting in humans
frequently consuming multiple NAS simultaneously [96]. The processing of different NAS
during food production can lead to varied exposure levels and potentially synergistic or
antagonistic effects within the gut microbiome, which complicates the understanding of
the health impacts associated with NAS. Furthermore, when multiple NAS are consumed
together, their combined effects on the gut microbiome and host metabolism become far
more intricate, involving complex interactions between different microbial species and
metabolic pathways [125]. These interactions due to co-exposure of multiple NAS can
result in unpredictable changes in microbial composition and function, which subsequently
influence the understanding of the gut microbiome-metabolic syndrome axis.
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Abstract: Per- and polyfluoroalkyl substances (PFAS) represent a class of persistent synthetic chemi-
cals extensively utilized across industrial and consumer sectors, raising substantial environmental
and human health concerns. Epidemiological investigations have robustly linked PFAS exposure to a
spectrum of adverse health outcomes. Altered metabolites stand as promising biomarkers, offering
insights into the identification of specific environmental pollutants and their deleterious impacts on
human health. However, elucidating metabolic alterations attributable to PFAS exposure and their en-
suing health effects has remained challenging. In light of this, this review aims to elucidate potential
biomarkers of PFAS exposure by presenting a comprehensive overview of recent metabolomics-based
studies exploring PFAS toxicity. Details of PFAS types, sources, and human exposure patterns are
provided. Furthermore, insights into PFAS-induced liver toxicity, reproductive and developmental
toxicity, cardiovascular toxicity, glucose homeostasis disruption, kidney toxicity, and carcinogenesis
are synthesized. Additionally, a thorough examination of studies utilizing metabolomics to delin-
eate PFAS exposure and toxicity biomarkers across blood, liver, and urine specimens is presented.
This review endeavors to advance our understanding of PFAS biomarkers regarding exposure and
associated toxicological effects.

Keywords: per- and polyfluoroalkyl substances (PFAS); biomarker; metabolomics; toxicity

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) encompass both perfluorinated and
partially fluorinated alkyl compounds, characterized by the replacement or partial replace-
ment of hydrogen atoms by fluorine atoms on all carbon atoms. These synthetic chemicals
consist of a carbon backbone ranging from 4 to 18 carbon atoms in length, terminating
with functional groups [1]. Depending on the terminal functional groups, PFASs can be
categorized into carboxylates, perfluorosulfonates, and phosphonates, among others. Fur-
thermore, they can be classified based on carbon chain length, including perfluorooctanoic
acid (PFOA), perfluorononanoic acid (PFNA), and perfluorodecanoic acid (PFDA). Ow-
ing to their exceptional industrial properties, such as hydrophobicity, oleophobicity, heat
resistance, high stability, and low surface tension, PFASs have been extensively utilized
since the 1950s in various industrial and consumer applications. These applications include
the production of polytetrafluoroethylene, leather goods, waterproof textiles, firefighting
foams, shampoos, cosmetics, and food packaging materials [2,3].

Unfortunately, the widespread use of PFASs and their desirable properties in commer-
cial products have also led to their pervasive detection in the environment [4-6]. Currently,
various concentrations of PFASs have been detected in environmental samples, animal
serum, tissue samples, and human bodies worldwide, positioning PFASs as a new class
of persistent organic pollutants, alongside polychlorinated biphenyls, organochlorine pes-
ticides, and dioxins. Epidemiological and toxicological studies have shown that PFAS
exposure results in toxic effects on the liver, nervous system, immune system, reproductive
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and developmental processes, genetics, and endocrine function, and may even induce
tumors, although the metabolic toxicity remains unclear [7-13].

In recent years, representative PFASs such as perfluorooctane sulfonate (PFOS) have
been listed under the Stockholm Convention [14]. Although these regulatory interventions
have significantly reduced the emissions of PFOS and PFOA, human exposure to these
compounds persists due to their persistence and ongoing production in some developing
countries [15]. Moreover, the high-energy C-F covalent bond renders PFASs extremely resis-
tant to degradation, leading to their persistence in the environment. They can contaminate
water and food through direct discharge, migration, bioaccumulation, and biomagnifica-
tion within marine ecosystems [16]. Evidently, even at low exposure levels, the potential
health hazards of PFASs cannot be overlooked. As the adverse effects of PFASs on the
environment and human health become more widely recognized, and as they migrate and
biomagnify through the food chain, PFASs have emerged as a significant environmental
and health concern.

Metabolomics, the large-scale study of metabolites within organisms, tissues, and
cells, is considered a promising tool for elucidating the associations between environmental
pollutants and health, as well as the etiology of certain diseases [17]. As an emerging
technology, metabolomics characterizes small molecule metabolites present in cells and
their roles in various biological processes, offering a novel and powerful approach to
understanding the complex molecular responses induced by PFAS exposure. Despite
extensive research on PFAS detection and toxicity, studies on the metabolic toxicity and
biomarkers of PFASs remain limited. As metabolomics rapidly advances, reviewing the
current state of research on PFAS metabolic toxicity and its biomarkers will provide timely
guidance for future research in this crucial field.

This review briefly introduces the types of PFASs, sources of human exposure, and
exposure characteristics. It summarizes the latest advancements in studying PFAS toxicity
using metabolomics, reviews metabolic disturbances, potential exposure biomarkers, and
effect biomarkers, and emphasizes metabolic toxicity and related metabolic biomarkers.

2. Introduction to PFAS

PFASs gained widespread application in consumer and industrial products during
the 1990s due to their surfactant properties. Around the year 2000, the recognition of
their potential toxicity led to the gradual phasing-out of legacy PFASs, primarily long-
chain perfluoroalkyl carboxylic acids or perfluoroalkyl sulfonic acids. Currently, industrial
applications of PFASs are increasingly shifting towards short-chain PFASs or those with
chlorinated carbon or ether bond structures, giving rise to emerging PFASs.

2.1. Classification

PFASs are classified based on their functional groups and molecular structures into
carboxylic acids and sulfonic acids. The carbon chain length for carboxylic acids gener-
ally ranges from 6 to 18, while for sulfonic acids it typically ranges from 5 to 10. Due
to restrictions on the use of traditional long-chain PFAS, several emerging substitutes
for conventional PFASs have gradually appeared. These substitutes include short-chain
compounds and those incorporating fluorinated chlorinated carbons or ether bonds. Conse-
quently, long-chain PFCA and PFSA are referred to as “legacy PFAS”, while the substitutes
are termed “emerging PFAS”. Common types of PFASs are listed in Table 1.

Table 1. Common PFAS compounds.

Legacy PFAS
Name Structural Formula CASRN
Long-chain PFCA C,F2,:1COOH, n > 7 -
Long-chain PFSA C,F2,,1S0Os3H,n > 6 -
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Table 1. Cont.

Emerging PFAS
Name Structural Formula CASRN
Short-chain PFCA C,F»,:,1COOH, n = 2-5 -
Short-chain PFSA CnF»,41SO3H, n =2-5 -
HFPO-DA or “GenX” C3F,0O(CF3)CFCOOH 13252-13-6
NBP2 CF3;CHFOC3FOC,F,SOsH 749836-20-2
6:2 FTS CgH4F13S05H 27619-97-2
6:2 CI-PFESA CI(CF,)6O(CF;),S05 ™~ 73606-19-6
8:2 CI-PFESA CI(CF,)gO(CF5),S03 ™~ 83329-89-9
PFOSA CgH17SO,NH, 754-91-6
EtFOSAA CgF17S0O,N(C3H7)COOH 2991-50-6
MeFOSAA CgF17SO,N(C,H5)COOH 2355-31-9
6:2 FTEOs Cg¢F13(Co,H4O),,H, n =4-12 1640092-35-8 @

PFCA, perfluoroalkyl carboxylic acid; PFSA, perfluoroalkane sulfonic acid; HFPO-DA or “GenX”, hexafluoro-
propylene oxide dimer acid; NBP2, nafion byproduct 2; 6:2 FTS, 6:2 fluorotelomer sulfonic acid; 6:2 CI-PFESA,
6:2 chlorinated polyfluorinated ether sulfonate; 8:2 CI-PFESA, 8:2 chlorinated polyfluorinated ether sulfonate;
PFOSA, perfluorooctane sulfonamide; EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid; MeFOSAA,
2-(N-methyl-perfluorooctane sulfonamido) acetic acid; 6:2 FTEOs, 6:2 fluorotelomer ethoxylates. # Capstone FS-30,
commercial mixture.

2.2. Sources

The widespread presence of PFASs in industrial emissions, untreated domestic wastew-
ater, sewage treatment plants, and aqueous film-forming foams has led to their detection
in the environment, food, and human bodies [18-21]. The most significant pathways for
human exposure to PFASs include food, drinking water, skin contact, indoor dust, and
outdoor air, with food being the primary route [22,23]. Consuming contaminated food and
drinking water, such as vegetables, crops, fish, meat, or processed food affected by PFAS, as
well as drinking PFAS-contaminated water, can lead to exposure [19,24-27]. Additionally,
contact with food packaging materials containing PFASs (e.g., food packaging paper and
non-stick cookware) also poses a risk [28,29]. PFASs in soil may indirectly harm human
health through bioaccumulation in crops [26].

PFASs can transfer into the human body via the food chain, accumulating and magnify-
ing at each trophic level [30]. In plants, PFASs can be absorbed by roots from contaminated
soil or water and then translocated to flowers, leaves, and fruits [31,32]. Long-chain
PFASs tend to remain in roots, whereas short-chain PFASs are more readily transported to
fruits [32,33]. Aquatic organisms ingest PFAS-contaminated sediments and seawater, with
studies showing that short-chain PFASs easily accumulate in these organisms [34,35]. In
livestock, animals ingest PFASs through water and feed, which then accumulate in muscle
and milk [36,37], subsequently entering the human food chain and increasing human
exposure risk.

2.3. Human Exposure Pathway and Characteristics

Multiple PFAS compounds have been detected in human tissues such as blood, kid-
neys, brain, cerebrospinal fluid, liver, lungs, and placenta [38—42]. This necessitates urgent
research into PFAS exposure and its effects on these human samples.

2.3.1. Population Characteristics

Occupational groups such as firefighters using aqueous film-forming foam have higher
PFAS exposure risk than the general population, where diet is a critical factor influencing
PFAS exposure [43]. High seafood consumption correlates with increased human PFAS
levels [19]. PFAS serum levels exhibit gender differences, generally higher in males than
females [44,45]. Menstruation and breastfeeding help reduce PFAS levels in females [46].
PFASs can also be transmitted to infants through umbilical cord blood, placenta, and breast
milk [47,48]. Children are at higher risk of PFAS exposure than adults due to the presence
of PFASs in formula milk and dairy products [27,49].

148



Metabolites 2024, 14, 392

2.3.2. Distribution Trend

With the gradual elimination of legacy PFASs, their levels in human serum are declin-
ing [50]. However, emerging PFASs can still be detected in serum, with some linked to
adverse pregnancy outcomes and other toxic effects [51,52].

2.3.3. Absorption and Distribution

PFAS absorption and distribution in organisms are influenced by carbon chain length,
half-life, species, and gender. Animal studies show that perfluorohexanesulfonic acid
(PFHXS), perfluorobutanesulfonic acid (PFBS), PFOA, and PFOS are almost completely
absorbed after oral administration [53]. PFASs primarily enter the bloodstream through
the intestinal barrier, binding to blood albumin and low-density lipoprotein, and then
distribute to extra-intestinal organs [54]. Due to the high affinity for liver fatty acid-binding
proteins, PFAS accumulation in the liver is well-documented [55]. PFASs can also undergo
enterohepatic circulation, re-entering the intestines via bile and returning to the liver,
leading to high liver concentrations [56]. Generally, longer carbon chains correspond
to longer half-lives, ranging from hours to decades [57,58]. The half-life also varies by
gender and species [59,60]. Current research mainly focuses on PFCA and PFSA, with the
absorption, distribution, toxicokinetics, and metabolic toxicity of emerging PFASs requiring
further investigation.

3. Toxic Effects of PFAS

Existing research has demonstrated that PFASs exhibit a range of toxic effects, includ-
ing thyroid toxicity, hepatotoxicity, immunotoxicity, endocrine disruption, neurotoxicity,
reproductive and developmental toxicity, and even carcinogenic and cancer-promoting
properties. Additionally, elevated cholesterol levels, obesity, and endocrine disorders are
associated with PFAS exposure. Although the connection between PFASs and toxicity in
specific tissues and organs is recognized, the mechanisms through which PFASs influence
metabolism and subsequently affect organ toxicity remain to be fully elucidated. This
review summarizes the epidemiological and rodent model evidence linking PFAS-induced
liver injury, reproductive and developmental toxicity, cardiovascular diseases, renal toxic-
ity, and cancer, with a focus on metabolomics insights to better understand the metabolic
mechanisms underlying PFAS exposure and toxic effects.

3.1. Liver Injury

Epidemiological studies have frequently associated PFASs, such as PFOA and PFOS,
with elevated serum markers of liver injury (e.g., alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP)), non-alcoholic fatty liver disease
(NAFLD) grading, staging, and histopathological severity [61-64]. Rodent studies indicate
that PFAS-induced hepatotoxicity manifests as liver enlargement, inflammation, steatosis,
oxidative stress, apoptosis, and dysregulation of glucose and lipid metabolism [65-68].

Metabolomic studies have revealed that metabolic disturbances are critical in PFAS-
induced liver damage. PFASs disrupt hepatic metabolism, particularly bile acid, amino
acid, and lipid metabolism, leading to liver injury or influencing the development and
susceptibility to NAFLD and liver damage [62,63,69,70]. Sen et al., through a correlation
analysis of PFAS (PFOS, PENA, PFOA) exposure levels with metabolic perturbations in the
liver in 105 individuals with NAFLD, found that PFASs perturbed key metabolic pathways
of bile acid metabolism and lipid metabolism in NAFLD, and that there were gender
differences [63]. Similarly, it has been noted that high PFAS exposure levels were associated
with more severe histology of liver damage in children with NAFLD, which may be related
to elevated plasma levels of phosphoethanolamine, tyrosine, phenylalanine, aspartic acid,
and creatine, and altered metabolites with reduced betaine levels [62]. Additionally, it
has been found that prenatal PFAS exposure increases susceptibility to liver damage in
childhood, associated with branched-chain amino acids, aromatic amino acids, and glyc-
erophospholipid metabolism [69]. In addition, PFAS mixtures were found to be positively
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correlated with polipoprotein B (APOB) and y-glutamyltransferase (GGT), and negatively
correlated with direct bilirubin (DBIL) and total bilirubin (TBIL) [70].

Researchers analyzing metabolite changes in the liver or blood after PFAS exposure
in rodents also show that PFASs affect bile acids, sterols, fatty acids, purine, and amino
acid metabolism, contributing to liver injury [66,68,71-73]. For example, exposure to
PFAS mixtures leads to liver injury in mice, such as increased liver weight, inflamma-
tion, and elevated plasma ALT levels, with significant changes in bile acid and sterol
metabolism [71]. Lipidomic studies suggest that PFOS disrupts ceramide and lysophos-
phatidylcholine (LPC) metabolism, causing apoptosis and triglyceride depletion in liver
cells, leading to morphological liver damage [72]. Functional characterization of lipid
species showed that the fatty acid metabolic pattern of A /] mice was significantly altered
by PFAS mixture exposure, especially the biosynthetic pathways of glycerophosphocholines
(PC), glycerophosphoethanolamines (PE), and glycerophosphoserine (PS) in the liver were
significantly affected [73]. In addition to bile acids, sterol, fatty acid, amino acid, and
purine metabolism were also affected [66,68]. Jiang et al. examined liver nontargeted
metabolomics after PFHxA exposure in mice and found that PFHxA substantially down-
regulated xanthine and uric acid, increased GSH, and decreased GSSH, which presumably
caused oxidative stress by interfering with purine metabolism and glutathione metabolism,
thereby causing liver damage [66]. Additionally, PFASs may influence liver damage by
affecting gut microbiota metabolism, as evidenced by altered fecal microbiota and arginine
metabolism in PFOS-exposed mice [68].

3.2. Reproductive and Developmental Toxicity

Studies indicate that PFASs adversely affect male reproductive function, including
semen quality and male reproductive hormones [74]. Similarly, PFASs impact female re-
productive functions such as menstrual cycle regulation, hormone levels, and fertility [75].
Furthermore, PFASs can cross the placental barrier, thereby influencing fetal development
and contributing to adverse pregnancy outcomes like preterm birth [76], reduced birth
weight [77,78], postnatal growth [79], and neurodevelopmental disorders [80,81]. Addition-
ally, PFAS exposure is linked to increased disease risks in offspring, such as liver damage
susceptibility and type 1 diabetes [69,82]. Research has identified a correlation between
maternal PFAS co-exposure and decreased sperm concentration, with varying contribu-
tions from different PFASs, with perfluoroheptanoic acid as a primary factor. However,
no clear association was found between maternal PFAS exposure and testicular volume
or reproductive hormones [74]. Contrarily, another study showed a significant negative
correlation between PFAS mixtures and reproductive hormones, particularly estradiol (E2)
and the E2/total testosterone (TT) ratio, with perfluoro-n-undecanoic acid (PFUdA) being
a major contributor [83]. Higher serum concentrations of PFOA and PFHXS in pregnant
women are associated with increased odds of preterm birth [76]. PFASs also adversely
affect prenatal and postnatal neurodevelopment. Additionally, prenatal PFAS exposure is
linked to neurodevelopmental disorders in children, such as reduced IQ performance and
impaired executive function [80].

Population studies using metabolomics found that the effects of PFASs on preterm
birth, fetal growth, childhood obesity trajectory, susceptibility to liver injury, and other
reproductive developmental processes were related to amino acid, glycerophospholipid
lipid and fatty acid, bile acid, uric acid, and carbohydrate metabolism [69,76,79,84,85].
Two studies found that PFAS exposure was associated with preterm delivery or fetal
growth in pregnant women and that the effects were associated with metabolite alterations,
e.g., one study found that the impact of prenatal PFAS exposure on the shortening of the
gestation period was associated with eight metabolomic pathways and 52 metabolites in the
neonatal blood spot [76,84]. Another study also found that higher concentrations of PFOA
and PFNA in maternal serum were associated with reduced fetal growth and were strongly
associated with disturbances in amino acid, lipid and fatty acid, bile acid, and androgen
metabolism [84]. Two other studies found that prenatal exposure to PFASs was associated
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with increased susceptibility to liver damage and an obesity trajectory in children, as
well as with metabolites such as amino acids, glycerophospholipids, sphingolipids, and
octanoylcarnitine [69,79]. Consistent with human studies, laboratory research on rodents
has demonstrated that the effects of PFASs on reproductive development were associated
with metabolite disruption. For instance, pregnant Sprague-Dawley rats exposed to
nafion byproduct 2 (NBP2), a type of perfluoroalkyl ether sulfonate, experienced neonatal
mortality, reduced pup weight, and decreased liver glycogen in pups, as well as significant
alterations in lipid and carbohydrate metabolism in dams and offspring [85].

3.3. Cardiovascular Toxicity

Cardiac metabolism, including conditions such as obesity, hypertension, and hyper-
lipidemia, has been extensively studied in relation to PFAS exposure. This review focuses
on lipid and cholesterol abnormalities. Research indicates that twelve PFAS-related charac-
teristic metabolites are associated with cardiovascular diseases [86]. A study examining the
relationship between CI-PFESA, a typical PFAS substitute in China, and the lipid profiles
of 1336 residents in Guangzhou revealed that increased Cl-PFESA levels were positively as-
sociated with total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-C) levels. The significant positive
correlation between CI-PFESA and lipid abnormalities suggests a detrimental effect of
CI-PFESA on lipid profiles, potentially exhibiting a nonlinear association [87].

Metabolomic studies have shown that PFASs primarily cause lipid and cholesterol ab-
normalities by disrupting bile acid and sterol metabolism [71,88-90]. Two population-based
studies using metabolomics have found that PFASs were associated with plasma triglyc-
erides and that this association was related to metabolite alterations [88,89]. Another study
revealed that PFAS exposure was linked to a higher risk of dyslipidemia, and associations
between PFASs and TC and LDL were found to be primarily related to glycerophospholipid
metabolism, primary bile acid biosynthesis, and linoleic acid metabolism [90]. Animal
studies have also demonstrated that PFASs interfere with metabolism, leading to increased
circulating cholesterol and cholesterol metabolism abnormalities. For instance, C57BL/6]
mice fed a high-fat diet and exposed to a PFAS mixture exhibited elevated fasting plasma
cholesterol levels [71]. The levels of several sterol metabolites, including 4-cholesten-3-
one, were upregulated, while most primary bile acids, such as chenodeoxycholic acid
and p-muricholate, were significantly reduced in the liver metabolome. These findings
suggest that PFASs may disrupt cholesterol metabolism and transport, contributing to a
PFAS-induced cholesterol imbalance.

3.4. Glucose Homeostasis Disruption

PFASs are closely associated with endocrine disorders such as diabetes, impaired
glucose tolerance, overweightness, or obesity [91]. Epidemiologic studies have found
that PFOA and PFOS exposure were associated with higher 30 min blood glucose levels
and area under the glucose curves (AUCs) during oral glucose tolerance tests (OGTTs),
as well as higher levels of HbAlc [89,92]. Additionally, research indicates that PFOA
and PFHXS were associated with increased 2 h glucose levels and increased area under
the glucose curve, as well as altered lipid (e.g., sphingolipids, linoleic acid, and de novo
lipogenesis) and amino acid (e.g., aspartic acid and aspartate, tyrosine, arginine, and
proline) metabolism [93]. Laboratory evidence further suggests that gastric gavage of
pregnant rats with low doses of PFOSs disrupts critical metabolic products, such as glycerol-
3-phosphate and lactosylceramide, affecting fasting blood glucose (FBG) in mothers and
thus impacting glucose homeostasis [94].

3.5. Other Toxicological Impact

Studies have demonstrated that PFASs can also interfere with metabolism and impact
the development of kidney diseases and cancer [95-97]. Research indicates a causal rela-
tionship between PFASs and declining kidney function and chronic kidney disease [95]. A
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study identified eight potential biomarkers associated with PFAS exposure, all significantly
correlated with kidney function markers, suggesting adverse effects of high PFAS exposure
on kidney function [96]. Furthermore, PFASs have been implicated in liver cancer risk,
possibly through metabolic interference. For instance, plasma PFAS concentrations are
positively correlated with hepatocellular carcinoma (HCC) risk, with PFOSs showing the
strongest correlation, associated with increased HCC incidence [97]. Metabolomic analysis
revealed 433 metabolites in plasma associated with PFOSs and 499 metabolites associated
with HCC.

4. Potential Biomarkers

The metabolome encompasses the complete set of small molecules that participate
in physiological processes within the body or in cells and tissues. The application of
high-throughput analytical techniques has emerged as a novel tool for the comprehensive
examination of endogenous metabolites in vivo. Research has demonstrated that pollu-
tants can disrupt metabolic pathways, leading to alterations in metabolite levels within the
human body. These changes in metabolites may indicate defects in specific pathways or
the activation of certain signals, and the dynamic alterations of these metabolites can serve
as biomarkers of pollutant-induced damage to the human body. Metabolomics can reveal
toxicological changes and related mechanisms at an earlier stage and can be utilized as a
tool for discovering biomarkers of pollutant exposure and effects. Metabolomics primarily
focuses on the quantitative analysis of metabolites under specific physiological conditions
following organismal exposure, understanding metabolic changes under varying condi-
tions, and elucidating the associations between these changes and the organism’s health
status and disease. Therefore, comprehending the relationship between PFAS exposure
and metabolites within the body can provide additional evidence for elucidating the health
risks posed by pollutant exposure.

4.1. Exposure Biomarkers

Metabolomics methodologies emphasize the analysis of primary and secondary
metabolites, which are crucial for obtaining the phenotypic fingerprints of organisms
in their environments. These metabolic gatekeepers can also elucidate molecular con-
nections between exposure biomarkers and health outcomes, which might otherwise be
obscured by the complex interactions present in direct measurements [98]. By focusing
on the quantitative analysis of metabolites in organisms exposed to PFASs under specific
physiological conditions, metabolomics can identify metabolic changes induced by PFASs
and their associations with health status. Consequently, we concentrate on the quantitative
analysis of metabolites in blood, liver, and urine under specific physiological states of PFAS
exposure, summarizing the disturbances in metabolites in both human populations and
rodent models post-PFAS exposure to identify potential PFAS-related exposure biomarkers.

Current research on PFAS exposure and metabolic alterations primarily involves hu-
man and rodent subjects. The studies cover various PFAS compounds, with the most exten-
sive research on PFOA, PFOS, PFHxS, PENA, and PFDA. There are also some metabolomics
studies on emerging PFASs, such as 6:2 FST, 6:2 CI-PFESA, GenX, NBP2, and FTEOs, though
most research focuses on the effects of individual PFAS compounds, with some addressing
the impact of mixtures. In the study of PFAS-related metabolites, alterations in amino
acids (with branched-chain amino acids being more prominently affected), lipids, bile
acid metabolism, and the urea cycle are common metabolomic features. Glycerophos-
pholipid metabolism in lipid pathways is considered a key metabolic feature, along with
fatty acid and carnitine metabolism related to fatty acid oxidation and energy supply
pathways. Purine and pyrimidine metabolism in cellular energy systems are also identified
as significant metabolic changes, with potential as future exposure biomarkers [99].

Most current studies utilize metabolomics in the blood (serum, plasma, cord blood)
and liver to identify related metabolites, with fewer studies on urine and placental metabo-
lite changes. Some studies simultaneously use serum or plasma and liver samples to
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explore the impact on enterohepatic circulation. Given the greater practicality of detecting
metabolites in different samples for clinical translation, we summarize recent studies and
advancements in metabolomics from various samples, as detailed in Tables 2 and 3.

4.1.1. Blood

As illustrated in Tables 2 and 3, in recent years there have been 19 studies investigating
the effects of PFASs on metabolomic alterations in blood (plasma, serum, or cord blood). In
human studies, PFAS exposure detection and metabolomic analyses typically utilize the
same sample matrix, encompassing the general population, special populations (pregnant
women, fetuses, children), occupational groups, and diseased cohorts. Diseased cohorts
primarily include overweight or obese children, adolescents or young adults, adults and
children with NAFLD, HCC cases, and individuals at high risk for or diagnosed with
type 2 diabetes. Additionally, a few studies have inconsistent samples for PFAS exposure
detection and metabolomic analyses, such as examining maternal PFAS exposure and
subsequent metabolomic changes in cord blood, newborn, or child blood to investigate
prenatal exposure effects on offspring blood metabolomics.

PFAS-related studies using metabolomics have found that PFAS exposure is primarily
associated with altered metabolism of amino acids, lipids, glycerophospholipids, fatty
acids, and bile acids in blood [69,76,90,100-102]. For example, PFAS exposure has been
found to be primarily associated with altered lipid metabolism in the blood, including phos-
pholipid metabolism, long-chain saturated fatty acids, fatty acid metabolism (acylcarnitines,
monounsaturated fatty acids), medium-chain fatty acids, and long-chain polyunsaturated
fatty acids (n3 and n6), in studies of the male population, pregnant women and in the el-
derly population [90,100,101]. Two population studies found that increased PFAS exposure
was associated with serum amino acids, such as valine, leucine, isoleucine, tryptophan,
and alphaketobutyrate, as well as glycerophospholipid phospholipids (PCs) aa C36:1, 1-
palmitoyl-GPC (16:0), and Lyso-PC a C18:1 by examining the metabolomics correlation
analyses of PFAS exposure [69,101]. In the elderly population, Yang et al. found that the
nine metabolites most strongly associated with PFASs mainly included four fatty acyl
groups, such as oleoyl-L-carnitine, 7x-hydroxy-3-oxo-4-cholestenoic acid (7-HOCA), 223-
hydroxycholesterol and vitamin D3, three steroids and steroid derivatives, lipids, and
lipid-like substances including y-tocopherol and PG (16:0/18:1) [100]. In addition, two
population studies have found that PFAS exposure was primarily associated with the
metabolism of lipids and bile acids, among others, involving polyunsaturated omega-6
fatty acids, arachidonic and linoleic acids, cholesteryl esters, LPE, alkylPCs, stearic acid,
arachidic acid, monounsaturated palmitoleic acid, linoleic acid, HCA, TaMCA, GCDCA,
CA, and many other metabolites [76,102]. Some studies have also found that PFASs were
associated with disturbances in purine-pyrimidine metabolism, and retinol and sterol
metabolism [51,103]. For example, PFAS exposure in pregnant women predominantly
affects fatty acid and retinol metabolism [51]. In children, PFAS exposure is associated with
pathways involved in de novo fatty acid biosynthesis, the tricarboxylic acid (TCA) cycle,
and pyrimidine and purine metabolism [103].
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The close association of PFAS exposure with the metabolism of lipids, amino acids,
and bile acids is also well documented in metabolome-related studies in disease popu-
lations [62,93,97,105]. In studies of PFAS-related metabolites examined in children with
NAFLD, in populations at high risk for diabetes, and in overweight and obese populations,
it was found that amino acid and glycerophospholipid metabolisms were most relevant
after PFAS exposure [62,93,105]. For example, the pathways found to be most affected after
PFAS exposure in children with NAFLD include tyrosine metabolism, alanine and aspartate
metabolism, glycine, serine, alanine and threonine metabolism, urea cycle metabolism, and
glycerophospholipid metabolism [62]. Differential metabolites have been found in over-
weight and obese children, mainly associated with amino acids such as aspartate, tyrosine,
arginine, and proline and lipid metabolic pathways such as sphingolipid metabolism, fatty
acid metabolism, de novo lipogenesis, and linoleic acid metabolism [93]. In people at high
risk of diabetes, PFASs are mainly associated with amino acid and glycerophospholipid
metabolism, and PFASs are closely related to branched-chain amino acids (isoleucine,
leucine, and valine) [105]. In addition, metabolites have been found to be closely associated
with PFOS in HCC cases, mainly interfering with amino acids, carbohydrates, and glycan
biosynthesis, and metabolism in relation to them [97].

Similarly, several animal studies utilizing blood samples have also analyzed blood
metabolomics by PFAS exposure and found that PFAS exposure is also primarily associated
with lipid and bile acid metabolites [66,71,82,108]. A comprehensive metabolomics study
examining lipid, bile acid, and sterol metabolites found that PFAS exposure in both sexes
increased plasma levels of sterol metabolites, bile acids, and ketone bodies, while acylcarni-
tine levels decreased [71]. Among them, bile acids, such as cholate (CA), chenodeoxycholate
(CDCA), beta-muricholate, deoxycholate (DCA), taurodeoxycholate (TDCA), ursodeoxy-
cholate (UDCA), tauroursodeoxycholate (TUDCA), and hyocholate, significantly increased,
and cholesterol, 7-alpha-hydroxy-3-oxo-4-cholestenoate (7-HOCA), and 4-cholesten-3-one
levels increased among sterol metabolites. Additionally, plasma levels of acylcarnitines,
such as hexanoylcarnitine (C6) and octanoylcarnitine (C8), decreased. Similarly, PFAS
exposure during pregnancy also dysregulated bile acid and lipid metabolism in mice, with
taurine deoxycholic acid (TDCA) and glycodeoxycholic acid (GDCA) negatively correlating
with PFAS, lithocholic acid (LCA) positively correlating with PFAS, and the majority of the
BAs trending towards a negative correlation with PFASs [82]. In addition, a serum lipid
metabolome of male mice found that PFOA altered 11 lipids, including PC and PI, at either
high or low doses compared to controls [108]. Two other studies found that PFAS exposure
also interfered with amino acid, fatty acid, purine, and glutathione metabolic pathways in
the blood, with PFASs negatively correlating primarily with serine, threonine, aspartic acid,
glycerol-3-phosphate, palmitic acid, linoleic acid, stearic acid, arachidonic acid, choles-
terol, and 1,5-nonhydrohexanol [66,82]. PFASs positively correlated with 3-hydroxybutyric
acid, fumaric acid, methionine, glutamic acid and gluconic acids, uric acid, and glycerol
monostearate [82].

4.1.2. Liver

The impact of PFAS exposure on liver metabolites primarily manifests in disruptions
to bile acid and lipid metabolism, as well as effects on amino acid, purine, and glutathione
metabolism. Human studies on liver metabolomics are limited, likely due to the difficulty
in obtaining liver samples. However, one study involving liver biopsies from individ-
uals with NAFLD undergoing laparoscopic surgery analyzed the relationship between
PFAS exposure levels in blood and liver metabolites, finding that PFAS exposure was
primarily associated with disruptions in liver bile acid and lipid metabolic pathways [63].
In individuals with NAFLD, studies have demonstrated gender-specific associations be-
tween PFAS exposure and liver metabolites. In females, serum concentrations of PFASs
(PENA, PFOA, and PFOS) positively correlated with primary liver bile acids (TCA, GCDCA,
TCDCA), while PFOA was positively associated with various secondary bile acids (DCA,
GHCA, and GUDCA). Additionally, PFOA and PFOS were positively correlated with ce-
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ramides (e.g., Cer(d18:0/16:0), HexCer(d18:1/18:0)), ether phospholipids (e.g., O-PC(40:4)),
TGs), and diglycerides (DGs). These associations were not observed in males. For both
sexes, shared metabolic impacts included overexpression of primary bile acid biosynthe-
sis, glycerophospholipid metabolism, and alanine, aspartate, and glutamate metabolism.
Similar lipid associations were observed in mice, where PFOA exposure was linked to
Cer, hexosylceramides(HexCer), LPE, DG, and TG. Most studies linking PFAS exposure
and liver metabolomics focus on rodent models, particularly targeting lipid metabolism.
Three animal studies have all found that PFAS exposure leads to alterations in the hepatic
metabolome and is primarily associated with lipid metabolism [72,73,106]. For example,
Kirkwood-Donelson KI et al. studied the effects of NBP2 or GenX exposure on the hepatic
metabolome and found that over half of the detected lipids were significantly dysregulated,
with oleic acid (OA) and dihomo-vy-linoleic acid (DGLA) being the most commonly affected
fatty acids [106]. Khan et al. found that, similar to the blood metabolome, lipid differential
metabolites were dominated by eight different lipid major classes, including Cer, DG, PC,
PE, PS, SM, sterols, and TG, with common lipid species across genders including PC 38:4,
PC 38:5, PC 38:6, TG 52:5, TG 56:5, and PE 38:6 [73]. In addition, further studies on fatty
acids revealed that four fatty acids, alpha-linolenic acid, DHA, DPA, and FA 20:4, were
significantly different between males and females. Li et al. analyzed PFAS exposure and
lipid metabolites and found that 54 lipids had differentiated lipid metabolites and that
the major abnormal lipids were glycerophospholipids, sphingolipids, and TG [72]. In
addition, in studies analyzing the metabolism of sterols, ketone bodies, and acylcarnitines
in the liver, it was found that sterol metabolites in the liver mainly showed a decrease,
ketone bodies an increase, and most of the acylcarnitines an increase [71]. In addition, two
animal studies have found that PFAS exposure is associated with amino acid, purine, and
glutathione metabolism [66,94]. Among them, Yu et al. found that more metabolites were
found in the negative ion pattern and more differential metabolites were up-regulated after
PFAS exposure. These metabolites were enriched in pathways such as «-linolenic acid
metabolism, linoleic acid metabolism, purine metabolism, glycine, serine, and threonine
metabolism, steroid biosynthesis, glycolysis/gluconeogenesis, and glucagon signaling
pathways [94]. Jiang et al. found that PFHXA exposure was also associated with purine
and glutathione metabolism [66].

4.1.3. Urine and Placenta

Limited research has examined metabolite changes in urine and placenta. He et al.
found that PFAS concentrations in urine closely correlated with those in serum among
workers and residents near a large fluorochemical plant in Hubei Province, China, sug-
gesting that urinary PFAS could serve as a good indicator of serum PFAS levels [96]. Eight
potential exposure biomarkers were identified, with differential metabolites associated
with amino acids, steroids, fatty acid derivatives, carboxylic acids, isoprenoids, amines,
and vitamin pathways. Adams et al. investigated placental metabolites in healthy CD-1
pregnant mice exposed to PFOA and FTEOs, identifying significant changes primarily
in amino acids [107]. Fourteen different metabolites, including asparagine, fatty acids,
glucose, threonine, lactate, lysine, and creatine, were identified. PFOA exposure led to
increased glucose and threonine and decreased creatine in the placenta, whereas FTEO
exposure decreased asparagine and lysine while increasing creatine. Pathway analysis
indicated alterations in glycine, serine, and threonine metabolism, as well as valine, leucine,
and isoleucine biosynthesis following PFOA exposure, with biotin metabolism affected by
FTEO exposure.

4.2. Effect Biomarkers

There is a substantial body of research on the relationship between PFAS exposure and
metabolites; however, studies that connect these metabolites to both PFAS exposure and
biological effect indicators are limited, primarily focusing on changes in blood metabolites.
To date, metabolomics research has enhanced our understanding of the comprehensive
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impact of PFAS exposure on human health and has identified associated metabolites and
intermediary markers involved in the onset and progression of various diseases (e.g.,
liver diseases, glucose and lipid abnormalities, cancer). These metabolites may serve as
potential biomarkers for the association between PFAS exposure and biological effects. By
synthesizing recent metabolomic studies on PFAS exposure and toxicity, we can elucidate
consistent metabolic response patterns to PFAS exposure, revealing common pathways and
potential biomarkers affected in both human models and laboratory rodents, as detailed in

Table 4.
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4.2.1. Blood

Research on the association between PFASs and liver and glucose-lipid abnormali-
ties has identified glycerophospholipids as major associated metabolites with potential
as effect biomarkers. Four studies have all found that glycerophospholipids may be the
mediating metabolite that mediates the association of PFAS exposure with liver func-
tion or dyslipidemia [62,70,88,90]. A mediator analysis of metabolites mediating the
association of PFAS exposure with abnormalities in APOB, an index of liver function,
showed that glycerophospholipids were the main markers for the association of PFASs
with APOB [70]. PFASs were also found to be predominantly associated with glycerophos-
pholipid and amino acid metabolism in a study of the histologic severity of nonalcoholic
fatty liver disease, in which differential metabolites were divided into two potential clus-
ters, and cluster 2 was found to be associated with an increased incidence of NASH and
higher PFAS concentrations [62]. In dyslipidemia studies, most glycerophospholipids
were positively associated with PFASs and were associated with an increased risk of TC
abnormalities, and the metabolites that played a mediating role mainly involved glyc-
erophospholipid metabolism, linoleic acid metabolism, and primitive bile acid biosyn-
thesis, in which 24-Hydroxycholesterol, 3alpha,7alpha-dihydroxy-5beta-cholestan-26-al,
PC(18:0/0:0), PC(22:5/0:0), GPCho(18:1/18:1), LPC(22:2(13Z,16Z)), LPC(16:0), 9(S)-HODE,
9,10-DHOME, L-glutamate, 4-hydroxybutyric acid, cytosine, PC(14:1(9Z)/18:0), sphinga-
nine, and (S)-beta-aminoisobutyrate were important markers [90]. Similarly, in studies
related to plasma cholesterol and triglycerides, a metabolite pattern predominantly in-
volving glycerophospholipids mediated the association between PFASs and triglycerides,
showing a negative correlation with triglycerides [88]. In HCC risk studies, high PFOS
levels were associated with increased HCC risk, with glucose, butyric acid, a-ketoisovaleric
acid, and 7x-hydroxy-3-oxo-4-cholestenoate identified as potential mediators of the associa-
tion between PFOS exposure and increased HCC risk [97]. The possible mechanism linking
PFASs to increased liver cancer risk is through alterations in glucose, amino acid, and bile
acid metabolism. In type 2 diabetes (T2D) risk studies, PEASs were found to be positively
associated with two metabolite patterns, but these patterns had opposite relationships with
T2D risk [91]. The metabolite pattern PC2, predominantly involving glycerophospholipids,
was associated with reduced T2D risk, whereas the metabolite pattern PC1, primarily
involving diacylglycerols, was associated with increased T2D risk. In studies related to
changes in glucose homeostasis, children with high PFAS concentrations were found to
have elevated 2 h glucose levels at baseline and during follow-up [93]. Further metabolomic
analysis divided differential metabolites into two potential clusters, with the “high-risk”
cluster positively correlated with PFASs, mainly involving the metabolism of palmitic acid,
hydroperoxylinoleic acid, tyrosine, phenylalanine, arginine, sphingolipids, linoleic acid,
and aspartic acid.

In the study of intermediary metabolites associated with PFASs and reproductive de-
velopment, it was found that PFASs are primarily associated with the metabolism of amino
acids and lipids and identified Octanoylcarnitine (C8) and uric acid as potential intermedi-
ary biomarkers [76,79,84]. In studies examining maternal PFAS exposure and childhood
obesity trajectories before age four, three BMI z-score trajectories in early childhood were
identified, in which an increased likelihood of a persistently increasing trajectory type was
associated with prenatal PFAS exposure [79]. Further analysis identified octanoylcarnitine
(C8) as the sole mediator between PFAS exposure and childhood BMI trajectory. In a study
of maternal PFAS exposure associated with gestational age and PTB, PFASs and gestational
age and PTB were found to be primarily involved in the pathways of glycerophospholipid
metabolism, amino acid metabolism in the urea cycle, and tryptophan metabolism [76].
In another study on PFAS exposure and fetal growth in pregnant women, 10 metabolites,
such as glycine, taurine, uric acid, ferulic acid, and the unsaturated fatty acid C18:1, were
identified as overlapping with the endpoints of PFASs and fetal growth. Further analy-
sis indicated that uric acid may be a potential intermediate biomarker representing an
early response to PFAS exposure and predicting reduced fetal growth [84]. In addition, in
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studies on prenatal PFAS exposure and childhood liver injury risk, an increase in prenatal
PFAS exposure was associated with elevated serum levels of branched-chain amino acids
(BCAAs: valine, leucine, and isoleucine), aromatic amino acids (AAAs: tryptophan and
phenylalanine), biogenic amine acetylornithine, glycerophospholipid PC aa C36:1, and
Lyso-PC a C18:1 in children at high risk for liver injury compared to those at low risk [69].

4.2.2. Liver

Metabolomic studies investigating the association between PFAS exposure and bio-
logical effect indicators in the liver primarily focus on animal models, revealing that liver
damage and disruptions in glucose homeostasis are primarily attributed to alterations in
hepatic lipid metabolism. In a study examining liver lipid metabolism in relation to hepatic
steatosis index, significant correlations were observed in males, with eight lipids showing
notable associations with HSI [73]. Specifically, PC 36:4, PC 38:5, and TG 56:5 exhibited
positive correlations with HSI, while PC 38:6, PE 38:6, TG 52:5, TG 54:7, and TG 56:8 were
negatively correlated with HSI. In females, only two lipids demonstrated significant associ-
ations, with TG 54:3 positively correlated and TG 52:5 negatively correlated with HSI. A
study on the impact of liver metabolites on maternal fasting blood glucose levels identified
key metabolic products such as glycerol 3-phosphate and lactosylceramide (d18:1/12:0)
that may be associated with changes in fasting blood glucose levels [94]. Additionally,
metabolites including 20-Oxo-leukotriene E4, licoagrochalcone B, tobramycin, ajmaline, P,P-
Dioctyldiphenylamine, 4-Methyl-2-pentyl-1,3-dioxolane, 3b,17a,21-Trihydroxypregnenone,
and TG(20:5(57,87,112,147,177)/22:6(42,77,102,137,16Z,19Z) / 0-18:0) were found to be
associated with fasting blood glucose levels.

4.2.3. Urine

Population studies utilizing metabolomic analysis of urine revealed eight differen-
tial metabolites associated with PFAS exposure and biochemical indicators of kidney
function, including urea, creatine, and uric acid [96]. Among these metabolites, farnesyl
pyrophosphate and taurine were negatively correlated with PFAS exposure, while S-Inosyl-
L-homocysteine, 3«,12x-Dihydroxy-53-chol-6-en-24-oic acid, 4-hydroxyphenylacetic acid,
pyridoxine, versiconal, and cholic acid showed positive correlations with PFAS expo-
sure. Notably, S-Inosyl-L-homocysteine (amino acid class) and farnesyl pyrophosphate
(isoprenoid class) exhibited the highest correlation.

5. Summary and Outlook
5.1. Summary

Exposure to PFASs has been associated with various biological abnormalities. The
advancement of metabolomics technology has provided us with tools to develop an earlier
and more comprehensive understanding of the impact of PFAS exposure on disease occur-
rence and progression mechanisms, as well as facilitating the identification of exposure and
effect biomarkers. As illustrated in Figure 1, existing research indicates that PFASs primar-
ily affect liver damage, reproductive toxicity, cardiovascular diseases, abnormal glucose
metabolism, kidney diseases, and cancer by influencing the metabolism of amino acids,
lipids, and bile acids. Several animal experiments have demonstrated a dose-response
relationship of PFASs to alterations in lipid and amino acid metabolites, such as in the
metabolome of 0.03 and 0.3 mg/kg PFOS-exposed pregnant rats, where a dose-response
relationship was also found in bile secretion, glycine, serine and threonine metabolism, and
linoleic acid metabolism, as well as a dose-response relationship in the liver transcriptome
in terms of alterations in bile secretion, valine, leucine and isoleucine biosynthesis, and
arachidonic acid metabolism [94]. Gao et al. observed an effect of PFOA on lipids, such as
unsaturated triglycerides, sphingomyelins, saturated phosphatidylcholines, phospholipid
ethers, and other lipids, in a dose-response relationship [108]. In addition, reports of BA
metabolism in animal models and in vivo studies have demonstrated that PFAS exposure
inhibits de novo synthesis of BA via inhibition of cholesterol 7a-hydroxylase (CYP7A1)
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and that subsequent inhibition of CYP7A1 leads to the down-regulation of primary BAs
(CA, CDCA) [63,71]. Current studies suggest that PFASs primarily induce liver damage by
disrupting bile acid, amino acid, and lipid metabolism, reproductive toxicity by perturbing
amino acid, lipid, fatty acid, glycerophospholipid, bile acid, uric acid, and carbohydrate
metabolism, and lipid and cholesterol abnormalities by disturbing bile acid and cholesterol
metabolism. Additionally, PFASs can also influence the occurrence and development of
glucose metabolism, kidney diseases, and cancer through metabolic regulation. Although
the specific metabolites disrupted by toxicity in different tissues and organs may vary,
there are common metabolic disturbances, such as associations with amino acids, lipids,
and bile acids observed in almost all abnormalities. Changes in various metabolites in
blood, liver, and urine were associated with exposure to PFASs, which offers a reservoir
of metabolites that may be associated with PFAS exposure. Some unique metabolites or a
combination of multiple metabolites could be potential biomarkers upon further validation.
Reviewing the past literature reveals that metabolites associated with PFASs primarily
include lipids, amino acids, bile acids, steroids, and acylcarnitines, with changes in blood
metabolites dominating the research. Glycerophospholipids show promising potential as
effect biomarkers in studies related to PFAS exposure and toxic effects. In addition, we
have some limitations with this review in that the alterations in metabolites such as lipids,
amino acids, and bile acids identified by this study may not be unique to PFASs alone;
however, a comprehensive characterization of the metabolite changes would provide clues
to the underlying mechanistic alterations that underlie these adverse outcomes. Further
research is needed for a more specific investigation into lipid and amino acid metabolism.
Moreover, due to differences in sample matrix and physiological pathological states, dif-
ferent biomarkers may be identified, emphasizing the need for further analysis of specific
biomarkers under specific physiological conditions.
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Figure 1. PFAS primarily metabolic toxicity and biomarkers.

5.2. Outlook

Current research on PFAS exposure primarily focuses on legacy PFAS compounds,
with a predominant emphasis on individual PFAS studies. Some studies have indicated that
disturbances in metabolomic profiles caused by PFAS mixtures may be more pronounced
than those induced by single PFAS compounds. However, the composite exposure char-
acteristics of perfluoroalkyl substances and their effects on internal metabolites remain
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unclear. This significantly hampers the accuracy of risk assessments for populations with
high exposure to perfluoroalkyl substances. Therefore, there is a need to fill the data gap
in metabolomic studies of novel PFAS substitutes and PFAS mixtures. It has also been
observed that the toxicity varies among different monomers. Even with higher accumu-
lation levels in the liver, the disruptive effects of their metabolites may not necessarily be
greater [85,106]. Studies have highlighted that the novel PFAS substitute NBP2 exhibits
developmental toxicity in rats, with oral toxicity slightly lower than PFOS but stronger than
HFPO-DA. Comparing the toxicity of different PFAS monomers is crucial for identifying
substitutes with lower toxicity. Thus, further research is needed to compare the toxicity of
different novel PFAS compounds.

Existing research on the association between PFAS exposure and metabolomics mainly
focuses on changes in metabolites associated with PFAS exposure to explore underlying
mechanisms. However, there is a lack of research on exposure biomarkers and metabolomic
markers that further mediate these effects.

Research on the biological effects of PFASs primarily targets the general population,
with limited studies on the effects of exposure on pregnant women, infants, toddlers, and
children. Additionally, studies have found higher detection rates among occupational
populations near factories, with differential metabolites associated with oxidative stress,
impaired fatty acid 3-oxidation, and kidney damage. The impact of occupational exposure
on worker health cannot be overlooked, highlighting the need for further research on
populations with high exposure risks [100].

With the advancement of omics technologies, transcriptomics, metagenomics, and
proteomics have become valuable tools for studying the biological effects of PFAS expo-
sure. However, current research lacks comprehensive multi-level investigations combining
metabolomics with other omics approaches to elucidate the mechanisms underlying the
occurrence and development of PFAS-related effects. There is a need to integrate vari-
ous omics techniques to provide a more comprehensive understanding of the impact of
PFAS exposure and to validate metabolomics findings across multiple levels using other
omics methodologies.
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Abstract: Emerging pollutants, a category of compounds currently not regulated or inadequately
regulated by law, have recently become a focal point of research due to their potential toxic effects on
human health. The gut microbiota plays a pivotal role in human health; it is particularly susceptible
to disruption and alteration upon exposure to a range of toxic environmental chemicals, including
emerging contaminants. The disturbance of the gut microbiome caused by environmental pollutants
may represent a mechanism through which environmental chemicals exert their toxic effects, a
mechanism that is garnering increasing attention. However, the discussion on the toxic link between
emerging pollutants and glucose metabolism remains insufficiently explored. This review aims
to establish a connection between emerging pollutants and glucose metabolism through the gut
microbiota, delving into the toxic impacts of these pollutants on glucose metabolism and the potential
role played by the gut microbiota.

Keywords: emerging contaminants; emerging pollutants; gut microbiome; gut microbiota; glucose
metabolism; diabetes

1. Introduction

The gut microbiota, due to performing myriad vital functions within human health
and being closely intertwined with human health and disease, has attracted increasing
attention over the past decades. With deeper research into the gut microbiota, a broad range
of functions have been recognized, encompassing carbohydrate digestion, the synthesis
of vitamins and other nutrients, and the regulation of the immune system [1,2]. Given
its crucial role in human health, the gut microbiota is considered a novel organ within
the human body [3]. However, the structure and composition of the gut microbiota are
highly susceptible to external compounds, leading to gut microbiota dysbiosis [4,5]. For
example, exposure to 1-4 pm polystyrene microplastics for seven days led to significant
differences between the microplastic-treated group and the control group in the Shannon
and Simpson indices, with notable changes in the abundance of Bacteroidetes, Firmicutes,
Proteobacteria, and Verrucomicrobia [6]. Alterations in the gut microbiota may impact
host health through metabolic changes. The disruption of the gut microbiota caused by
exogenous pollutants has been termed ‘gut microbiome toxicity” [7]. Therefore, changes in
the abundance and functionality of the gut microbiota following exposure to exogenous
pollutants may represent a potential mechanism for pollutant-induced toxicity.
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Emerging pollutants, defined as compounds that naturally occur or are synthetically
produced and detectable and potentially harmful to the environment, flora, fauna, and
humans, yet are currently not or inadequately regulated by law [6,8,9], have become a
hot topic in toxicological research in recent years. Importantly, numerous studies have
explored the link between emerging pollutants and the gut microbiota, demonstrating
that exposure to emerging pollutants can impact the structure and functionality of the
gut microbiota, thereby posing potential health risks to the host. Concurrently, the gut
microbiota has a strong relationship with host metabolism, especially glucose metabolism.
For example, Wang et al. studied the relationship between gestational diabetes mellitus
and intestinal flora by recruiting pregnant women with gestational diabetes mellitus and
studying the changes in their intestinal flora, and they found that the changes in certain
intestinal bacteria were significantly correlated with the oral glucose tolerance test [10].

It is well known that diabetes has become a serious public health problem. Diabetes
remains the fifth leading cause of death globally, although scientists have made great
efforts to treat diabetes and prolong the life of patients. Compared with people without
diabetes, the risk of premature death is increased by 15% in patients with type 1 and type 2
diabetes, and life expectancy is reduced by 10 and 20 years, respectively [11]. According to
a systematic analysis, diabetes is the sixth leading cause of disability [12], and the multiple
serious complications during the course of the disease bring huge economic pressure to
patients and society. According to the International Diabetes Federation statistics in 2017,
the number of global diabetics has reached 425 million, and it is estimated that by 2045, the
number of diabetics in the world will reach 783 million [13]. Diabetes is mainly a metabolic
disease characterized by high blood sugar caused by genetic factors, environmental factors,
and unhealthy lifestyles, including type 1 diabetes, type 2 diabetes, and gestational diabetes
mellitus. Among them, type 1 diabetes is caused by the immune-mediated destruction
of pancreatic 3 cells and absolute insulin deficiency, which occurs mostly in adolescents.
Type 2 diabetes is mainly caused by insulin resistance, and studies have found that Chinese
patients with type 2 diabetes account for more than 90% of all diabetics, ranking first in
the world and showing a rapid upward trend [14]. When hyperglycemia occurs during
pregnancy, it is called gestational diabetes mellitus. It is estimated that in 2019, there were
20.4 million women with hyperglycemia during pregnancy, and the incidence of gestational
diabetes mellitus in China was 14.8% [15]. In addition, more studies have found that
environmental factors play an important role in the occurrence and development of dia-
betes [16,17], and new pollutants are also being considered [18].Therefore, the connection
among exposure to emerging pollutants, glucose metabolism, and the development of
diabetes is an area worthy of further exploration. However, the relationship between emerg-
ing pollutant exposure and glucose metabolism has yet to be systematically summarized
and discussed.

Therefore, this review aims to explore the role of the gut microbiota in the toxic effects
of emerging pollutants on glucose metabolism via systematically reviewing the existing
literature. On the one hand, it offers new perspectives for understanding the hazards
associated with emerging pollutant exposure, providing new research directions, data
support, and scientific rationale for addressing the public health issue of diabetes. On the
other hand, this review can provide evidence support for future research into the toxicity
of emerging pollutants on glucose metabolism, drawing attention to the relationship
between emerging pollutants and diabetes, and laying a foundation for the prevention and
understanding of the toxicity of emerging pollutants.

2. Emerging Pollutants

Emerging pollutants in the environment exhibit a broad spectrum and diverse origins.
It is estimated that over 3000 different emerging pollutants have been detected in the
environment [19]. The current literature categorizes these into four main groups: endocrine
disruptors, perfluorinated compounds, microplastics, and antibiotics [20,21]. Compared
to traditional environmental pollutants, emerging pollutants are characterized by (i) a
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degree of risk obscurity, due to their relatively recent identification and low environmen-
tal concentrations, making their short-term impacts less evident [22]; (ii) persistence in
the environment, as they are difficult to metabolize and degrade and prone to bioaccu-
mulation [23]; (iii) high toxicity to biological organisms, including humans, with many
having endocrine-disrupting, carcinogenic, teratogenic, and mutagenic effects [24]; and
(iv) challenges in management, owing to their vast variety and low concentrations, which
complicates their detection and the understanding of their environmental and biologi-
cal impacts [23,25]. The paucity of research on their environmental and biological harm,
migration, and transformation mechanisms adds to the complexity of managing these
pollutants. These characteristics have increasingly drawn attention to the need for in-depth
research on emerging pollutants, providing a scientific foundation for their regulation and
management (Figure 1).

Figure 1. Typical emerging contaminants and representative compounds.

2.1. Sources of Exposure to Emerging Pollutants

Scientists generally agree that dietary exposure is a major source of human exposure
to emerging pollutants, with a wide range of pollution sources that cannot be ignored.
Dietary pollutants mainly enter higher trophic levels through food chain transmission and
nutritional transfer. For instance, studies on microplastics have shown that they are initially
absorbed by plants (algae) in the environment, then ingested by consumers (like water fleas
and freshwater fish), and ultimately ingested by apex consumers, including humans. It is
shown that consuming 250 g of wet-weight mussels can result in an intake of approximately
90 particles of microplastics, and microplastics have been found to accumulate in human
tissues such as the blood, placenta, and heart [26-30]. Wang et al. [31] detected 11 types of
perfluorinated compounds in various consumer products like pork loin, pig heart, liver,
kidney, chicken breast, and liver, with pig liver showing the highest average concentration
of 3.438 ng/g, followed by pig kidney (0.508 ng/g). These findings indicate that emerging
pollutants can enter and accumulate in biological organisms, including humans, through
food chains and nutritional transfer, posing potential health hazards.

Studies measuring the concentration of polychlorinated biphenyls in Crassostrea
tulipa (oysters) and Anadara senilis (mussels) found concentrations of 2.95-11.41 mg/kg
and 5.55-6.37 mg/kg wet weight, respectively [32]. Apart from marine life, polychlorinated
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biphenyls and polybrominated diphenyl ethers have also been detected in commonly con-
sumed milk samples [33], indicating potential endocrine-disrupting hazards from everyday
dietary exposure. Studies on perfluorinated compounds found that younger populations
have higher levels of contact with PFOS and PFOA, with dietary exposure primarily from
fish, meat, eggs, and products containing these ingredients, with eggs and dairy products
as major sources [34]. PFOS has been detected in meat, fish, shellfish, and fast food [35],
and Ericson et al. estimated that an adult male’s dietary intake of PFOS could reach
62.5ng/d [36]. In contrast, research on microplastics found that oral exposure is mainly
concentrated in commercial fish, table salt, honey, and bottled water [37]. For instance,
researchers found microplastics in various edible salts used by humans, with the highest
concentrations in sea salt (550681 particles/kg) [38]. Mason’s research also found that
bottled water contains an average concentration of microplastics larger than 100 um and
smaller than 100 pum, at 10.4 particles/L and 325 particles/L, respectively. Cauwenberghe
et al. also found microplastics in mussels, estimating that the maximum exposure to mi-
croplastics for adults through mussel consumption could reach 11,000 microplastics [28].
Antibiotics, long established in human food supplies, have gradually contaminated food
products, including livestock, aquatic products, and vegetables [39]. Known for their use in
treating and preventing diseases, as well as additives for promoting growth and improving
feed efficiency, antibiotics are likely major contributors to contamination in livestock and
aquatic products [40,41]. For example, amoxicillin and penicillin were detected in 81%
and 27% of fresh milk samples, respectively [42]. Furthermore, an investigative study
involving the random sampling of chicken and beef from supermarkets revealed a consid-
erable detection rate of antibiotics. Quinolone drugs were identified in 45.7% of chicken
samples and 57.7% of beef samples, with concentrations reaching 30.8 & 0.45 pg/kg and
6.64 £ 1.11 ug/kg, respectively [43].

2.2. Connection between Emerging Pollutants and the Gut Microbiome

Contemporary research findings have demonstrated that exposure to emerging en-
vironmental pollutants alters the structure and composition of the gut microbiota. For
instance, scientists, in a study examining the impact of nanoplastics on the gut microbiome,
exposed Eriocheir Sinensis to polystyrene nanoplastics. Compared to the control group,
the exposed group exhibited significant changes in the gut microbiota’s structure and com-
position, with a marked decrease in the relative abundance of Firmicutes and Bacteroidetes
and an increase in Fusobacteria and Proteobacteria [44]. Another study found that mice
exposed to 0.5 um and 50 um polystyrene microplastics showed significant alterations in
the composition and structure of their gut microbiota, with a notable reduction in diversity
and a decrease in the relative abundance of Firmicutes and «-Proteobacteria [45]. Addi-
tionally, research on PCB-126 revealed significant changes in the gut microbiota of exposed
mice compared to the control group, with notable shifts in the proportion of Bacteroides,
Parabacteroides, Romboutsia, and the ratio of Firmicutes to Bacteroidetes [46]. Recent
studies in several species have found that Di-(2-ethylhexyl) phthalate (DEHP) exposure
during development alters the structure and composition of the gut microbiota and reduces
the diversity of the gut microbiota: an increase in the relative abundance of Firmicutes and
Akkermansia was found, along with a decrease in the relative abundance of Bacteroidetes
and Actinobacteria [47]. Furthermore, Yang et al. found that exposure to DEHP during
infancy also altered the composition and diversity of the intestinal flora, with a decrease
in the number of Rothia species and Bifidobacterium longum [48]. In their study of the
effects of BPA on intestinal flora, Lai et al. found that the growth of TM7 and Proteobacteria
was promoted in BPA-exposed mice, while the number of Clostridia was reduced [49].
Furthermore, studies have shown that gut bacteria such as Firmicutes and Bacteroides are
significantly associated with type 2 diabetes [50].
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3. Gut Microbiome, Diabetes and Potential Mechanisms

Diabetes, a metabolic disease characterized by abnormally elevated blood glucose
levels, has become a significant global health issue due to its high prevalence and associated
disability and mortality rates. In 2017, the estimated prevalence of diabetes in China was
12.8% [51], with the global diabetic population reaching 425 million people [52], over 90%
of whom have type 2 diabetes [14], ranking it as the most prevalent and rapidly increasing
trend worldwide. Genetic predisposition, environmental factors, and unhealthy lifestyles
are closely linked to the onset and progression of diabetes. Moreover, recent studies
have revealed an interesting phenomenon: the gut microbiome plays a crucial role in the
development and progression of obesity and type 2 diabetes, with approximately 3.8 & 0.2%
of gut microbiota relative abundance associated with type 2 diabetes and obesity [50].

3.1. Diabetes and Gut Microbiota

In past diabetes research, the gut bacteria most commonly reported to be negatively
associated with diabetes are Bifidobacterium and Bacteroides. The role of Bifidobacterium
in type 2 diabetes appears to be consistently supported by the literature: Bifidobacterium
potentially exerts a protective effect against type 2 diabetes [53,54]. For example, Gao
et al. studied whether the composition and structure of the gut microbiota differed among
healthy, overweight, and obese volunteers, finding a significant reduction in gut bacteria
including Bifidobacterium, anti-inflammatory Faecalibacterium, and butyrate-producing
Ruminococcaceae in the obese population compared to healthy individuals [55]. This
phenomenon was validated in animal experiments: transplanting Bifidobacterium into
mice on a high-fat diet, researchers found that Bifidobacterium not only reduced weight
gain in mice but also significantly improved glucose-insulin disorder and hepatic steatosis,
shifting the gut microbiota structure of high-fat diet mice towards that of normal-diet
mice. Moreover, numerous cross-sectional studies have discovered a negative correlation
between Bacteroides and type 2 diabetes. For instance, an analysis of the gut microbiota
of 121 type 2 diabetes patients by Zhang et al. revealed dysbiosis and changes in alpha
diversity, with a significant reduction in Bacteroides, only half the amount found in non-
diabetic and pre-diabetic patients [56]. When mice were exposed to Bacteroides orally,
researchers found that in high-fat-diet mice, not only were serum cholesterol, triglycerides,
blood sugar, insulin, and leptin levels reduced, but their oral glucose tolerance was also
improved [57].

Additionally, a few articles have reported gut bacteria positively correlated with
diabetes or high blood sugar. Specifically, many studies have reported a positive correlation
between Firmicutes, Ruminococcus, Lachnospiraceae, and Blautia with type 2 diabetes. For
example, numerous population studies have indicated that both pre-diabetic and diabetic
patients have relatively higher Operational Taxonomic Units (OTUs) of Ruminococcus.
Furthermore, increases in the abundance of Sutterella, Streptococcus, Lachnospiraceae,
Clostridiales, Eubacterium, Sporobacter, Abiotrophia, Firmicutes, and Subdoligranulum
have been observed [58,59]. Moreover, type 2 diabetic patients have shown a notable
decrease in the quantity of Ruminococcus and Lachnospiraceae following metformin
treatment [60]. Some cross-sectional studies have found that compared with control groups,
case groups have a marked increase in the quantity of Blautia, which diminishes after
metformin treatment, thus affirming the significant role of Blautia in the development and
progression of diabetes [56,61,62]. Additionally, researchers have discovered that compared
with non-diabetic patients, the gut microbiome of diabetic patients is predominantly
composed of opportunistic pathogens such as Bacteroides caccae, Clostridium hathewayi,
Clostridium ramosum, Clostridium symbiosum, Eggerthella lenta, and Escherichia coli [50].

There is an evident link between emerging pollutants and abnormalities in glucose
metabolism, with changes in the gut microbiota playing a significant role. However, it
is important to note that not all studies on gut microbiota yield consistent conclusions.
For instance, contrary to the studies mentioned above, Diamante, in his research on the
impact of Bisphenol A on metabolic diseases, exposed pregnant mice to Bisphenol A and
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observed the metabolic phenotype of the offspring. The results indicated that male mice in
the Bisphenol A exposure group had significantly lower insulin levels than those in the
control group, and the area under the curve in the intraperitoneal glucose tolerance test
was reduced. Diamante’s correlation analysis of differentially abundant amplicon sequence
variants (ASVs) with the metabolic phenotype of mice found 18 ASVs related to body
weight and two related to the area under the glucose tolerance curve [63]. Additionally,
population studies have found an increase in the relative abundance of Firmicutes in both
pre-diabetic and diabetic patients [59], whereas a decrease in Firmicutes was observed in
high-fat-diet-induced obese mice [49]. The inconsistencies across different studies could
be attributed to the use of varied animal models, which might affect metabolic levels and
microbiota. Furthermore, the structure and composition of the gut microbiota are closely
related to numerous factors, and studying the impact of just one exogenous chemical expo-
sure is quite limited. In addition, the experimental conditions and environmental exposure
during the experiment might affect the results and the composition of the gut microbiota.

3.2. Potential Mechanisms of Gut Microbiota-Induced Glucose Metabolic Abnormalities

The gut microbiota impacts host metabolism through various pathways, including
inflammatory responses, intestinal permeability, glucose metabolism, and the collective ac-
tion of the microbiome. It is well established that certain gut bacteria and their metabolites
can alter levels of pro-inflammatory and anti-inflammatory factors, as well as lipopolysac-
charides (LPS), in the host. Given that inflammation and inflammatory mediators are
closely linked with the development of type 2 diabetes, the influence of the gut microbiota
on glucose metabolism through inflammatory responses has garnered widespread atten-
tion. For example, several studies have reported that patients with type 2 diabetes exhibit
elevated serum endotoxin levels, a decrease in butyrate-producing bacteria and Firmicutes
abundance, and an increase in Lactobacillus and Betaproteobacteria abundance. These
findings suggest that certain gut bacteria may induce type 2 diabetes through endotoxin-
induced inflammatory responses [50,64,65]. Chen et al., in their research on the role of
Lactobacillus in diabetes progression, found that, besides significantly reduced fasting
blood glucose and postprandial 2 h blood glucose levels, exposed mice showed decreased
levels of pro-inflammatory cytokines such as TNF-« and LPS and increased levels of
anti-inflammatory cytokines like IL-10 [66]. Another critical feature of type 2 diabetes is in-
creased intestinal permeability, which allows gut microbiota and their metabolites to enter
the bloodstream. Chelakkot et al. [67] found that, compared to diabetic patients, healthy
individuals had a higher number of extracellular vesicles from Akkermansia muciniphila
(AmEVs) in their fecal samples, which also enhanced the function of tight junction proteins
in the intestines of diabetic mice. To verify their direct effect, Chelakkot applied AmEVs
to lipopolysaccharide-treated Caco-2 cells and observed improved cellular permeability
and increased the expression of the occludin protein. These findings suggest that AmEVs
can regulate the expression of key proteins and affect intestinal permeability functions.
Importantly, the gut microbiota might also alter blood glucose levels by affecting glucose
homeostasis and insulin resistance in primary metabolic organs like the liver, muscles,
and adipose tissue. Dang et al. found that after treating diabetic mice with Lactobacillus
paracasei, not only were the mice’s fasting blood glucose, postprandial blood glucose, and
glucose tolerance adjusted, but the expression of genes associated with gluconeogenesis,
such as G-6-Pase and PEPCK, was inhibited, and levels of IRS-2, PI3K, and Akt were
increased to normal. Additionally, the treatment of diabetic mice with L. casei CCFM419
effectively improved the downregulated mRNA expression levels of PI3K and GS and
significantly decreased the expression of the GSK3[3 gene [68]. Besides these potential
mechanisms, some gut bacteria might also affect host physiology through interactions with
other bacteria [69,70] (Figure 2).
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Figure 2. Possible mechanisms of exposure to emerging pollutants affecting diabetes through gut
microbiota dysbiosis.

4. Emerging Pollutants, Gut Microbiome, and Diabetes

Given the known role of the gut microbiome in the development and progression of
diabetes, coupled with the association between emerging pollutant exposure and changes
in the gut microbiome, it is plausible that the disruption of glucose metabolism via the gut
microbiome may be a potential mechanism by which emerging pollutants contribute to dia-
betes. This section will discuss, category by category—microplastics, antibiotics, endocrine
disruptors, and perfluorinated compounds—their impacts on glucose metabolism and the
role and function of the gut microbiome therein.

4.1. Microplastics

The concept of microplastics, defined as plastic particles with a diameter of <5 mm,
was formally introduced by Thompson et al. in 2004 [71]. Since then, scientific research on
microplastics present in the environment has become increasingly extensive. Numerous
studies have found that plastics in the environment, upon degradation through physical,
chemical, and biological processes into microplastic particles, pose toxicological threats
to the natural environment, ecosystems, and flora and fauna [15,72-74]. Many studies
focus on the significant impacts of microplastics entering the human body through various
pathways on glucose metabolism and their potential mechanisms.

In recent years, more scientists have begun to focus on changes in the gut microbiota
of diabetic mice following microplastic exposure, attempting to elucidate the relationship
between the toxicity of microplastics to the gut microbiota and sugar-lipid metabolism
(Table 1). For instance, Shi et al. [75] exposed mice to 1 um polystyrene microplastics and
found an increase in fasting blood glucose and insulin levels, hypothesizing that this may be
due to a disruption of the gut-liver axis prompted by changes in the structure and composi-
tion of the gut microbiota. An analysis of the gut microbiome revealed a marked reduction
in its diversity and significant changes at the phylum level, with a decrease in the abun-
dance of Bacteroidetes and Verrucomicrobia and an increase in Firmicutes, Deferribacteres,
and Actinobacteria. Similarly, another study arrived at consistent results, with a decreased
abundance of Bacteroidetes in mice fed a high-fat diet containing microplastics, also noting
reductions in the Chaol, Shannon, and Gini-Simpson indices [76]. Huang et al. [77] also
found that after microplastic exposure in high-fat-diet mice, there was a reduction in mi-
crobial richness and diversity, with a relative increase in the abundance of Gram-negative
rods (such as Prevotellaceae and Enterobacteriaceae). However, intriguingly, a different
conclusion was reached in another study. Liu et al. [78] examined the varying responses
of healthy mice and diabetic mice to exposure to polystyrene microplastics, finding that
the gut microbiota in both healthy and diabetic mice changed post exposure. The differ-
ence was that in healthy mice, the proportion of probiotics (Alloprevotella, Bacteroides,
Dubosiella, Lachnospiraceae_NK4A136_group, Lactobacillus, Weissella) declined while
the proportion of pathogens (Helicobacter, Parabacteroides, Candidatus_Saccharimonas,
Lachnoclostridium) increased; in contrast, diabetic mice exhibited an increased proportion
of probiotics and a decreased proportion of pathogens.
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4.2. Antibiotics

Developed in the late 1940s for treating bacterial pathogen-induced infections, an-
tibiotics are known to selectively target potential pathogens within microbial populations
while significantly disrupting the human gut microbiome, with effects lasting for several
months or even longer [79,80]. Recent studies have begun to explore the impact of antibiotic
treatment on the gut microbiome and human metabolism.

Vrieze et al. [81] conducted a study to investigate the effect of vancomycin on insulin
sensitivity and the gut microbiota. Patients with metabolic syndrome were randomly
assigned to different treatment groups. They found that after one week of treatment,
patients in the vancomycin group showed a significant decrease in insulin sensitivity and
noticeable changes in fecal microbiome diversity, including a reduction in the relative
abundance of Gram-positive bacteria and a compensatory increase in Gram-negative
bacteria. These results highlight the influential role of the gut microbiome in how antibiotics
affect glucose metabolism. Additionally, Hwang’s animal study showed that antibiotics
alter the structure and composition of the gut microbiome, enhancing the microbes’ capacity
to collect and store energy, thereby changing insulin sensitivity and glucose tolerance in
mice [82,83]. In addition, in an experiment that treated ob/ob mice with Ampicillin
and neomycin, it was found that compared with mice that did not receive antibiotic
treatment, the treated mice not only showed better glucose tolerance but also showed
significant changes in the structure and composition of their gut microbiota, which was
only 22% similar to that of the mice on the high-fat diet before the treatment [84]. Another
study found that antibiotic therapy improved fasting glucose, glucose tolerance, and gut
microbiota in mice [85]. It is well known that gut bacteria ferment carbohydrates in the
intestine into short-chain fatty acids [86], which, in turn, affect metabolism and energy
balance by altering the expression and secretion of intestinal hormones. For instance,
Livanos used antibiotics to treat mice, finding a reduction in the diversity of the gut
microbiome and the selection of unique microbial community structures and a significant
increase in diabetes incidence [87].

4.3. Endocrine Disruptors

Beyond the aforementioned microplastics and antibiotics, endocrine disruptors repre-
sent another significant category of emerging pollutants in the environment, one that is
gradually garnering scientific attention. Environmental endocrine disruptors primarily in-
clude phenolic compounds, pesticides, and persistent organic pollutants. These disruptors
enter organisms through various exposure pathways and gradually accumulate in tissues
and organs [88-90], interfering with normal hormone synthesis and secretion, leading to
hormonal imbalances and consequent endocrine diseases like obesity and diabetes [91].

Yan et al. studied endosulfan sulfate (ES) exposure in pregnant mice and found that ES
inhibits high-fat-diet-induced adipogenesis, reduces glucose tolerance, and affects glucose
homeostasis by promoting lipolytic metabolism and fatty acid oxidation and altering the
composition of the intestinal flora [92]. Meanwhile, Fan et al. showed that pregnant mice
exposed to DEHP had offspring with abnormalities in adipogenesis, energy expenditure,
glucose tolerance, and dysbiosis of the intestinal flora, and linear discriminant analysis
(LDA) showed significant differences in 16 characteristic flora at the phylum and genus
levels between exposed and control mice. Meanwhile, Fan et al. showed that the offspring
of mice exposed to DEHP during gestation had abnormal lipogenesis, energy expenditure,
and glucose tolerance and had dysbiosis in the gut microbiota. LDA analysis showed that
the 16 characteristic flora of exposed mice and control mice were significantly different at
the phylum and genus levels [93]. However, relatively few studies have been conducted
on the disruption of glucose metabolism by affecting the structure and composition of the
intestinal flora after exposure to EDCs. Nevertheless, numerous studies have found that
exposure to endocrine disruptors affects glucose metabolism, leading to elevated blood
glucose levels. Marmugi et al. exposed CD-1 mice to bisphenol A and observed that com-
pared to the control group, the exposed mice had significantly higher blood glucose and
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plasma cholesterol levels. Moreover, mice exposed to a dose of 5000 mg/kg/d showed de-
creased glucose tolerance and a significant increase in the area under the curve [94]. Many
studies have drawn similar conclusions, finding that C57BL/6 mice exposed to bisphenol
A, even on a normal diet, showed an increase in body weight, elevated insulin levels, and
impaired glucose tolerance, with bisphenol A exacerbating high-fat-diet-induced weight
gain and insulin resistance in mice [95,96]. Interestingly, Lai et al. exposed CD-1 mice to
bisphenol A and found that it induced gut microbiome community structures similar to
those induced by a high-fat diet, with an increased relative abundance of Proteobacteria
and Helicobacteraceae and a decrease in Firmicutes and Clostridiapopulations [49]. Conse-
quently, the role of the gut microbiome in endocrine disruptor-induced glucose metabolic
disorders is increasingly recognized. Tian et al. [46] exposed C57BL/6 high-fat-diet mice to
polychlorinated biphenyl-126 and found that early-life exposure to PCB-126 in mice led to
decreased glucose tolerance and a significant increase in metabolites involved in the tricar-
boxylic acid cycle (e.g., pyruvate, succinate, citrate). Tian concluded from these results that
early exposure to PCB-126 exacerbates glucose homeostasis impairment characterized by
abnormal glucose tolerance and increased tricarboxylic acid cycle flux in high-fat-diet mice.
Additionally, researchers have found that PCB-126 affects the structure and composition
of the mouse gut microbiome. For example, compared to control mice, high-fat-diet mice
exposed to PCB-126 in early life showed a significant decrease in the relative abundance
of Muribaculum, Duncaniella, Bacteroides, Parabacteroides, and Prevotella in the cecum,
while the ratio of Firmicutes/Bacteroidetes, Romboutsia, and Adlercreutzia significantly
increased. Qin et al.’s study found that the aforementioned groups, such as Firmicutes,
Clostridium, Bacteroides, and Parabacteroides, are significantly associated with type 2
diabetes [50]. Li et al.’s research on the impact of TCDD exposure during pregnancy and
lactation in mice found significant changes in the structure and composition of the gut
microbiome, characterized by an upregulation of Firmicutes, Bacteroidetes, Clostridia, and
Lachnospiraceae. Moreover, Pearson correlation coefficients suggested that affected tryp-
tophan metabolism (positively correlated with type 2 diabetes) was positively correlated
with harmful bacteria and negatively correlated with beneficial bacteria [97,98].

4.4. Perfluorinated Compounds

Similar to endocrine disruptors, perfluorinated compounds such as Perfluorooctane
sulfonate (PFOS) and Perfluorooctanoic acid (PFOA) are characterized by unique structures
and stability, allowing them to persist in the environment and accumulate in organisms
following exposure, thereby posing health risks [99-103].

Perfluorinated compounds are also ubiquitously present in the environment and pose
significant threats to the organisms living in it, particularly regarding metabolic effects.
Consequently, scientists are focusing on the impact of perfluorinated compound exposure
on glucose metabolism by disrupting flora metabolism. Wei et al. exposed adult male mice
to 25 mg/kg/d DEHP (Di-(2-ethylhexyl) phthalate) via continuous oral exposure, finding
that the mice developed elevated fasting blood glucose levels and hepatic fat accumulation.
Interestingly, research on the intestinal flora of mice revealed significant differences in
the community structure of the gut microbiota of exposed mice compared to the control
group. Moreover, LDA showed that 29 features were significantly different between control
and exposed mice from the gate level to the genus level. Compared to control mice, the
relative abundance of cyanobacteria in the intestinal flora of exposed mice was significantly
increased at the phylum level, whereas at the genus level, the relative abundance of Bac-
teroides was decreased, and the relative abundance of Allobaculumin was increased [104].
However, relatively few studies have been conducted in this area, and current articles have
focused on the effects on glucose metabolism following exposure to PFAS or changes in gut
microbiota caused by exposure to PFAS. Rats exposed to PFOS during gestation exhibited
pre-diabetic symptoms in their offspring, with elevated fasting insulin and leptin levels and
impaired glucose tolerance compared to the control group. Lv inferred from these results
that exposure to PFOS during development could lead to glucose metabolism disorders in
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adulthood in rats [105]. Yan’s study arrived at a similar conclusion: mice exposed to PFOA
showed higher insulin sensitivity and glucose tolerance and reduced hepatic glycogen
synthesis compared to the control group [106]. Additionally, researchers found that mice ex-
posed to PFOS exhibited disorders in fat and glucose metabolism [107]. Interestingly, upon
analyzing the gut microbiota of mice, researchers found a significant increase in the relative
abundance of Turicibacterales and Turicibacteraceae in the exposed group; the glucose
metabolism disorder in mice was notably positively correlated with the relative abundance
of Turicibacteraceae [61,107]. Furthermore, an increase in the relative abundance of Al-
lobaculum, which contributes to insulin resistance and obesity in mice, was found in the
exposed mice. Significant changes in the relative abundance of Turicibacter, Allobaculum,
B. acidifaciens, and Dehalbacteriaceae, which are considered related to dysregulation of
sugar and lipid metabolism, were observed [107]. In studies on OBS (Sodium p-perfluorous
nonenoxybenzene sulfonate, a PFASs substitute), it was found that OBS exposure in ze-
brafish led to a decrease in cytoplasmic phosphoenolpyruvate carboxykinase gene levels in
the liver (related to glucose metabolism levels), with a decrease in the relative abundance
of B-Proteobacteria, Bacteroidetes and Actinobacteria, x-Proteobacteria, y-Proteobacteria,
and Verrucomicrobia [108]. Moreover, exposure to F-53B (a PFOS substitute) also caused
an increase in the relative abundance of Verrucomicrobia and a decrease in Firmicutes in
the gut microbiome of mice, with significant changes in Akkermansia, Bacteroides, and
Ruminococcus (significantly related to type 2 diabetes) [50,109].

However, unlike microplastics and antibiotics, few studies on EDCs and PFAS have
addressed the effects of gut microbiota disruption on glucose metabolism. Nevertheless,
we reviewed the effects of EDCs and PFAS on the gut microbiota and analyzed the possible
correlation between altered gut microbiota and glucose metabolism (Table 2).
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5. Conclusions and Outlook

In recent years, more studies have begun to focus on the impact of exposure to emerg-
ing pollutants in the environment on metabolic disorders, particularly glucose metabolism
disorders. Given the significant role of the gut microbiota in glucose metabolism, scien-
tists are starting to pay attention to the structural and compositional disorders of the gut
microbiota caused by pollutants, as well as changes in microbial diversity. Although an
increasing number of studies are focusing on the role of the gut microbiota in glucose
metabolism disorders caused by emerging pollutants, current research is just the tip of the
iceberg, and our understanding in this area remains very limited:

(1) Many studies have shown that exposure to emerging pollutants can cause pre-diabetic
symptoms or exacerbate existing glucose metabolism disorders in organisms. Inter-
estingly, different results have been found for the same compound, possibly due to
different diabetes animal models or exposure periods used in the studies. Therefore,
there is an urgent need for more in-depth research to standardize diabetes animal
models or exposure forms.

(2) Itis well known that the gut microbiota plays a crucial role in the development of
diabetes. However, studies on whether exposure to emerging pollutants affects the
glucose metabolism process by altering the structure and composition of the gut
microbiota are relatively scarce. Additionally, there is still controversy over changes
in certain specific gut bacteria like Akkermansia, Parabacteroides, and Verrucomicro-
bia after exposure to emerging pollutants or during glucose metabolism disorders.
Therefore, more research is needed to explore the changes in the gut microbiota after
exposure to emerging pollutants and its relationship with glucose metabolism.

(3) Most current research on the impact of emerging pollutants on the gut microbiota
and glucose metabolism focuses on animal models. Due to interspecies differences,
studies on the impact of emerging pollutants on human populations are very lim-
ited. Therefore, large-scale population studies are needed to elucidate the impact of
emerging pollutant exposure on human glucose metabolism and the role of the gut
microbiota in this process.

(4) Currently, most research on emerging contaminants focuses on the effects of exposure
on glucose metabolism or on a single aspect of the gut microbiota, while relatively
few studies have been conducted on whether they affect the development of diabetes
by altering biological glucose metabolism through the gut microbiota, especially with
regard to endocrine disruptors and perfluorinated compounds. Therefore, large-scale
and more in-depth studies are needed to elucidate whether exposure to emerging
contaminants causes glucose metabolism disorders through the gut microbiota and
its specific mechanisms.
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Abstract: Emerging studies have presented an initial picture of the toxic effects of exposure to
environmental micro- and nanoplastics. They have indicated that micro- and nanoplastics may
induce toxicity by leading to oxidative stress, energy metabolism disorders, gene damage, and so
forth in environmental organisms, marine invertebrates and vertebrates, and laboratory mouse
models. In recent years, micro- and nanoplastics have been discovered in human fecal samples,
placentas, lung tissue, and even blood; thus, micro- and nanoplastics pose an alarming and ever-
increasing threat to global public health. However, current research on the health effects of micro-
and nanoplastics and the possible adverse outcomes in humans has only presented the tip of the
iceberg. More robust clinical data and basic experiments are still warranted to elucidate the specific
relationships and mechanisms. In this paper, we review studies on micro- and nanoplastic toxicity
from the perspectives of eco-toxicity, the adverse effects on invertebrates and vertebrates, and the
impact of micro- and nanoplastics on the gut microbiota and its metabolites. In addition, we evaluate
the toxicological role of micro- and nanoplastic exposure and its potential implications in respect
to human health. We also summarize studies regarding preventive strategies. Overall, this review
provides insights on micro- and nanoplastic toxicity and its underlying mechanisms, opening up
scientific avenues for future in-depth studies.

Keywords: micro- and nanoplastics; microplastics; polystyrene; toxicity; gut microbiota

1. Background

Micro- and nanoplastics pollution has attracted considerable attention from the interna-
tional scientific community, and its impact on human health and its associated mechanisms
have emerged as leading research frontiers. In 2016, the United Nations Environment
Assembly identified marine plastic debris and microplastics as significant global envi-
ronmental issues. Coinciding with the widespread production and utilization of plastic
over the past century, the global annual production of plastic in 2017 exceeded 8.3 billion
tons [1]. Nearly half of this plastic was used for disposable packaging, leading to immense
generation of plastic waste. By 2050, global plastic waste is estimated to reach 12 billion
tons [2]. The limited recycling and reuse of plastics result in the continuous accumulation
of plastic waste in the environment [3]. Over time, plastic debris undergoes physical,
chemical, and biological processes, fragmenting into micrometer-sized (<5 mm) (called
microplastics) and nanometer-sized (<1 pm) (called nanoplastics) particles [4]. These
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particles, together with industrially produced plastic particles that are released into the
environment, are the major sources of microplastics. In 2004, Richard C. Thompson first
introduced the concept of microplastics, which has since garnered increasing research
interest and global attention [5]. Based on their origin, microplastics are categorized as
primary or secondary microplastics. Primary microplastics are intentionally produced
plastic particles with diameters smaller than 5 mm, and they are directly incorporated into
products such as cosmetics, exfoliants, and toothpaste; secondary microplastics form via
the degradation of environmental plastic [6]. The predominant types of environmental
microplastics include polystyrene, polyethylene, polyvinyl chloride, and polypropylene.
Notably, polystyrene microplastics, which are frequently detected in the environment, have
become the primary focus of microplastic research.

Micro- and nanoplastics are pervasive in the environment, with numerous studies re-
porting their presence in water, soil, and air [7-12]. They have even been detected in remote
areas, such as in the deep sea and the Arctic. Research on Arctic ice has revealed approxi-
mately 38-234 microplastic particles per cubic meter of ice [13]. Micro- and nanoplastics
have also been detected in everyday items, including cosmetics, exfoliants, and toothpaste.
Moreover, micro- and nanoplastics can enter organisms through various pathways, such as
through the food chain via commercial fish, as well as through canned food and bottled
water [14-16]. Micro- and nanoplastics have been detected in human feces, placentas, lung
tissue, and blood, confirming their ability to enter the human body through multiple routes
and thus underscoring the importance of addressing their potential hazards [17-20].

Current evidence suggests that micro- and nanoplastics are not easily excreted from
organisms once ingested, leading to accumulation in organs and tissues [21]. Micro- and
nanoplastics have been found to accumulate in the pancreas and gallbladder of zebrafish,
as well as in the intestines, liver, and kidneys of mice [22-24]. Micro- and nanoplastic
accumulation would have potentially toxic effects. For instance, microplastics have been
shown to decrease catalase activity in zebrafish and to disrupt energy homeostasis in
mice [24,25]. Micro- and nanoplastic-associated adverse effects have been observed in
a range of organisms; however, the concentration of micro- and nanoplastics utilized
in experimental research far exceeds that found in the environment; therefore, the toxic
effects of micro- and nanoplastics at environmental concentration levels remain unclear.
Furthermore, research on the adverse effects of micro- and nanoplastics on mammals is
limited; thus, definitive conclusions regarding micro- and nanoplastic toxicity cannot be
drawn based on existing studies. Additionally, the gut microbiota plays a critical role in
digestion and absorption, vitamin synthesis, immune response, and gut barrier function,
and it is closely related to host health. Upon entering the intestines, micro- and nanoplastics
first interact with the gut microbiota, potentially affecting its composition and function [26].
Consequently, the impact of micro- and nanoplastics on the gut microbiota after entering
organisms has become a focus of research.

Academic reviews of micro- and nanoplastics have focused primarily on the presence
of micro- and nanoplastics in the environment, the biological exposure pathways, and toxic
hazards caused to aquatic organisms, and a few articles have focused on the effects of micro-
and nanoplastics on mammals. However, neither the history of research on the detection of
micro- and nanoplastics that accumulate in tissues and organs nor the relationship between
micro- and nanoplastics and populations has been reviewed in the literature, so the threat
posed by micro- and nanoplastics to humans has not been highlighted. In addition, there
does not appear to be a scientific summary of the alteration of the metabolites of the gut
microbiota and metabolic pathways of the organism caused by micro- and nanoplastics.
Furthermore, it is known that micro- and nanoplastics can cause various toxic reactions
and affect the function of an organism when they enter the organism. Therefore, this article
also summarizes the measures to prevent and alleviate the toxic reactions caused by micro-
and nanoplastics after entering an organism. In this article, we review the history of micro-
and nanoplastic discovery, the potential pathways through which micro- and nanoplastics
enter the human body, ecological toxicity, the toxic effects on marine invertebrates and
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vertebrates and in mouse models, and alterations in the gut microbiota that are caused
by micro- and nanoplastics. Additionally, mitigation of the toxic hazards posed by micro-
and nanoplastics through bioactive food components and microbiota transplantation is
discussed. The objective of this review is to systematically explore the toxicity of micro-
and nanoplastics, raise public awareness of their potential hazards, and provide a reference
for future micro- and nanoplastic research. Furthermore, this review is intended to offer
data support and a scientific basis for the management of micro- and nanoplastic pollution
and its associated environmental policies.

2. The History of Micro- and Nanoplastic Discovery

Since microplastics were first introduced by Thompson in 2004 [5], microplastics
have received increasing scientific attention worldwide. Furthermore, in recent years,
many scientists have also been concerned about the presence of smaller plastic particles
(nanoplastics) in the environment and their environmental and biological toxicity. However,
current studies on micro- and nanoplastics are mainly focused on the toxicity of micro-
and nanoplastics to marine invertebrates and vertebrates. Thus, there is a lack of studies
on mammals and humans, even though scientists have recently found microplastics in
human tissues. Therefore, it is of significance to pay attention to the potential toxicities
caused by micro- and nanoplastics, and this is also why we need to discuss if micro- and
nanoplastics are toxic and hence proposed this review. Furthermore, to our knowledge,
this is the first review of the history of microplastics discovery (Figure 1).

The History of Microplastic Discovery

=
y— & .

Microplastics Discovered in Discovered in Discovered in Detected in Detected in
Concept proposed table salts human feces human placenta human lungs human blood

Il | | | | !

I 1 1 1 1 I
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Figure 1. Advances in microplastic discovery. In recent years, scientists have gradually detected

microplastics in human tissues.

In 2015, Yang et al. speculated that microplastics might be present in table salt due
to its close contact with seawater and lake water [7]. Yang’s team proceeded to analyze
microplastics in salt samples and found that there were 550-681 microplastic particles/kg
in sea salt, 43-364 microplastic particles/kg in lake salt, and 7-204 microplastic particles/kg
in rock/well salt. Because table salt is prevalent in the human diet, microplastics may enter
the body and threaten human health.

In a prospective cohort study in 2019, 8 healthy adult volunteers, aged 33-65 years, from
different countries were invited to provide fecal samples without any interventions [17]. When
the fecal samples were examined, researchers found that 3-7 types of microplastic, with
an average of 20 pieces of microplastic per 10 g, were detected in each fecal sample, which
demonstrates that microplastics can indeed enter the human body through oral exposure.

In 2020, scientists began to find microplastics in human tissue. Moreover, for the
first time, Ragusa et al. detected microplastics in human placenta [18]. Ragusa recruited
six healthy pregnant women to assess the levels of microplastics in the placenta using
Raman Microspectroscopy analysis and found twelve 5-10 pm spherical and irregularly
shaped microplastic fragments in four placenta samples, including five on the fetal side,
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four on the maternal side, and three on the chorionic villi. This suggests that microplastics
may potentially be harmful to humans across generations. In 2021, Amato-Lourenco
analyzed the lung tissue of 20 nonsmoking adults (lung tissue samples were collected
after death via a routine autopsy to verify the cause of death) [19]; in 13 of these samples,
microplastic particles and fibers were detected, all of which were less than 5.5 pm in
size and constituted an average of approximately 0.56 microplastic particles per gram of
lung tissue. In 2022, Leslie developed a double-shot pyrolysis—gas chromatography/mass
spectrometry method and applied it to determine the level of microplastic content in the
whole blood of humans [20]. The investigators measured the microplastic levels in the
whole blood of 22 healthy adult volunteers and found that the mean quantifiable total
microplastic concentration in the blood was 1.6 pg/mL. These data indicate that at least
some of the microplastics absorbed into the body are bioavailable. However, the manner of
entry for the microplastics into the blood and the cells involved remains to be studied.

The abovementioned studies show that microplastics are not only ubiquitous in the
environment but also detected in humans. As such, the problem of microplastic pollution
is not only an environmental issue but also a global public health issue.

3. Micro- and Nanoplastic Exposure Routes

The non-degradable and ubiquitous nature of micro- and nanoplastics makes it in-
evitable that organisms, especially humans, are exposed to microplastics in the environment.
Studies have shown that humans are exposed to environmental micro- and nanoplastics
mainly through routes such as the ingestion of micro- and nanoplastics through food and
food packaging materials, the inhalation of microplastic particles and fibers floating in the
air, and daily skin contact with micro- and nanoplastics in cosmetics and skin-cleansing
products (Figure 2).

Figure 2. Pathways of human exposure to microplastics mainly include ingestion, inhalation, and
dermal contact. Ingestion is the most important route of exposure, and dermal contact is considered
the least important route of exposure. For example, micro- and nanoplastics in salt, commercial
fish, bottled water, and canned food can enter the human body through ingestion, those in floating
fibers and dust in the air can enter the human body through inhalation, and those in toothpaste and
skin-cleaning products can enter the human body through skin contact.
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3.1. Oral Exposure

Oral exposure is considered to be the predominant microplastic exposure route [27].
Researchers have found micro- and nanoplastics in honey, sugar, bottled water, canned
foods, edible salt, and commercial fish [7,14-16,28]. Particulate matter enters organisms
orally and reaches the gastrointestinal tract, where it may cause inflammatory responses,
oxidative stress, alterations in intestinal permeability, and changes in the composition and
function of the gut microbiota [26].

First, micro- and nanoplastics in surface water, groundwater, tap water, and bottled water
have gradually been detected by scientists. Surface water, the main source of drinking water,
has been found to contain high levels of microplastics, and the maximum concentration of
microplastics could reach 44,435 items/km? [8]. In addition, Mintenig et al. analyzed the
presence of microplastics in groundwater and groundwater-purified drinking water by col-
lecting samples from different locations in the drinking water supply chain; they found that
the concentration of microplastics ranged from 0 to 7 particles/m?, and the particle size was
between 50 and 150 um [29]. In general, however, the level of microplastic contamination in
tap water is low and the concentration of microplastics entering human body is negligible.
Therefore, bottled water in plastic packaging has received greater attention. Mason tested
bottled water from 9 countries and found an average concentration of 10.4 microplastic parti-
cles/L in 259 selected bottles with particle sizes that were greater than 100 um; the average
concentration in the particle size range 6.5-100 pm was 325 microplastic particles/L [16]. In
addition, the researchers found that these microplastics matched the common plastics used
to make bottle caps, so the contamination may have come from the bottling process and the
packaging itself. Schymanski also found microplastics in bottled water, where the concentration
in recyclable bottles was 118 + 88 microplastic particles/L, and in single-use bottles, it was
14 =+ 14 microplastic particles/L [30].

It is well known that microplastics are transferred through the food chain into higher-
trophic-level organisms. Mattsson’s study found the transportation of microplastics in
the algae—daphnia—freshwater fish food chain [14]. Ultimately, microplastics may enter
the human body through the food chain. For example, Cauwenberghe used mussels as
a vehicle to study the potential threats of microplastics in marine products to humans
through the food chain [31]. It was found that when consuming an average serving (e.g.,
250 g wet weight) of mussels, a person can consume roughly 90 microplastic particles.
Based on this, it can be calculated that the largest consumer of mollusks in Europe will
consume up to 11,000 microplastic particles per year. Moreover, as microplastics accumu-
late, they are biomagnified in higher trophic levels of organisms. Similar to studies on
bottled water, those on canned foods have also concluded that incorrect handling during
processing can increase the concentration of microplastics in foods [15]. In such a case,
Li et al. compared live mussels with pre-treated (frozen or further processed) mussels and
found that live mussels contained 0.9 items/g of microplastics, while processed mussels
contained 1.4 items/g [32].

Food packaging materials are also the source of microplastics in terms of food pollution.
Substances such as the compound monomers and additives left in food packaging materials
may migrate into the food with which they come into contact [33]. To extend the shelf life
and freshness of food, and to improve the properties of packaging materials, nanoparticles
are increasingly being used in food packaging and can also migrate into food [34,35].
Scientists speculate that microplastics in packaging materials may also contaminate food
products that come into contact with them. However, there is a relative lack of research
on contamination due to microplastic particles in packaging materials and the threat these
microplastics pose to the environment and human health.

3.2. Respiratory Exposure

Micro- and nanoplastics that are suspended in the air are mainly from synthetic fibers,
material wear, and the resuspension of surface microplastics [36]. It is well known that
the annual production and use of synthetic fibers have been increasing year-by-year in
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recent years [37]. Browne’s sampling of household washing machines found that 1 load
of laundry can produce > 1900 fibers per wash [38]. In addition, tire wear contributes
significantly to the flow of micro- and nanoplastics into the air. The per capita emissions of
particulate matter from car tire wear range from 0.23 to 4.7 kg/year [39]. It is estimated
that, in the Netherlands, roughly 17,000 t of tire micro- and nanoparticles are created and
released into the environment each year [40]. Micro- and nanoplastics enter the air and are
deposited together with dust on the surfaces of roads or objects. Low-density polymers
are easily resuspended in the air due to the wind or air movement caused by vehicles, and
they can enter the human body through the respiratory system.

In addition, researchers have demonstrated that the human body is exposed to micro-
and nanoplastics through the respiratory system by measuring microplastic levels in air and
human lung tissue, simulating human exposure to microplastics in the air. Liao selected
13 sites by which to sample both indoor and outdoor air and found that the concentration
of microplastics in indoor air (1583 £ 1180 n/ m3) was significantly higher than that in
outdoor air (189 + 85 n/m?) [41]. Europeans spend around 90% of their time indoors for
work and living, resulting in the majority of human exposure to airborne microplastics
occurring indoors [42]. Vianello et al. mimicked human exposure to microplastics in
indoor air via a breathing thermal manikin [43]. Their sample analysis showed that all the
samples were contaminated by microplastics, and the concentrations ranged from 1.7 to
16.2 microplastic particles/m?>. More interestingly, scientists have found microplastics in
human lung tissue, whereby 33 microplastic particles and 4 fibers were detected in 13 of
20 samples, as well as 39 particles in 11 of the 13 samples, with an average concentration of
0.69 £ 0.84 microplastic per gram of lung tissue, thereby revealing the respiratory exposure
pathway to microplastics in humans [19,44].

3.3. Dermal Exposure

Skin contact is considered to be the least important but most common exposure
route due to the use of microplastics in personal care products (e.g., cosmetics, toothpaste,
skin-cleansing products). For purposes such as exfoliation, viscosity adjustment, and
emulsification, microplastics are widely used as additives in cosmetic and skin-cleansing
products [45]. Depending on the functions, different types and sizes of micro- and nanoplas-
tics are selected. Sun et al. state that the particle size of microplastics that are used in
cosmetics ranges from 24 pum to 2 mm, and more than 95% were found to be smaller than
350 um [46]. Praveena surveyed 214 volunteers from Malaysia on cosmetic and personal
care products and found that among the selected products, the particle size of microplastics
in face wash/scrubs ranged from 10 to 178 um [47]. Hernandez et al. drew the same
conclusion when they examined three commercial face washes containing polyethylene mi-
crobeads, whereby they found nanoplastics with particle sizes that ranged from 24 £+ 6 nm
to 52 + 14 nm [48].

There is no study to prove that nanoplastics can cross the skin barrier and enter
the organism. However, many studies have shown that when humans are exposed to
nanoparticles through the dermal contact route, the nanoparticles can enter the body
through the skin barrier and cause toxic reactions [49]. Therefore, scientists have speculated
that the direct contact between nanoplastics and human skin during the use of cosmetics
and personal care products allows nanoplastics to enter the human body through the
skin barrier.

4. Toxic Effects of Micro- and Nanoplastics

In recent years, more attention has been paid to the underlying toxic effects of micro-
and nanoplastics on the environment and organisms. Studies have revealed that micro- and
nanoplastics interacting with the environment can cause eco-toxicity. Micro- and nanoplas-
tics are absorbed by environmental organisms and can enter into consumers through food
chain transfer and nutrient transfer, thus causing cytotoxic reactions such as oxidative
stress and inflammatory reactions. The normal function of the nervous system and immune
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system can also be affected by micro- and nanoplastics, causing neurodegenerative diseases
and immune system dysfunction.

4.1. Eco-Toxicity

Micro- and nanoplastics accumulate when they enter the environment, where they
first cause eco-toxicity in environmental organisms such as plants, earthworms, and
oysters (Table S1).

Micro- and nanoplastics act on microorganisms in the environment firstly, affecting
their activity, metabolism and ability to break down organic matter, thus affecting ecosys-
tem function. Machado et al. focused on the effects of microplastics on the soil microbiota
and illustrated that the increase in microplastic concentration drove an improvement in
microbiota activity [50]. The same conclusion was obtained in Liu’s study, where high
concentrations of polypropylene accelerated the degradation of organic matter in the soil,
leading to different metabolite distributions after 7 and 30 d of exposure [10]. However,
Lopez-Rojo, when studying the effects of different concentrations of polystyrene microplas-
tics on the decomposition process of dead leaves, demonstrated that the decomposition
of leaf litter gradually decreased with increasing microplastic concentrations. There was
a significant trend only with the co-existence of harmful substances, and microbiota medi-
ated decomposition as well [51]. Another study suggested that the presence of microplastics
in water may affect water ecosystem function, and there is a positive correlation between
the concentration of microplastics and the hazards they pose [52]. Additionally, Wang
found that microplastic residues caused by the use of mulch in agricultural production
contributed to a significant decrease in microbial C, N, and enzyme activities, as well as
a significant decrease in microbiota diversity in soil [53].

In addition to affecting the composition of microbiota and their activity, microplastics
that are present in the environment are absorbed by plants, affecting seed germination and
plant growth. Bosker used a 72 h bioassay to study the effects of microplastic particles
of different sizes on cress (Lepidium sativum) growth [54]. It was found that, after 8 h of
exposure, the germination rate of all microplastic-treated seeds was significantly reduced
with the increase in microplastic particle size. In that study, the germination rate of the
cress in the 4800 nm nanoplastic group decreased from 78% to 1.7% when compared to the
control group. However, more interestingly, the root growth significantly increased after
24 h of exposure to 50 nm nanoplastic, but this decreased significantly after 24 h of exposure
to 500 nm nanoplastic. Furthermore, Nolte’s and Zhang’s studies both elucidated that
micro- and nanoplastic particles can reduce photosynthetic efficiency by directly altering
the chloroplast fatty acid content, as well as changing the structure of the photosynthetic
complex and reducing the chlorophyll content of microalgae (Skeletonema costatum), thus
resulting in the growth inhibition of microalgae [55,56]. Similarly, Green’s study on the
effects of microplastics on freshwater ecosystems showed that microplastics significantly
reduce the root length and biomass of floating duckweed [52].

Invertebrates can also respond to the eco-toxicity of micro- and nanoplastics. Earth-
worms (E. Florida) were used to study the toxic response to microplastics, and it was
concluded that the growth rate of earthworms decreased while the mortality rate increased
in the group exposed to high concentrations of microplastics; increasing glutathione (GSH)
levels were observed in the earthworms in a dose- and exposure-time-dependent man-
ner [57]. The same conclusion was obtained in Jiang’s experiments, i.e., that nanoplastic
exposure may cause oxidative stress, a significant increase in GSH content, and a decrease
in superoxide dismutase (SOD) activity in earthworms. In addition, the oxidative damage
and DNA damage caused by 14 d exposure to 1300 nm nanoplastics was significantly
higher than those for 100 nm nanoplastic [58]. Tlili found that microplastic exposure
significantly inhibited the acetylcholinesterase (AChE) activity of wedge clams (Donax
trunculus), suggesting that the accumulation of microplastics was related to the potential
neurotoxicity of wedge clams [59]. Sussarellu’s study showed that microplastic exposure
can cause reproductive toxicity via reducing the oocyte diameter and sperm velocity in
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oysters after 2 months of exposure to polystyrene microplastics [60]. Larval production
and the development of offspring in the exposure group were reduced by 41% and 18%,
respectively, when compared to the control group. These data suggest that microplastics
not only produce toxic responses in the parents but also present transgenerational hazards
that affect the growth and development of offspring.

4.2. Marine Invertebrates and Vertebrates

Micro- and nanoplastics are absorbed by plants and then pass through the food
chain. Then, they are transferred via nutrients into animals, thus causing toxic reactions.
Some fish and birds are a better basis for speculating on the harmful effects of micro- and
nanoplastics on humans than ecosystems. Therefore, the effects of micro- and nanoplastics
on marine invertebrates and vertebrates should be of wide concern. Although an increasing
number of scientists are concerned about the toxicity of micro- and nanoplastics, the specific
mechanisms of toxicity remain unclear (Table S2).

After entering animals’ bodies through various routes, micro- and nanoplastics are
not simply excreted from the body but accumulate in the tissues. In zebrafish embryos,
nanoplastics were found in the yolk sac of fertilized eggs 12 h after fertilization, following
their exposure to polystyrene nanoplastics 6 h after fertilization. Furthermore, nanoplastics
migrate and accumulate in the gastrointestinal tract, liver, pancreas, bile, heart, and even
brain of zebrafish during their growth and development, and they also exist in the maternal—-
infant transmission process [21,61]. Microplastics have been found in terrestrial animals,
and seabirds are thought to be the mediators of these pollutants, i.e., they provide a trans-
mission route from the marine environment to the terrestrial environment [62]. Provencher
examined 186 thick-billed murres from the eastern Canadian Arctic and found that 11%
of thick-billed murres had microplastics in their gastrointestinal tracts with an average of
0.2 & 0.8 microplastic particles per bird [63].

The accumulation of micro- and nanoplastics in the tissues of organisms first causes
histopathological changes. Xia et al. studied the effect of polyvinyl chloride microplastics
on the growth of carp and found that, when compared with the normal radiolucent ar-
rangement of carp hepatocytes in the control group, the hepatocytes in the exposure group
were visibly loosened and the cell vacuolation was increased [64]. Moreover, micro- and
nanoplastics can cause dilated hepatic sinusoids and hypertrophy and necrosis of hepato-
cytes, and they can increase the extracellular matrix in liver tissues [23,65]. Additionally,
exposed to polystyrene microplastics, the zebrafish intestine showed not only thinning of
the intestinal wall and congestive inflammation but also impairments and ruptures in the
villi and epithelium, lysis of enterocytes, and a disruption of the integrity of the epithelial
barrier at high levels [66,67]. In marine medaka (Oryzias melastigma), Wang found that
microplastics caused damage to gills and testes. Aside from the liver and intestinal tissues,
the gills underwent physical changes, such as a loss of gill lamellae and the loosening of gill
filaments after 60 days of microplastic exposure. In addition, the testes of marine medaka
showed blurring of the spermatophore structure and lysis of the basement membrane when
exposed to high concentrations of microplastics [65].

Micro- and nanoplastics generally enter into the organism and cause cytotoxicity due
to oxidative stress and inflammatory responses [36]. In a zebrafish study, catalase (CAT)
and SOD activities were significantly higher when compared to the control group. In
addition, the expression of the inflammatory gene IL-13 and oxidative stress-associated
genes was also higher, thus indicating the occurrence of oxidative stress [23,25,64,66,68,69].
It has also been discovered that exposure to micro- and nanoplastics disrupts the feeding
behavior of organisms, thus reducing energy intake by affecting the nervous system (i.e.,
increased feeding times, decreased feeding behavior, etc.) [70,71]. One study showed that
microplastics contribute to changes in neurotransmitter activity; specifically, AChE activity
was decreased in Amazonian cichlid heads, thus inhibiting their cholinergic neurotrans-
mission [71]. Further, micro- and nanoplastics have been shown to disrupt immune system
function, causing the degranulation of primary neutrophil granules and the release of neu-
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trophil extracellular traps (NETs), thus suggesting impaired innate immune function [72].
Similarly, Karami’s study found that microplastics cause decreased globulin levels in fish,
which indicates an immunosuppressive response [73].

4.3. Mouse Models

Although rarer in these studies, terrestrial mammals are more representative of hu-
mans for speculating on the harm of micro- and nanoplastics to humans. Most of the
current studies on the effects of micro- and nanoplastics on mammals use mouse models,
and the toxicities induced by exposure to micro- and nanoplastics are listed in Table 1.

Similar to those in marine invertebrates and vertebrates, micro- and nanoplastics first
give rise to accumulation in the tissues such as liver, kidney, and gastrointestinal tract
tissue, and then, they lead to toxic reactions [24,74]. The long-term interaction of micro-
and nanoplastics with tissues will result in histopathological changes. For instance, in some
studies, the liver index (liver weight/body weight) of the mice in the microplastic-exposed
group increased when compared to the control group, and the microplastics induced severe
vacuolar degeneration of the liver tissue and caused hepatocyte edema [75,76]. In mice, Jin
and Lu also found that micro- and nanoplastics cause a decrease in the amount of intestinal
mucin and mucus secretion, as well as inducing intestinal barrier dysfunction [26,77].

205



Metabolites 2023, 13, 739

[6£]

uoneIauad GOy paseadu]

(wu oGz pue
“wiu (o “wm 1) sonsejdoueu pue -orru suaif)sL[og

(wu 09 pue “wu
00T “wm 97—¢) sonserdouru pue -0 SUSAYIRAIO]

[¥2]

SUOT}OBAI DIX0}0INdU

pue SSa13s dATIEPIXO JUISNed St [[oM Se “WSI[0qeIdW Jej pue ASISUd UI SadURqIN)SIp pasne)
az1s apnaed opserdomnnu uo yuspuadsp sureyred uonnqrysip
PpUe SOHAUDY UOLJR[NWNII. SNSST) YHIM ‘SULSAUL pue ASUpry 93 Y30q Ul UOGR[NWNIDY

(wr oz pue wn ) sonserdororur auarfisAjoJ

[82]

926 Pue “I-dV ‘PA1L JO

uorssardxa paseaour se [[om se ‘osuodsar A1ojewrueur JULdTUSIS © PIMOYS dUISIIUT [[EWS ],

S[9AQ] V-] PaIeAI[]

WNIIUDAD] JO ddURPUNGE PISEIIIP PUe $100000]/1jdp}§ JO ddURPUNJE PIsLaIdU]

(wr 0g1-01) sonserdomonu suaifysA[oJ

[22]

SISOUJUAS

9pL1a0A1311) pue sisouadodrpe Yiim pajerdosse sauad Aoy Ureirad Jo S[PAS] VN W Pasearda(]

S[9AJ] [0I9)SA[OD [©}0} puek IPLISOATSLI) IDAT] IOMO]

Padnpol aIoM 119]0V4aJ04J-Y PUe SINd1uLil] JO aouepunge sAne[oy

UOT}2109S SNONW [EUT}S9UT PIseaIdd(]

dorwr ayy ut JySrom prdi] pue JySrom 1oA1] ‘ySrom Apoq paonpay

(wmr
0S pue wr g-0) souserdoureu pue -orrw suaIISA[O]

[92]

paseaxndur sisoydode jo oyer a34d03eday 201

S[9AJ] V(N PISEIDUT PUe SaNTATIOR HSO) PUk ‘I ‘AOS-I Pasea1ddq
ewdpa JenyEdojeday pue ‘Uoren[IuI [[90 AI0jewuIejur

OTUOTD “UOTJRISUSS3aP Tejondea anssty Aq paruedurosde ansst) I9AT[ 9} UT paje[nunody

(wrr ) sonserdordru auaikisA[og

[ez]

uorssazdxe 1¢-1030e] yamord Jururiojsuer pue ‘-1 ‘01-11 ‘S-11 ‘F-1I JO uonenIar-umo]

sayho0yeday Tewdyouared-uou

ur uorssardxe YNRW £6-1 Pue “9-1 “g -1 “0-IN.L ‘A-uoidjreyut jo uonemn3ai-dn
SIOJEdIPUI UOLDUNY IDAL] PUR ‘XIPUIL IDAT] ‘JYSIOM ISAI] PISLIdU]

(wr g) sonserdoueu auarfisA[oJ

[92]

SISajuAsorq poe ey pue

“wisTjoqejaw aursoIA) “‘wstjoqelowr ajeaniAd se yons sAemyjed osrjoqejewr ur saGueyd juedyrulig
$9J90AWOUT}OR UT 9SLAIDDP JULDYTUSIS © YJIM AJISIOATP BIO[J [RUSIIUT 3} Ul sagueyD)

UOTOUNJ I9LLIR] [eUT}SIIUL

pairedwr pue UOIaI29S SNONW [EUNSIIUT PIONPIIL OS[e PUE SINSST) [EUTISIIUL S} UT PAR[NUINIIY

(wn ) sonserdororw suaifysA[og

[¥/]

dUIISYUI S} UI PUNOJ Sem

1030BJ UOTJR[NUWINIOLOI( ISAYSIY S} PUE ‘@I JO SULSIIUL PUe “IDAI ‘ASUP S} UL PJe[NUNIIY

(wrr gz—6) sonserdororu suaifysLjoq

CRIVERCE) ] |

Apxoy,

pasn sonsejdomIA Jo sanradoig

*901TWr A103RI0qE] U0 91Msodxa dnse[dordtu Jo s30aj9 dIX0], *I d[qel

206



Metabolites 2023, 13, 739

[8]

pooyinpe ur asnowr uonerauas 1.1 sy} ur uorjenwmdoe pidif oneday jo Ajiqissod ayyp e

0TI 7 pue T 9y} ur saouanbasuod orjoqejour ure}-uoy Yiim sjoajjo [euonjeioua8iojur pasne)) e
Iyjowr

9} uT UoOUNJSAp ISTLIE] [RUTISIIUT PUE ‘SISOTGSAP BIO[J [EUT)SI)UT ‘SI9PIOSIP dI[OEeIdaUW Pasne))

(urr ) sonserdordru auaikisA[og

[z8]

a8ewrep yN(J jo @ouereaddy

JUSIUOD HSO) [€10} paonpar pue A3ranoe Surduaaeds [edrpel HJ( paonpay

s1oyepaid jo adej oy} ur sasuodsar asusyep 10jepard-rjue pue 101ARY] NI[-AIdIXUE UI safuey))
UreIq 9Snow ay} Ul UO R[Ny

(uwrua 9z—¢7) sonserdoueu suarfisATo g

[18]

uonezrrejod £q pamoyoy sem sonserdororu jo axyeidn aeydoe
SUOTEIURDUO0D 19y31Y 38 AJI[IQIA [[9D UI 9SEIDIP B sasne))
30’1} [EUNSIUL S} UT UO BR[NNI

(wr o1 pue ‘wn § ‘wrl 1) sonserdordru suaIk)SAT0]

[08]

[9AS] Ie[N][9D Y} J€ SUOI}OLII DIZID[[E SIINPUI UDIYM ‘QUILE)SIY JO UOLIIIIS Y} PISLaIdU]
Jauuew Juspuadap-uoneruaouod e ur sisAjowal] 914001419 pasne))

S[9A9] SO Pa1eAd[d

S[2AI] V-IN.L PU® 9-TI pajess[q

(wr goz>) sonserdororu susjAdordAiog

CRIVERCE) ] |

Apixoy,

pasn sonserdomIA Jo sanradoig

Ju0D "L 3qeL

207



Metabolites 2023, 13, 739

Micro- and nanoplastics frequently cause inflammatory responses and oxidative stress
when entering organisms. In an experiment investigating the effect of polyethylene mi-
croplastics on the development of inflammation in mice, Li demonstrated that the serum
levels of IL-1x were significantly higher in the microplastic-exposed group at different
concentrations [78]. Additionally, the small intestine of mice fed with high concentrations
of nanoplastics exhibited a pronounced inflammatory response with increased expressions
of TLR4, AP-1, and RF526. Similarly, Zhao found that interferon-y, TNF-, IL-1f3, IL-6, and
IL-33 mRNA expressions were up-regulated and IL-4, IL-5, IL-10, IL-18, and transforming
growth factor-31 expressions were down-regulated in liver non-parenchymal cells after
nanoplastic exposure, indicating that nanoplastics disrupt the inflammatory process in
liver tissues [75]. The increased level of oxidative stress that was induced by micro- and
nanoplastics in mice was reflected by the decreased activities of antioxidant enzymes con-
taining T-SOD, CAT, and GSH, as well as by the increased reactive oxygen species (ROS)
levels [24,76,84]. In addition to the aforementioned, the ROS levels and inflammatory
factors IL-6 and TNF-a were reproducible when human-derived cells were exposed to
micro- and nanoplastics [79,80].

Interestingly, micro- and nanoplastic accumulation in tissues also causes metabolic
disorders in mice. It was found that the continuous accumulation of microplastics in
tissues led to a significant decrease in T-CHO and TG, which also led to lipid droplet
accumulation and the relative mRNA levels of the key genes related to adipogenesis
and triglyceride synthesis being reduced in liver and epididymal lipids, thus causing
hepatic lipid metabolism disorders [24,74,81]. The energy metabolism of mice is also
disturbed by microplastics, causing lower ATP levels, higher LDH activity, and alterations
in energy-related metabolites including creatine, 2-oxoglutarate, and citric acid [24]. In
the nervous system, researchers observed a decrease in AChE activity and cholinergic
neurotransmission efficiency in mice treated with nanoplastics. In addition, some of these
mice showed increased levels of neurotransmitters such as threonine, aspartate, and taurine,
suggesting that nanoplastics can induce neurotoxicity in mice. This could also be reflected
by nanoplastic-induced behaviors that are similar to anxiety disorders and anti-predator
defense responses that occur when mice are confronted with potential predators in field
experiments [82]. Furthermore, micro- and nanoplastic exposure induces DNA damage
and intergenerational effects in mouse experiments [82,83] (Figure 3).

Normal Gut Microbiota Disturbed Gut Microbiota

Intestinal barrier function ° Intestinal barrier dysfunction

Energy metabolism ° * Energy metabolism disorder
Immune development ¢ * Inflammation

Neurotransmitters ¢ ¢ Neuro-disorder

Figure 3. Normal gut microbiota versus micro- and nanoplastic-disturbed gut microbiota.

4.4. Impact of Micro- and Nanoplastic Exposure on the Gut Microbiota

The gastrointestinal tract is a particularly complex system that plays an important
role in the intake and absorption of nutrients in humans. Micro- and nanoplastics enter
and accumulate in the intestine and interact with tissues, affecting the intestinal barrier’s
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functioning [85]. The intestinal barrier can be divided into the physical barrier, chemical
barrier, immune barrier, and microbiological barrier, which consists of a microbiota that
maintains intercellular connections and promotes epithelial cell damage repair [86,87].
In their review, Ley et al. noted that there are approximately 10'* microbiota present in
the human gut, and they emphasized the important role that microbiota play in regard
to human health [88]. It has been demonstrated that the host’s health is significantly
influenced by the gut microbiota [89]. The gut microbiota is involved in the regulation
of host physiological functions, such as the regulation of intestinal motility and secretion,
the decomposition of macromolecular polysaccharide compounds in food, participation in
the biosynthesis of vitamins and nutrients, participation in the digestion and absorption
of nutrients, maintenance of the integrity of the epithelial barrier, and promotion and
maintenance of the normal development of the immune system and its activities [90-92].
Nevertheless, the accumulation of micro- and nanoplastic particles in the intestine can result
in dysbiosis of the gut microbiota, which is closely linked to several illnesses, including
diabetes, cardiovascular diseases, hypertension, and others [90-92].

4.4.1. Changes at the Compositional Level

Many studies have found that the entry of micro- and nanoplastics into the intestine
causes disturbances in the gut bacteria, in terms of both composition and function (Table 2).

Significant changes in the diversity and composition of the gut microbiota are present.
In Chinese mitten crab (Eriocheir Sinensis), after exposure to 40 mg/L of polystyrene
microplastics (with a particle size of 5 um), the relative abundance of Firmicutes and
Bacteroidetes decreased, whereas the relative abundance of Fusobacteria and Proteobacteria
increased [93]. Further, marine medaka (Oryzias melastigma) exposed to polystyrene micro-
and nanoplastics at 45 pm and 50 nm showed increased x-diversity of the gut microbiota
and a decreased relative abundance of Bacteroidetes [94]. Similarly, Zhao et al., who studied
the effects of microplastics on zebrafish, found that the exposure of zebrafish to 1-4 pm
of polyethylene microplastics for 7 days aroused significant changes in the abundance of
Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia in the intestine [95]. In addition,
at the genus level, the abundance of Aeromonas, Shewanella, Microbacterium, Nevskia, and
Methyloversatilis increased significantly, while the abundance of Pseudomonas, Ralstonia,
and Stenotrophomonas decreased significantly. Soil collembolans exposed to 80-250 pum
polyvinyl chloride microplastics for 56 days showed a significant increase in gut microbiota
diversity, with a significant change in the microbiota and the appearance of a large number
of unique OUTs [96]. In a mouse model, the diversity, amount of bacteria, and Staphylococcus
abundance were increased, while the Parabacteroides decreased significantly, in mice exposed
to different concentrations of microplastics (6, 15, 60, and 600 pg/d) [78]. Conversely, in
another study, it was found that when mice were exposed to 50 pm and 0.5 um polystyrene
microplastics, their gut micro- and nanobiota diversity was significantly reduced; in the
0.5 pm exposure group, 310 OUT intestinal microbiota were changed, and at the gate
level, the relative abundance of Firmicutes and a-Protebacteri in feces was significantly
decreased [77]. Similarly, Jin found that 5 pm polystyrene microplastics led to dysbiosis of
the intestinal microbiota, as well as significant changes in 15 bacterial species at the genus
level in mice [26].
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4.4.2. Changes at the Metabolite Level

It is not enough to study the structure and composition of microbiota; the function of
the microbiota should also be considered when assessing whether micro- and nanoplastics
are affecting the homeostasis of the gut microbiota. It is acknowledged that gut microbiota
participate in regulating the body’s metabolism, intestinal motility, intestinal barrier func-
tion, and the digestion and absorption of nutrients, as well as maintenance of the normal
function of the immune and nervous systems. Meanwhile, the functions that could interfere
with the toxicity of microplastics are mainly a result of the metabolic reprogramming of the
gut microbiota (Table 3).

Microplastics cause disruptions in the composition and structure of the gut microbiota
and consequently in its metabolic functions: carbohydrate metabolism, lipid metabolism,
amino acid, energy metabolism, etc. Microplastic-exposure-induced dysbiosis of the gut
microbiota has been reported to significantly alter carbohydrate metabolism; the expression
of the pentose phosphate metabolic pathway (i.e., a glucose catabolic pathway that is
prevalent in microbiota) was significantly reduced [97]. In addition, fructose and mannose
metabolism in human Caco-2 cells was inhibited with down-regulated mannose metabolism
gene expression. Inhibition of carbohydrate metabolism also occurred in marine medaka
(Oryzias melastigma) and in mealworms (Tenebrio molitor) [98,99]. In addition, normal
lipid metabolism was disturbed after long-term exposure to polystyrene microplastics,
both in the gut microbiota and in the host [98,100]. In a recent study, microplastics were
demonstrated to reduce the level of taurocholic acid (TCA) via increasing the ratio of
Bifidobacteria to Bacteroide in the intestine, thereby reducing lipid absorption in mice [101].
Microplastic exposure also alters the amino acid and energy metabolism of chicken gut
microbiota; this is accompanied by a significant decrease in L-serine and ornithine levels,
which have a variety of important functions in the developmental stages, such as the
synthesis of neurotransmitters, proteins, and sphingolipids [102]. Peng’s study showed
that polystyrene microplastics interfere with histidine metabolism in the mealworm gut
microbiota, which is followed by alterations in metabolic pathways, such as pentose
phosphate metabolism, alanine metabolism, and glutamate metabolism [99]. In another
study, in mouse gut microbiota, microplastic exposure for 6 weeks resulted in significant
differences in the metabolic pathways of tyrosine-functional genes [26].

Moreover, microplastics affect the synthesis of bile acids by intestinal flora, the produc-
tion of short-chain fatty acids and neurotransmitters, and the normal function of the body.
It is known that Gram-positive bacteria promote the synthesis of bile acids in the intestine.
In an experiment on the effect of polyethylene microplastics on the intestinal microbiota, it
was found that the proportion of Firmicutes decreased, resulting in a reduction in secondary
bile acid synthesis [97]. Qiao’s study showed that exposing mouse intestinal microbiota to
5 um and 70 nm polystyrene micro- and nanoplastics resulted in a decrease in short-chain-
fatty-acid-producing bacteria and an increase in Gram-negative bacteria [103]. Because
short-chain fatty acids and lipopolysaccharide production by Gram-negative bacteria are
closely related to intestinal barrier function, the investigators suggested that micro- and
nanoplastics acting on intestinal tissues may indirectly disrupt barrier function by modu-
lating the microbial structure. In addition, decreases in Lactobacillus and Bifidobacterium,
which are the main y-aminobutyric acid (GABA)-producing bacteria in the gut, result
in a decrease in the GABA content, which thus further alters neurotransmitter synthesis
and affects the neurotransmission and behavior of fish [104]. Studies on how micro- and
nanoplastics affect the function of the immune system through the gut microbiota are
incredibly limited. However, Kang et al. found that micro- and nanoplastics affect gut
mucus secretion; this was noted when there was a significant increase in the amount of
mucus in the exposed group when compared to the control group. Because mucus contains
a variety of microbiota, it plays a key role in a variety of physiological functions, including
immune function [94].
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4.5. Micro- and Nanoplastics and Population

Although more and more scientists are studying micro- and nanoplastics, most of the
studies on their toxicity involve ecological, non-mammalian, and laboratory mouse models,
but relatively few studies have been conducted on human populations. Current research on
micro- and nanoplastics relevant to humans is limited to the discovery of their accumulation
in human tissues and in vitro experiments with human cells. After scientists discovered the
presence of microplastics in placenta by Raman spectroscopy in 2021 [18], in 2023, Zhu et al.
used infrared spectroscopy to characterize microplastics in placenta. A total of 11 types were
found in the placenta, with particle sizes ranging from 20.34 um to 307.29 um, most of which
were predominantly fragments (<100 pm) and fibers (200-307.29 um) [105]. Furthermore,
systemic toxicity of microplastics to the placenta was postulated by a machine learning
approach [106]. One researcher found that polycarbonate, polyethylene terephthalate, and
polystyrene exhibited the highest toxic effects on all enzymes. These microplastics can
effectively identify the site of enzyme activity and pose a significant risk to the placenta
through inhibition of key enzymes. Whether these micro- and nanoplastics in the placenta
make it into the fetus is critical. Braun et al. collected maternal placenta and meconium
to test for the presence of microplastics [107]. The results showed that polyethylene,
polypropylene, polystyrene, and polyurethane were present in placenta and meconium,
and their particle sizes were all > 50 um. In addition to the placenta, the researchers found
through a small prospective cohort study that microplastics in fetuses may also come from
breastfeeding, feeding bottles, and plastic toy use [108]. These microplastics accumulate in
the fetus, and liu et al. found that they can affect the composition of fetal gut microbiota and
cause microbiota disturbance [109]. The gut microbiota was mainly composed of Proteus,
Bacillus, and Villus, and the Chao index of gut microbiota and polystyrene was negatively
correlated. The concentration of microplastics was positively correlated with Pseudomonas
aeruginosa, streptococcus, and Clostridium. In addition, Huang et al. detected the presence
of microplastics in almost all sputum samples collected from people with respiratory
diseases [110]. In addition, polyurethane was the main microplastic detected, followed by
polyester, polyvinyl chloride, etc. According to the data analysis, it was revealed that the
exposure of microplastics may be related to smoking or not smoking and invasive air tube
inspection. Furthermore, microplastics have been found in human testicles, semen, and
intestines [111,112]. In addition, scientists used vitro experiments to study the possible
effects of micro- and nanoplastics on humans. Annangi used human nasal epithelial cells
to study the possible effects of polystyrene nanoplastics in the air and found that after
exposure to nanoplastics, reactive oxygen species increase, mitochondrial membranes lose
potential, and autophagy accumulation regulates the autophagy process [113]. Furthermore,
human fibroblasts exposed to polystyrene nanoplastics also showed mitochondrial damage
and disrupted the expression of caspase3, caspase9, cytochrome c, and other related
proteins to induce cell apoptosis [114]. Polystyrene nanoplastics can be internalized by
human alveolar basal epithelial cells and human colorectal adenocarcinoma cells [115] and
damage the cell vitality of liver cancer cells [116]. All of this indicates the potential threat
of micro- and nanoplastics to human health.

In conclusion, not only microplastics but also nanoplastics are found to be widespread.
It is well known that the concentration and size of contaminants can significantly affect their
toxicity. Scientists have realized the seriousness of the problem and begun conducting in-depth
research. First, microplastics” different particle sizes affect their accumulation in different tis-
sues. Deng et al. used 5 pm and 20 pm polystyrene microplastics to investigate whether
different particle sizes would affect their accumulation in tissues and organs. They found
that although microplastics of different sizes were accumulated in liver, kidney, and intestine,
their tissue accumulation kinetics and distribution were strongly dependent on their particle
sizes [24]. After 4 weeks of exposure, the concentrations of 5 um microplastics in liver, kidney,
and intestine reached 4.42 x 10° 4+ 4.23 x 10° items/g, 1.38 x 10”7 £ 1.36 x 10° items/g, and
2.03 x 107 £ 2.00 x 10° items/g, respectively. However, the concentrations of 20 pm microplas-
tics were relatively low: 1.73 x 10° £ 1.68 x 10% items/g, 1.78 x 10° & 1.91 x 10* items/g,
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and 1.77 x 10° + 1.86 x 10* items/g. Yang et al. also found that the absorption rate constant
of microplastics with smaller particles is larger, while that of larger particles is smaller [74].
Compared to microplastics, nanoplastics have smaller particle sizes and are more likely
to enter organisms through various routes. For example, when zebrafish embryos were
exposed to 100 nm, 500 nm, and 1 um micro- and nanoplastics, large amounts of nanoplas-
tics were found to be deposited on the chorionic surface and yolk sac of the embryos
in the 100 nm and 500 nm exposed groups, and they even were observed in the brains
of larvae [117]. However, in the 1 um microplastic exposure group, microplastics were
only deposited on the surface of the embryonic chorionic membrane and did not enter
the embryo interior and larval brain tissue. More interestingly, Zhang et al. studied the
accumulation of 70 nm, 200 nm, and 500 nm polystyrene nanoplastics using human alveolar
basal epithelial cells (A549) and human colorectal adenocarcinoma cells (Caco-2) [115].
It was found that all 3 sizes of nanoplastics could be internalized, but the numbers of
nanoparticles of 200 nm and 500 nm were lower than that of 70 nm nanoplastics. These
studies show that smaller micro- and nanoplastics seem to more easily enter organisms and
accumulate in tissues, so smaller nanoplastics should deserve more attention. In addition
to the differences in bioaccumulation, the scientists also found that smaller plastic particles
seem to cause more serious biotoxicity and biohazards. When human hepatoma cells
(HepG2 cells) were exposed to 50 nm, 100 nm, 1 pm, and 5 pm micro- and nanoplastics,
scientists found that smaller aminated particles (50 nm, 100 nm) were more harmful to
cell viability than larger aminated particles (1 um, 5 um) [116]. In addition, Wang et al.
also found that the smaller the particle size of nanoplastics was, the more easily they were
bound to superoxide dismutase (SOD) in cells to form complexes, and the smaller nanoplas-
tics (100 nm) induced more significant changes in SOD activity (20% increase in activity).
However, nanoplastics with larger particle size (200 nm and 1 um) had little effect [118].
Furthermore, exposure concentration is also an important factor affecting the toxicity
of micro- and nanoplastics. For example, Banerjee et al. found that not only the parti-
cle size but also the concentration was an important factor in their toxicity [116]. The
effects of aminated nanoplastics (50 nm and 100 nm) on cell activity increased with the
increase in the concentration, and the toxicity was greatest when the maximum exposure
concentration was reached (100 pg/mL). Interestingly, however, Hu et al. found that
nanoplastics had a double effect on the effects of Pseudomonas aeruginosa (PAO1) [119].
Using 0.1 mg/L, 20 mg/L, and 50 mg/L polystyrene nanoplastics to culture PAO1, the
researchers found that 20 mg/L and 50 mg/L polystyrene nanoplastics significantly in-
hibited the nitrate reduction process, and the expression of related denitrification genes
was also significantly down-regulated. However, denitrification of PAO1 was promoted
when it was exposed to 0.1 mg/L polystyrene nanoplastics. The double effect was also
reflected when Macrobrachium nipponense was exposed to different concentrations of
polystyrene nanoplastics [120]. The study found that with the increase in the concentration,
the activity of SOD, CAT, and other antioxidant enzymes generally decreased, while the
expression of antioxidant-related genes showed a trend of first increasing and then decreas-
ing. The expressions of SOD and CAT genes in the 5 mg/L and 10 mg/L exposure groups
were significantly higher than those in the control group, and the expressions of SOD and
CAT genes were significantly lower than those in the control group when concentration
increased to 20 mg/L and 40 mg/L. In addition, the trend of immunoenzyme activity in
Macrobrachium nipponense was consistent with that of antioxidation-related genes. These
results suggest that low concentrations of polystyrene micro- and nanoplastics appear to
enhance the survival of organisms in the environment, but high exposure has toxic effects.

5. Preventive Strategies

Most of the current studies focus on the dangers of plastics to organisms and humans,
but the ultimate goal is to understand how to prevent these hazards (Table 4).

Anthocyanin is a safe and non-toxic natural pigment extracted from bayberry, mul-
berry, strawberry, blueberry, and other berries. It functions as an antioxidant and anti-
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inflammatory, as well as having anti-apoptosis, anti-cancer, anti-diabetes, and neuropro-
tective properties [121,122]. Cyanidin-3-glucoside (C3G) is one of the functional factors
of anthocyanins, and it has been reported to alleviate the toxic effects of polystyrene by
promoting the excretion of polystyrene from feces and reducing the harm of locomo-
tion behavior in terms of head and body bending time [121-126]. The mechanisms by
which C3G alleviates the toxic reactions caused by polystyrene include the activation of
autophagy, the remodeling of intestinal flora, and changing metabolic pathways. Au-
tophagy is necessary for C3G to alleviate polystyrene-induced cytotoxicity. By activating
the Sirt1-Foxol signaling pathway, C3G increases LC3 levels in cells (an increased expres-
sion level can activate autophagy) and decreases p62 levels (a decreased expression level
promotes autophagosome formation), which causes autophagy and promotes polystyrene
degradation [122]. Through 16S rRNA high-throughput sequencing, Chen found that the
intestinal microbiota composition was changed after PS and C3G treatment in mice [123].
As a result, the numbers of Dubosiella used as intestinal probiotics decreased after 6 weeks
of PS administration, while the decreasing trend was significantly alleviated after C3G
intervention. Compared with the polystyrene-exposed group, the level of probiotic genes
in the C3G-treated group was significantly increased. C3G was also involved in energy
metabolism and improved mitochondrial dysfunction. Studies have found that C3G can
correct polystyrene-induced mitochondrial dysfunction and increase the ATP content of
cells and nematodes by activating the AMPK/SIRT1/PGC-1« signaling pathway [125].
Moreover, the accumulation of polystyrene in the body will cause oxidative stress, thus
producing excessive ROS and superoxide anions (O%). By alleviating the effects of oxida-
tive stress, C3G can delay age-related physiological decline and aging, as well as prolong
the lifespan of nematodes [122].
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Fecal microbiota translocation (FMT) is another effective strategy to deal with polystyrene
toxicity. In an experiment regarding microbiota transplantation, it was found that the
GSH content in the polystyrene-exposed group was decreased and the consumption of
GSH was increased, while the group treated with FMT exhibited accelerated generation
of GSH, which thus alleviated oxidative stress by increasing the expression level of GSH
synthase [127]. Overall, prevention and treatment strategies for addressing the public
health problems caused by microplastics are still limited and there is an urgent need for
further exploration.

6. Conclusions and Perspectives

Microplastic pollution has pervaded the environment. Human exposure and the
cumulative uptake of these microplastics are expected to increase over time, and this
phenomenon has aroused wide concern among scientists. A growing number of scientists,
however, have studied the potential hazards of microplastics when exposed to ecosystems,
invertebrates and vertebrates, and laboratory mouse models. Knowledge about the toxicity
of microplastics is still limited.

(i) Most of the current studies on the toxicity of micro- and nanoplastics have focused on
the ecological environment and non-mammalian and laboratory mouse models. So far,
what we know about micro- and nanoplastics and human health includes the fact that
micro- and nanoplastics have accumulated in human tissues and organs, and relatively
little research has been done on the harm they cause. However, the accumulation of
micro- and nanoplastics in human tissues having not been discovered until recent
years, the ethical limitations of collecting human specimens, and our current limited
understanding of the toxicity of micro- and nanoplastics and the biomarkers that
reflect their toxicity have limited scientists to conducting epidemiological studies.
Determining whether micro- and nanoplastics have direct or indirect relationships
with the occurrence and development of human diseases still requires scientists to
continue efforts and exploration.

(ii) There are limited data on the ecological, biological, and human toxicity of micro- and
nanoplastics under environmentally relevant conditions. Exposure concentrations of
the microplastics used in the laboratory study were significantly higher than those
associated with the environment, so the scientists speculate that the laboratory results
may overstate the harm caused by micro- and nanoplastics at the environmentally
associated concentrations. In addition, extensive studies are still needed to elucidate
the pathological mechanisms by which microplastics cause toxic hazards at the cellular
and tissue levels and the health consequences of long-term exposure.

(iii) In addition, factors affecting the toxicological role of microplastics, such as sex dif-
ferences, the dose-response relationship, exposure frequency, and the type and size
of microplastics have not yet been thoroughly investigated. Therefore, it is urgent
to conduct more in-depth research on the factors influencing microplastics’ toxicity,
microplastics-related knowledge, and potential risks, so as to provide a scientific basis
for policy makers to cooperate with each other, solve this pressing environmental
problem, and protect human health.

However, we believe that this review may have some limitations. In summary, there is
a lack of population studies on micro- and nanoplastics, so although our aim was to study
the toxic hazards of micro- and nanoplastics in the population, unfortunately, based on
our literature search, there are few data available on toxic effects of microplastics at the
population level. The relatively few data on population studies in this review still do not
allow for a better assessment of the hazards of micro- and nanoplastics in humans.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/metabo13060739/s1. Table S1: Toxic effects of microplastic exposure to
environmental organisms; Table S2: Toxic effects of microplastic exposure to marine invertebrates
and vertebrates.

Author Contributions: Conceptualization: H.N. and X.L. (Xueqing Li); literature search: H.N., Y.J.,
L.H., Y.L, Y.H. and L.W,; writing—original draft: H.N.,S.L., M.X., Z.C., X W. and X.L. (Xiaoming Lou);
writing—review and editing: all authors. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Geyer, R.; Jambeck, J.R.; Law, K.L. Production, use, and fate of all plastics ever made. Sci. Adv. 2017, 3, €1700782. [CrossRef]

2. Wu,M,; Tu, C; Liu, G.; Zhong, H. Time to Safeguard the Future Generations from the Omnipresent Microplastics. Bull. Environ.
Contam. Toxicol. 2021, 107, 793-799. [CrossRef]

3. Rillig, M.C. Microplastic in terrestrial ecosystems and the soil? Environ. Sci. Technol. 2012, 46, 6453-6454. [CrossRef]

4. Andrady, A.L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 1596-1605. [CrossRef] [PubMed]

5. Thompson, R.C.; Olsen, Y.; Mitchell, R.P; Davis, A.; Rowland, S.J.; John, A.W.G.; McGonigle, D.; Russell, A.E. Lost at sea: Where
is all the plastic? Science 2004, 304, 838. [CrossRef] [PubMed]

6. Wang, J.; Liu, X,; Li, Y.; Powell, T.; Wang, X.; Wang, G.; Zhang, P. Microplastics as contaminants in the soil environment:
A mini-review. Sci. Total Environ. 2019, 691, 848-857. [CrossRef]

7. Yang, D.; Shi, H.; Li, L,; Li, J.; Jabeen, K.; Kolandhasamy, P. Microplastic Pollution in Table Salts from China. Environ. Sci. Technol.
2015, 49, 13622-13627. [CrossRef]

8. Free, C.M,; Jensen, O.P,; Mason, S.A.; Eriksen, M.; Williamson, N.J.; Boldgiv, B. High-levels of microplastic pollution in a large,
remote, mountain lake. Mar. Pollut. Bull. 2014, 85, 156-163. [CrossRef]

9. Kosuth, M.; Mason, S.A.; Wattenberg, E.V. Anthropogenic contamination of tap water, beer, and sea salt. PLoS ONE 2018,
13, €0194970. [CrossRef] [PubMed]

10. Liu, H.; Yang, X,; Liu, G.; Liang, C.; Xue, S.; Chen, H.; Ritsema, C.J.; Geissen, V. Response of soil dissolved organic matter to
microplastic addition in Chinese loess soil. Chemosphere 2017, 185, 907-917. [CrossRef] [PubMed]

11.  Weithmann, N.; Méller, ].N.; Loder, M.G.].; Piehl, S.; Laforsch, C.; Freitag, R. Organic fertilizer as a vehicle for the entry of
microplastic into the environment. Sci. Adv. 2018, 4, eaap8060. [CrossRef]

12.  Abbasi, S.; Keshavarzi, B.; Moore, E; Turner, A.; Kelly, EJ.; Dominguez, A.O.; Jaafarzadeh, N. Distribution and potential health
impacts of microplastics and microrubbers in air and street dusts from Asaluyeh County, Iran. Environ. Pollut. 2019, 244, 153-164.
[CrossRef]

13. Obbard, R.W.,; Sadri, S.; Wong, Y.Q.; Khitun, A.A.; Baker, I.; Thompson, R.C. Global warming releases microplastic legacy frozen
in Arctic Sea ice. Earth’s Future 2014, 2, 315-320. [CrossRef]

14. Mattsson, K.; Ekvall, M.T,; Hansson, L.-A ; Linse, S.; Malmendal, A.; Cedervall, T. Altered behavior, physiology, and metabolism
in fish exposed to polystyrene nanoparticles. Environ. Sci. Technol. 2015, 49, 553-561. [CrossRef]

15. Karami, A.; Golieskardi, A.; Choo, C.K,; Larat, V.; Karbalaei, S.; Salamatinia, B. Microplastic and mesoplastic contamination in
canned sardines and sprats. Sci. Total Environ. 2018, 612, 1380-1386. [CrossRef]

16. Mason, S.A.; Welch, V.G.; Neratko, J. Synthetic Polymer Contamination in Bottled Water. Front. Chem. 2018, 6, 407. [CrossRef]
[PubMed]

17.  Schwabl, P; Koppel, S.; Konigshofer, P.; Bucsics, T.; Trauner, M.; Reiberger, T.; Liebmann, B. Detection of Various Microplastics in
Human Stool: A Prospective Case Series. Ann. Intern. Med. 2019, 171, 453-457. [CrossRef]

18. Ragusa, A.; Svelato, A.; Santacroce, C.; Catalano, P.; Notarstefano, V.; Carnevali, O.; Papa, F.; Rongioletti, M.C.A.; Baiocco, E.;
Draghi, S.; et al. Plasticenta: First evidence of microplastics in human placenta. Environ. Int. 2021, 146, 106274. [CrossRef]
[PubMed]

19. Amato-Lourengo, L.E; Carvalho-Oliveira, R.; Junior, G.R.; Dos Santos Galvao, L.; Ando, R.A.; Mauad, T. Presence of airborne
microplastics in human lung tissue. J. Hazard. Mater. 2021, 416, 126124. [CrossRef]

20. Leslie, H.A.; van Velzen, M.].M.; Brandsma, S.H.; Vethaak, A.D.; Garcia-Vallejo, J.J.; Lamoree, M.H. Discovery and quantification
of plastic particle pollution in human blood. Environ. Int. 2022, 163, 107199. [CrossRef]

21. Pitt, J.LA,; Kozal, ].S.; Jayasundara, N.; Massarsky, A.; Trevisan, R.; Geitner, N.; Wiesner, M.; Levin, E.D.; Di Giulio, R.T.
Uptake, tissue distribution, and toxicity of polystyrene nanoparticles in developing zebrafish (Danio rerio). Aquat. Toxicol. 2018,
194, 185-194. [CrossRef]

22.  Brun, N.R,; van Hage, P; Hunting, E.R.; Haramis, A.-P.G.; Vink, S.C.; Vijver, M.G.; Schaaf, M.].M.; Tudorache, C. Polystyrene

nanoplastics disrupt glucose metabolism and cortisol levels with a possible link to behavioural changes in larval zebrafish.
Commun. Biol. 2019, 2, 382. [CrossRef]

218



Metabolites 2023, 13, 739

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Lu, Y;; Zhang, Y,; Deng, Y,; Jiang, W.; Zhao, Y.; Geng, J.; Ding, L.; Ren, H. Uptake and Accumulation of Polystyrene Microplastics
in Zebrafish (Danio rerio) and Toxic Effects in Liver. Environ. Sci. Technol. 2016, 50, 4054—4060. [CrossRef]

Deng, Y.; Zhang, Y.; Lemos, B.; Ren, H. Tissue accumulation of microplastics in mice and biomarker responses suggest widespread
health risks of exposure. Sci. Rep. 2017, 7, 46687. [CrossRef] [PubMed]

Wan, Z.; Wang, C.; Zhou, ].; Shen, M.; Wang, X.; Fu, Z,; Jin, Y. Effects of polystyrene microplastics on the composition of the
microbiome and metabolism in larval zebrafish. Chemosphere 2019, 217, 646—658. [CrossRef]

Jin, Y,; Lu, L.; Tu, W.; Luo, T,; Fu, Z. Impacts of polystyrene microplastic on the gut barrier, microbiota and metabolism of mice.
Sci. Total Environ. 2019, 649, 308-317. [CrossRef]

Galloway, T.S. Micro-and nano-plastics and human health. In Marine Anthropogenic Litter; Springer: Cham, Switzerland,
2015; pp. 343-366.

Liebezeit, G.; Liebezeit, E. Non-pollen particulates in honey and sugar. Food Addit. Contam. Part A 2013, 30, 2136-2140. [CrossRef]
Mintenig, S.M.; Loder, M.G.].; Primpke, S.; Gerdts, G. Low numbers of microplastics detected in drinking water from ground
water sources. Sci. Total Environ. 2019, 648, 631-635. [CrossRef]

Schymanski, D.; Goldbeck, C.; Humpf, H.-U.; Fiirst, P. Analysis of microplastics in water by micro-Raman spectroscopy: Release
of plastic particles from different packaging into mineral water. Water Res. 2018, 129, 154-162. [CrossRef] [PubMed]

Van Cauwenberghe, L.; Janssen, C.R. Microplastics in bivalves cultured for human consumption. Environ. Pollut. 2014, 193, 65-70.
[CrossRef] [PubMed]

Li, J.; Green, C.; Reynolds, A.; Shi, H.; Rotchell, ]. M. Microplastics in mussels sampled from coastal waters and supermarkets in
the United Kingdom. Environ. Pollut. 2018, 241, 35-44. [CrossRef] [PubMed]

Castle, L. Chemical migration into food: An overview. In Chemical Migration and Food Contact Materials; Woodhead Publishing
Ltd.: Cambridge, UK, 2007; pp. 1-13.

Bumbudsanpharoke, N.; Choi, J.; Ko, S. Applications of Nanomaterials in Food Packaging. . Nanosci. Nanotechnol. 2015,
15, 6357-6372. [CrossRef] [PubMed]

Addo Ntim, S.; Norris, S.; Goodwin, D.G.; Breffke, J.; Scott, K.; Sung, L.; Thomas, T.A.; Noonan, G.O. Effects of consumer use
practices on nanosilver release from commercially available food contact materials. Food Addit. Contam. Part A 2018, 35, 2279-2290.
[CrossRef]

Prata, J.C.; da Costa, J.P,; Lopes, I.; Duarte, A.C.; Rocha-Santos, T. Environmental exposure to microplastics: An overview on
possible human health effects. Sci. Total Environ. 2020, 702, 134455. [CrossRef]

Gasperi, J.; Wright, S.L.; Dris, R.; Collard, F.; Mandin, C.; Guerrouache, M.; Langlois, V.; Kelly, F].; Tassin, B. Microplastics in air:
Are we breathing it in? Curr. Opin. Environ. Sci. Health 2018, 1, 1-5. [CrossRef]

Browne, M.A.; Crump, P; Niven, S.J.; Teuten, E.; Tonkin, A.; Galloway, T.; Thompson, R. Accumulation of microplastic on
shorelines woldwide: Sources and sinks. Environ. Sci. Technol. 2011, 45, 9175-9179. [CrossRef]

Kole, PJ.; Lohr, A.].; Van Belleghem, EG.A.J.; Ragas, A.M.]. Wear and Tear of Tyres: A Stealthy Source of Microplastics in the
Environment. Int. |. Environ. Res. Public Health 2017, 14, 1265. [CrossRef]

Verschoor, A.; De Poorter, L.; Roex, E.; Bellert, B. Quick scan and prioritization of microplastic sources and emissions.
RIVM Lett. Rep. 2014, 156, 1-41.

Liao, Z; Ji, X.;; Ma, Y.; Lv, B.; Huang, W.; Zhu, X.; Fang, M.; Wang, Q.; Wang, X.; Dahlgren, R.; et al. Airborne microplastics in
indoor and outdoor environments of a coastal city in Eastern China. J. Hazard. Mater. 2021, 417, 126007. [CrossRef]

Guideline, A. Interactions Affecting the Achievement of Acceptable Indoor Environments; ASHRAE: Atlanta, GA, USA, 2011.
Vianello, A.; Jensen, R.L.; Liu, L.; Vollertsen, J. Simulating human exposure to indoor airborne microplastics using a Breathing
Thermal Manikin. Sci. Rep. 2019, 9, 8670. [CrossRef]

Jenner, L.C.; Rotchell, ].M.; Bennett, R.T.; Cowen, M.; Tentzeris, V.; Sadofsky, L.R. Detection of microplastics in human lung tissue
using UFTIR spectroscopy. Sci. Total Environ. 2022, 831, 154907. [CrossRef]

Marine, PI.T.C.T.; Litter, M. Are We Polluting the Environment through Our Personal Care? UNEP: Nairobi, Kenya, 2015.

Sun, Q.; Ren, S.-Y.; Ni, H.-G. Incidence of microplastics in personal care products: An appreciable part of plastic pollution.
Sci. Total Environ. 2020, 742, 140218. [CrossRef]

Praveena, S.M.; Shaifuddin, S.N.M.; Akizuki, S. Exploration of microplastics from personal care and cosmetic products and its
estimated emissions to marine environment: An evidence from Malaysia. Mar. Pollut. Bull. 2018, 136, 135-140. [CrossRef]
Hernandez, L.M.; Yousefi, N.; Tufenkji, N. Are there nanoplastics in your personal care products? Environ. Sci. Technol. Lett. 2017,
4,280-285. [CrossRef]

Sykes, E.A.; Dai, Q.; Tsoi, KM.; Hwang, D.M.; Chan, W.C.W. Nanoparticle exposure in animals can be visualized in the skin and
analysed via skin biopsy. Nat. Commun. 2014, 5, 3796. [CrossRef]

de Souza Machado, A.A.; Lau, CW.,; Till, ].; Kloas, W.; Lehmann, A.; Becker, R.; Rillig, M.C. Impacts of Microplastics on the Soil
Biophysical Environment. Environ. Sci. Technol. 2018, 52, 9656-9665. [CrossRef]

Lopez-Rojo, N.; Pérez, J.; Alonso, A.; Correa-Araneda, F; Boyero, L. Microplastics have lethal and sublethal effects on stream
invertebrates and affect stream ecosystem functioning. Environ. Pollut. 2020, 259, 113898. [CrossRef]

Green, D.S,; Jefferson, M.; Boots, B.; Stone, L. All that glitters is litter? Ecological impacts of conventional versus biodegradable
glitter in a freshwater habitat. J. Hazard. Mater. 2021, 402, 124070. [CrossRef] [PubMed]

219



Metabolites 2023, 13, 739

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Wang, J.; Lv, S.; Zhang, M.; Chen, G.; Zhu, T.; Zhang, S.; Teng, Y.; Christie, P; Luo, Y. Effects of plastic film residues on occurrence
of phthalates and microbial activity in soils. Chemosphere 2016, 151, 171-177. [CrossRef] [PubMed]

Bosker, T.; Bouwman, L.J.; Brun, N.R.; Behrens, P; Vijver, M.G. Microplastics accumulate on pores in seed capsule and delay
germin Response of soil dissolved organic matter to microplastic addition in Chinese loess soil ation and root growth of the
terrestrial vascular plant Lepidium sativum. Chemosphere 2019, 226, 774-781. [CrossRef] [PubMed]

Nolte, TM.; Hartmann, N.B.; Kleijn, ].M.; Garnees, J.; van de Meent, D.; Jan Hendriks, A.; Baun, A. The toxicity of plastic
nanoparticles to green algae as influenced by surface modification, medium hardness and cellular adsorption. Aquat. Toxicol.
2017, 183, 11-20. [CrossRef]

Zhang, C.; Chen, X.; Wang, J.; Tan, L. Toxic effects of microplastic on marine microalgae Skeletonema costatum: Interactions
between microplastic and algae. Environ. Pollut. 2017, 220, 1282-1288. [CrossRef] [PubMed]

Zhou, Y.; Liu, X.; Wang, J. Ecotoxicological effects of microplastics and cadmium on the earthworm Eisenia foetida. |. Hazard. Mater.
2020, 392, 122273. [CrossRef] [PubMed]

Jiang, X.; Chang, Y.; Zhang, T.; Qiao, Y.; Klobucar, G.; Li, M. Toxicological effects of polystyrene microplastics on earthworm
(Eisenia fetida). Environ. Pollut. 2020, 259, 113896. [CrossRef]

Tlili, S.; Jemai, D.; Brinis, S.; Regaya, I. Microplastics mixture exposure at environmentally relevant conditions induce oxidative
stress and neurotoxicity in the wedge clam Donax trunculus. Chemosphere 2020, 258, 127344. [CrossRef]

Sussarellu, R.; Suquet, M.; Thomas, Y.; Lambert, C.; Fabioux, C.; Pernet, M.E.].; Le Goic, N.; Quillien, V.; Mingant, C.;
Epelboin, Y.; et al. Oyster reproduction is affected by exposure to polystyrene microplastics. Proc. Natl. Acad. Sci. USA
2016, 113, 2430-2435. [CrossRef] [PubMed]

Pitt, J.A.; Trevisan, R.; Massarsky, A.; Kozal, ].S.; Levin, E.D.; Di Giulio, R.T. Maternal transfer of nanoplastics to offspring in
zebrafish (Danio rerio): A case study with nanopolystyrene. Sci. Total Environ. 2018, 643, 324-334. [CrossRef]

Bourdages, M.P.T.; Provencher, ].E; Baak, ].E.; Mallory, M.L.; Vermaire, ].C. Breeding seabirds as vectors of microplastics from sea
to land: Evidence from colonies in Arctic Canada. Sci. Total Environ. 2021, 764, 142808. [CrossRef]

Provencher, J.F.; Gaston, A.J.; Mallory, M.L.; O’Hara, P.D.; Gilchrist, H.G. Ingested plastic in a diving seabird, the thick-billed
murre (Uria lomvia), in the eastern Canadian Arctic. Mar. Pollut. Bull. 2010, 60, 1406-1411. [CrossRef]

Xia, X.; Sun, M.; Zhou, M.; Chang, Z.; Li, L. Polyvinyl chloride microplastics induce growth inhibition and oxidative stress in
Cyprinus carpio var. larvae. Sci. Total Environ. 2020, 716, 136479. [CrossRef] [PubMed]

Wang, J.; Li, Y.; Lu, L.; Zheng, M.; Zhang, X.; Tian, H.; Wang, W.; Ru, S. Polystyrene microplastics cause tissue damages,
sex-specific reproductive disruption and transgenerational effects in marine medaka (Oryzias melastigma). Environ. Pollut. 2019,
254,113024. [CrossRef] [PubMed]

Qiao, R;; Sheng, C.; Lu, Y.; Zhang, Y.; Ren, H.; Lemos, B. Microplastics induce intestinal inflammation, oxidative stress, and
disorders of metabolome and microbiome in zebrafish. Sci. Total Environ. 2019, 662, 246-253. [CrossRef] [PubMed]

Lei, L.; Wu, S;; Lu, S.; Liu, M,; Song, Y.; Fu, Z.; Shi, H.; Raley-Susman, K.M.; He, D. Microplastic particles cause intestinal damage
and other adverse effects in zebrafish Danio rerio and nematode Caenorhabditis elegans. Sci. Total Environ. 2018, 619-620, 1-8.
[CrossRef]

Qiang, L.; Cheng, J. Exposure to microplastics decreases swimming competence in larval zebrafish (Danio rerio). Ecotoxicol.
Environ. Saf. 2019, 176, 226-233. [CrossRef]

Chen, L.; Hu, C.; Lok-Shun Lai, N.; Zhang, W.; Hua, J.; Lam, PK.S.;; Lam, ].C.W.; Zhou, B. Acute exposure to PBDEs
at an environmentally realistic concentration causes abrupt changes in the gut microbiota and host health of zebrafish.
Environ. Pollut. 2018, 240, 17-26. [CrossRef] [PubMed]

Xu, X.Y,; Lee, W.T,; Chan, A.K.Y,; Lo, H.S,; Shin, PK.S.; Cheung, S.G. Microplastic ingestion reduces energy intake in the clam
Atactodea striata. Mar. Pollut. Bull. 2017, 124, 798-802. [CrossRef]

Wen, B.; Zhang, N.; Jin, S.-R.; Chen, Z.-Z.; Gao, ].-Z.; Liu, Y.; Liu, H.-P,; Xu, Z. Microplastics have a more profound impact than
elevated temperatures on the predatory performance, digestion and energy metabolism of an Amazonian cichlid. Aquat. Toxicol.
2018, 195, 67-76. [CrossRef]

Greven, A.-C.; Merk, T.; Karagoz, F.; Mohr, K.; Klapper, M.; Jovanovi¢, B.; Pali¢, D. Polycarbonate and polystyrene nanoplastic
particles act as stressors to the innate immune system of fathead minnow (Pimephales promelas). Environ. Toxicol. Chem. 2016,
35, 3093-3100. [CrossRef]

Karami, A.; Romano, N.; Galloway, T.; Hamzah, H. Virgin microplastics cause toxicity and modulate the impacts of phenanthrene
on biomarker responses in African catfish (Clarias gariepinus). Environ. Res. 2016, 151, 58-70. [CrossRef]

Yang, Y.-F; Chen, C.-Y,; Lu, T.-H.; Liao, C.-M. Toxicity-based toxicokinetic/toxicodynamic assessment for bioaccumulation of
polystyrene microplastics in mice. J. Hazard. Mater. 2019, 366, 703-713. [CrossRef]

Zhao, L.; Shi, W.; Hu, E; Song, X.; Cheng, Z.; Zhou, ]. Prolonged oral ingestion of microplastics induced inflammation in the liver
tissues of C57BL /6] mice through polarization of macrophages and increased infiltration of natural killer cells. Ecotoxicol. Environ.
Saf. 2021, 227, 112882. [CrossRef] [PubMed]

Li, S.; Shi, M.; Wang, Y.; Xiao, Y.; Cai, D.; Xiao, F. Keap1-Nrf2 pathway up-regulation via hydrogen sulfide mitigates polystyrene
microplastics induced-hepatotoxic effects. J. Hazard. Mater. 2021, 402, 123933. [CrossRef] [PubMed]

Lu, L.; Wan, Z.; Luo, T.; Fu, Z,; Jin, Y. Polystyrene microplastics induce gut microbiota dysbiosis and hepatic lipid metabolism
disorder in mice. Sci. Total Environ. 2018, 631-632, 449-458. [CrossRef]

220



Metabolites 2023, 13, 739

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Li, B.; Ding, Y.; Cheng, X.; Sheng, D.; Xu, Z.; Rong, Q.; Wu, Y.; Zhao, H.; Ji, X.; Zhang, Y. Polyethylene microplastics affect the
distribution of gut microbiota and inflammation development in mice. Chemosphere 2020, 244, 125492. [CrossRef] [PubMed]
Schirinzi, G.F.; Pérez-Pomeda, I.; Sanchis, J.; Rossini, C.; Farré, M.; Barcel6, D. Cytotoxic effects of commonly used nanomaterials
and microplastics on cerebral and epithelial human cells. Environ. Res. 2017, 159, 579-587. [CrossRef]

Hwang, J.; Choi, D.; Han, S.; Choi, J.; Hong, J]. An assessment of the toxicity of polypropylene microplastics in human derived
cells. Sci. Total Environ. 2019, 684, 657-669. [CrossRef]

Stock, V.; Bohmert, L.; Lisicki, E.; Block, R.; Cara-Carmona, J.; Pack, L.K.; Selb, R.; Lichtenstein, D.; Voss, L.; Henderson, C.J.; et al.
Uptake and effects of orally ingested polystyrene microplastic particles in vitro and in vivo. Arch. Toxicol. 2019, 93, 1817-1833.
[CrossRef]

Guimaraes, A.T.B.; Freitas, .N.; Mubarak, N.M.; Rahman, M.M.; Rodrigues, FP; Rodrigues, A.S.d.L.; Barcelo, D.; Islam, ARM.T,;
Malafaia, G. Exposure to polystyrene nanoplastics induces an anxiolytic-like effect, changes in antipredator defensive response,
and DNA damage in Swiss mice. |. Hazard. Mater. 2023, 442, 130004. [CrossRef]

Luo, T.; Wang, C.; Pan, Z; Jin, C.; Fu, Z.; Jin, Y. Maternal Polystyrene Microplastic Exposure during Gestation and Lactation
Altered Metabolic Homeostasis in the Dams and Their F1 and F2 Offspring. Environ. Sci. Technol. 2019, 53, 10978-10992.
[CrossRef]

Vethaak, A.D.; Legler, ]. Microplastics and human health. Science 2021, 371, 672-674. [CrossRef]

Wang, Y.; Mao, Z.; Zhang, M.; Ding, G.; Sun, J.; Du, M,; Liu, Q.; Cong, Y.; Jin, F; Zhang, W.; et al. The uptake and elimination of
polystyrene microplastics by the brine shrimp, Artemia parthenogenetica, and its impact on its feeding behavior and intestinal
histology. Chemosphere 2019, 234, 123-131. [CrossRef] [PubMed]

Cui, Y.; Wang, Q.; Chang, R.; Zhou, X.; Xu, C. Intestinal Barrier Function-Non-alcoholic Fatty Liver Disease Interactions and
Possible Role of Gut Microbiota. J. Agric. Food Chem. 2019, 67, 2754-2762. [CrossRef] [PubMed]

Sekirov, L; Russell, S.L.; Antunes, L.C.M.; Finlay, B.B. Gut microbiota in health and disease. Physiol. Rev. 2010, 90, 859-904.
[CrossRef] [PubMed]

Ley, R.E.; Peterson, D.A.; Gordon, ].I. Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell
2006, 124, 837-848. [CrossRef]

Tang, WH.W.; Kitai, T.; Hazen, S.L. Gut Microbiota in Cardiovascular Health and Disease. Circ. Res. 2017, 120, 1183-1196.
[CrossRef]

Round, J.L.; O’Connell, R.M.; Mazmanian, S.K. Coordination of tolerogenic immune responses by the commensal microbiota.
J. Autoimmun. 2010, 34, J220-J225. [CrossRef]

Buffie, C.G.; Bucci, V; Stein, R.R.; McKenney, P.T.; Ling, L.; Gobourne, A.; No, D.; Liu, H.; Kinnebrew, M.; Viale, A ; et al. Precision
microbiome reconstitution restores bile acid mediated resistance to Clostridium difficile. Nature 2015, 517, 205-208. [CrossRef]
Agus, A ; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe
2018, 23, 716-724. [CrossRef]

Liu, Z.; Yu, P; Cai, M.; Wu, D.; Zhang, M.; Chen, M.; Zhao, Y. Effects of microplastics on the innate immunity and intestinal
microflora of juvenile Eriocheir sinensis. Sci. Total Environ. 2019, 685, 836-846. [CrossRef] [PubMed]

Kang, H.-M.; Byeon, E.; Jeong, H.; Kim, M.-S.; Chen, Q.; Lee, ].-S. Different effects of nano- and microplastics on oxidative status
and gut microbiota in the marine medaka Oryzias melastigma. . Hazard. Mater. 2021, 405, 124207. [CrossRef]

Zhao, Y.; Qin, Z.; Huang, Z.; Bao, Z.; Luo, T.; Jin, Y. Effects of polyethylene microplastics on the microbiome and metabolism in
larval zebrafish. Environ. Pollut. 2021, 282, 117039. [CrossRef]

Zhu, D.; Chen, Q.-L.; An, X.-L.; Yang, X.-R.; Christie, P; Ke, X.; Wu, L.-H.; Zhu, Y.-G. Exposure of soil collembolans to microplastics
perturbs their gut microbiota and alters their isotopic composition. Soil Biol. Biochem. 2018, 116, 302-310. [CrossRef]

Huang, W.; Yin, H.; Yang, Y.; Jin, L.; Lu, G.; Dang, Z. Influence of the co-exposure of microplastics and tetrabromobisphenol A on
human gut: Simulation in vitro with human cell Caco-2 and gut microbiota. Sci. Total Environ. 2021, 778, 146264. [CrossRef]
Yan, W.; Hamid, N.; Deng, S.; Jia, P--P,; Pei, D.-S. Individual and combined toxicogenetic effects of microplastics and heavy metals
(Cd, Pb, and Zn) perturb gut microbiota homeostasis and gonadal development in marine medaka (Oryzias melastigma). |. Hazard.
Mater. 2020, 397, 122795. [CrossRef] [PubMed]

Peng, B.-Y.; Sun, Y,; Xiao, S.; Chen, J.; Zhou, X.; Wu, W.-M.; Zhang, Y. Influence of Polymer Size on Polystyrene Biodegradation in
Mealworms (): Responses of Depolymerization Pattern, Gut Microbiome, and Metabolome to Polymers with Low to Ultrahigh
Molecular Weight. Environ. Sci. Technol. 2022, 56, 17310-17320. [CrossRef] [PubMed]

Hou, M,; Xu, C.; Zou, X.; Xia, Z.; Su, L.; Qiu, N.; Cai, L.; Yu, F; Wang, Q.; Zhao, X; et al. Long-term exposure to microplastics
induces intestinal function dysbiosis in rare minnow (Gobiocypris rarus). Ecotoxicol. Environ. Saf. 2022, 246, 114157. [CrossRef]
Jiang, P; Yuan, G.-H.; Jiang, B.-R.; Zhang, J.-Y.; Wang, Y.-Q.; Lv, H.-].; Zhang, Z.; Wu, J.-L.; Wu, Q.; Li, L. Effects of microplastics
(MPs) and tributyltin (TBT) alone and in combination on bile acids and gut microbiota crosstalk in mice. Ecotoxicol. Environ. Saf.
2021, 220, 112345. [CrossRef] [PubMed]

Li, A.; Wang, Y.; Kulyar, M.E-E.A ; Igbal, M,; Lai, R.; Zhu, H.; Li, K. Environmental microplastics exposure decreases antioxidant
ability, perturbs gut microbial homeostasis and metabolism in chicken. Sci. Total Environ. 2023, 856, 159089. [CrossRef]

Qiao, J.; Chen, R.; Wang, M.; Bai, R.; Cui, X; Liu, Y.; Wu, C.; Chen, C. Perturbation of gut microbiota plays an important role in
micro/nanoplastics-induced gut barrier dysfunction. Nanoscale 2021, 13, 8806-8816. [CrossRef]

221



Metabolites 2023, 13, 739

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Huang, ].-N.; Wen, B.; Xu, L.; Ma, H.-C.; Li, X.-X,; Gao, ] .-Z.; Chen, Z.-Z. Micro/nano-plastics cause neurobehavioral toxicity in
discus fish (Symphysodon aequifasciatus): Insight from brain-gut-microbiota axis. |. Hazard. Mater. 2022, 421, 126830. [CrossRef]
Zhu, L.; Zhu, ].; Zuo, R.; Xu, Q.; Qian, Y.; An, L. Identification of microplastics in human placenta using laser direct infrared
spectroscopy. Sci. Total Environ. 2023, 856, 159060. [CrossRef]

Enyoh, C.E.; Duru, C.E.; Ovuoraye, P.E.; Wang, Q. Evaluation of nanoplastics toxicity to the human placenta in systems. J. Hazard.
Mater. 2023, 446, 130600. [CrossRef]

Braun, T,; Ehrlich, L.; Henrich, W.; Koeppel, S.; Lomako, I.; Schwabl, P.; Liebmann, B. Detection of Microplastic in Human Placenta
and Meconium in a Clinical Setting. Pharmaceutics 2021, 13, 921. [CrossRef] [PubMed]

Liu, S,; Lin, G.; Liu, X.; Yang, R.; Wang, H.; Sun, Y.; Chen, B.; Dong, R. Detection of various microplastics in placentas, meconium,
infant feces, breastmilk and infant formula: A pilot prospective study. Sci. Total Environ. 2022, 854, 158699. [CrossRef] [PubMed]
Liu, S.; Liu, X.; Guo, J.; Yang, R.; Wang, H.; Sun, Y.; Chen, B.; Dong, R. The Association Between Microplastics and Microbiota in
Placentas and Meconium: The First Evidence in Humans. Environ. Sci. Technol. 2022. [CrossRef]

Huang, S.; Huang, X.; Bi, R.; Guo, Q.; Yu, X,; Zeng, Q.; Huang, Z.; Liu, T.; Wu, H.; Chen, Y,; et al. Detection and Analysis of
Microplastics in Human Sputum. Environ. Sci. Technol. 2022, 56, 2476-2486. [CrossRef]

Zhao, Q.; Zhu, L.; Weng, ] .; Jin, Z.; Cao, Y,; Jiang, H.; Zhang, Z. Detection and characterization of microplastics in the human testis
and semen. Sci. Total Environ. 2023, 877, 162713. [CrossRef]

Hou, Z.; Meng, R.; Chen, G.; Lai, T.; Qing, R.; Hao, S.; Deng, ]J.; Wang, B. Distinct accumulation of nanoplastics in human intestinal
organoids. Sci. Total Environ. 2022, 838, 155811. [CrossRef]

Annangi, B; Villacorta, A.; Lopez-Mesas, M.; Fuentes-Cebrian, V.; Marcos, R.; Hernandez, A. Hazard Assessment of Polystyrene
Nanoplastics in Primary Human Nasal Epithelial Cells, Focusing on the Autophagic Effects. Biomolecules 2023, 13, 220. [CrossRef]
[PubMed]

Li, Y.; Guo, M.; Niu, S.; Shang, M.; Chang, X.; Sun, Z.; Zhang, R.; Shen, X.; Xue, Y. ROS and DRP1 interactions accelerate the
mitochondprial injury induced by polystyrene nanoplastics in human liver HepG2 cells. Chem. Biol. Interact. 2023, 379, 110502.
[CrossRef]

Zhang, Y.-X.; Wang, M.; Yang, L.; Pan, K.; Miao, A.-J. Bioaccumulation of differently-sized polystyrene nanoplastics by human
lung and intestine cells. |. Hazard. Mater. 2022, 439, 129585. [CrossRef]

Banerjee, A.; Billey, L.O.; McGarvey, A.M.; Shelver, W.L. Effects of polystyrene micro/nanoplastics on liver cells based on particle
size, surface functionalization, concentration and exposure period. Sci. Total Environ. 2022, 836, 155621. [CrossRef]

Zhou, R;; Zhou, D.; Yang, S.; Shi, Z.; Pan, H.; Jin, Q.; Ding, Z. Neurotoxicity of polystyrene nanoplastics with different particle
sizes at environment-related concentrations on early zebrafish embryos. Sci. Total Environ. 2023, 872, 162096. [CrossRef]

Wang, Y.; Shi, H.; Li, T,; Yu, L.; Qi, Y;; Tian, G.; He, E; Li, X.; Sun, N.; Liu, R. Size-dependent effects of nanoplastics on structure
and function of superoxide dismutase. Chemosphere 2022, 309, 136768. [CrossRef]

Hu, Y,; Kang, Y,; Huang, F; Su, Y.; Zhou, X.; Wang, A.-J.; Gao, S.-H. Distinct responses of Pseudomonas aeruginosa PAO1 exposed
to different levels of polystyrene nanoplastics. Sci. Total Environ. 2022, 852, 158214. [CrossRef]

Li, Y; Liu, Z.; Li, M,; Jiang, Q.; Wu, D.; Huang, Y.; Jiao, Y.; Zhang, M.; Zhao, Y. Effects of nanoplastics on antioxidant and immune
enzyme activities and related gene expression in juvenile Macrobrachium nipponense. J. Hazard. Mater. 2020, 398, 122990.
[CrossRef] [PubMed]

Yan, E; Chen, X.A.; Zheng, X. Protective effect of mulberry fruit anthocyanin on human hepatocyte cells (LO2) and Caenorhabditis
elegans under hyperglycemic conditions. Food Res. Int. 2017, 102, 213-224. [CrossRef] [PubMed]

Chen, W.; Chu, Q.; Ye, X.; Sun, Y,; Liu, Y,; Jia, R.; Li, Y;; Tu, P; Tang, Q.; Yu, T.; et al. Canidin-3-glucoside prevents nano-plastics
induced toxicity via activating autophagy and promoting discharge. Environ. Pollut. 2021, 274, 116524. [CrossRef] [PubMed]
Chen, W.; Tu, P; Ye, X,; Tang, Q.; Yu, T.; Zheng, X. Cyanidin-3-O-glucoside impacts fecal discharge of polystyrene microplastics in
mice: Potential role of microbiota-derived metabolites. Toxicol. Appl. Pharmacol. 2022, 453, 116212. [CrossRef] [PubMed]

Chen, W,; Zhu, R;; Ye, X,; Sun, Y,; Tang, Q.; Liu, Y.; Yan, E; Yu, T.; Zheng, X.; Tu, P. Food-derived cyanidin-3-O-glucoside reverses
microplastic toxicity promoting discharge and modulating the gut microbiota in mice. Food Funct. 2022, 13, 1447-1458. [CrossRef]
[PubMed]

Chen, W; Ye, X,; Tang, Q.; Yu, T,; Tu, P; Zheng, X. Cyanidin-3-O-glucoside reduces nanopolystyrene-induced toxicity and
accumulation: Roles of mitochondrial energy metabolism and cellular efflux. Environ. Sci. Nano 2022, 9, 2572-2586. [CrossRef]
Chen, W.; Chen, Z; Shan, S.; Wu, A.; Zhao, C.; Ye, X.; Zheng, X.; Zhu, R. Cyanidin-3-O-glucoside promotes stress tolerance and
lifespan extension of Caenorhabditis elegans exposed to polystyrene via DAF-16 pathway. Mech. Ageing Dev. 2022, 207, 111723.
[CrossRef] [PubMed]

Chu, Q.; Zhang, S; Yu, X.; Wang, Y.; Zhang, M.; Zheng, X. Fecal microbiota transplantation attenuates nano-plastics induced
toxicity in Caenorhabditis elegans. Sci. Total Environ. 2021, 779, 146454. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

222



MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Metabolites Editorial Office
E-mail: metabolites@mdpi.com

www.mdpi.com/journal /metabolites

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Guest Editors. The publisher is not responsible for their content or any associated concerns. The
statements, opinions and data contained in all individual articles are solely those of the individual
Editors and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-6174-3




