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Abstract

Plastic pollution has become a non-negligible global pollution problem. Nanoplastics (NP)

can reach the bone marrow with blood circulation and develop hematotoxicity, but potential
mechanisms and prevention strategies are lacking. Here, we report the biological distribution of
NP particles in the bone marrow of mice and hematopoietic toxicity after exposure to 60 pg of
80 nm NP for 42 days. NP exposure inhibited the capability of bone marrow hematopoietic stem
cells to renew and differentiate. Notably, probiotics and melatonin supplementation significantly
ameliorated NP-induced hematopoietic damage, and the former was superior to the latter.

And interestingly, melatonin and probiotic interventions may involve different microbes and
metabolites. After melatonin intervention, creatine showed a stronger correlation with NP-induced
gut microbiota disorders. In contrast, probiotic intervention reversed the levels of more gut
microbes and plasma metabolites. Of these, threonine, malonylcarnitine, and 3-hydroxybutyric
acid might be potential performers in the regulation of hematopoietic toxicity by gut microbes,
as they had a more significant relationship with the identified microbes. In conclusion,
supplementation with melatonin or probiotics may be two candidates to prevent hematopoietic
toxicity attributable to NP exposure. Also, the multi-omics results may lay the foundation for
future investigations into in-depth mechanisms.
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1 Introduction

Plastic pollution has become the second leading environmental problem worldwide [1].
From 1950 to 2018, plastic production increased by an average of 128 million tons per
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year [2]. It is estimated that by 2050, the amount of plastic waste generated globally will
increase to 26 billion tons [3]. Due to the poor biodegradability and insufficient recycling

of plastics, a large amount of plastic waste is retained in the atmosphere, soil, and water
environment [4]. People are directly or indirectly exposed to plastic pollution via ingestion,
inhalation, and dermal contact, resulting in multi-organ damage [5]. Epidemiological studies
have shown that microplastics (MP) of different sizes have been found in human skin, hair,
saliva, sputum, and nasal rinses [6]. However, the toxicity of plastic particles of different
sizes and their corresponding targets are not well understood.

Particle size is a direct influence on the ability of micro- and nanoplastics (MNP) to reach
the target organ of toxic effects from circulation. Several studies have reported substantial
toxic effects of MP (size <5 mm) and NP (size < 100 nm) exposure on marine animals,
freshwater organisms, and mammalian species [7]. MP with a size of fewer than 150 pm can
be transferred from the intestine to the lymphatic and circulatory systems and subsequently
bind to blood proteins to form protein-plastic complexes, leading to vascular obstruction
[8,9]. After 28 days of oral gavage of 0.1 mg/day 5 and 20 um polystyrene (PS), a significant
distribution was also observed in the liver, kidney, and intestine of mice [10]. Notably, there
may be interactions between MP and NP, which may affect their biodistribution and toxicity
in mice [11]. Yang et al. also demonstrated that although both PS-MP and NP can penetrate
the mucosal barrier of the digestive tract, only the latter can cross the placental barrier into
the fetal thalamus [12]. This provides evidence that NP can be transferred to distant tissues
and act as a toxic agent.

Hematopoiesis is a highly regulated and complicated biological process engaging
hematopoietic stem cells (HSCs) and cells of the hematopoietic niche [13]. Among them,
long-term HSCs (LT-HSCs) and short-term HSCs (ST-HSCs) are mainly responsible for the
renewal cycle of HSCs. While multipotent progenitors (MPPs) develop into a wide range of
mature blood cells via extensive proliferation and differentiation activities. Currently, very
limited studies have reported adverse effects of MNP on the hematopoietic system. After 14
days of exposure to 100 nm PS-NP (concentration from 0.75 x 10°-3 x 10° particles/cm3),
eosinophil percentage, lymphocyte, and white blood cell (WBC) counts were significantly
decreased in SD rats [14]. Sun et al. also reported that exposure to 0.5 mg 5 um PS-MP
significantly led not only to a decrease in leukocyte counts in mice, but also inhibited the
colony-forming ability of HSCs in the bone marrow (BM) [15]. These studies implicated
that MNP exposure might disrupt BM hematopoietic pool and hematological parameters.
However, whether low doses of NP can penetrate the BM and thus affect the renewal and
differentiation of HSCs and the underlying mechanisms are not clear.

Gut microbiota may affect the metabolism and physiological indicators of the body and
thereby modify the progression of the disease [16]. It is convincing that MP can enter

the intestine directly and accumulate significantly [17], thus MNP intake is likely to be
associated with gut microbiota dysbiosis and health status. After exposure to 1,000 pg/L 5
pum PS-MP for 42 days, MP fluorescent particles were scattered in the intestine of mice,

and MP induced gut microbiota disorders, intestinal barrier dysfunction, and metabolic
disorders in mice [17]. Compared to MP, NP of smaller size induces more severe microbiota
dysbiosis and inflammation in the intestine of adult zebrafish [18]. Recent studies have
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indicated that gut microbiota plays an important role in hematopoietic regulation [19].
Moreover, metabolites of gut bacteria such as amino acids and fatty acids can influence
the local metabolism of BM HSCs and immune cells, directing immune cell differentiation
and function [20]. Remarkably, PS-NP with less than 100 nm can penetrate into the BM
micro-environment [21]. Therefore, we speculate that NP may disrupt the homeostasis of
BM hematopoiesis by affecting the gut microbiota and metabolic signaling molecules.

Numerous studies revealed that melatonin or probiotics alleviated the phenotype of the
disease, such as inflammation, obesity, and lung damage by modulating the gut microbiota-
metabolic axis [22-25]. However, whether these nutrient regulators can alleviate NP-induced
hematopoietic damage and the underlying mechanisms have not been investigated. Hence,
the present study aimed to 1) explore the effects of 60 pg/day of low dose 80 nm NP
exposure for 42 days on BM hematopoiesis; 2) investigate the critical gut microbes and
metabolites involved in NP-induced hematopoietic damage; 3) explore the protective effects
of supplementation melatonin or probiotics on NP-induced hematopoietic damage, gut
microbiota disorders, and metabolic disorders. This study provides a new perspective on

the underlying mechanism of NP-induced hematopoietic injury and reveals that melatonin
or probiotics may potentially be effective in preventing or protecting against hematopoietic
injury induced by NP exposure.

2 Materials and methods

2.1 Materials and reagents

Fluorescent and pristine 80 nm PS-NP particles (10 mg/mL, BaseLine Chromatography
Technology Development Center, Tianjin, China) were used for fluorescent tracing and
toxicology tests, respectively. Melatonin (Sigma, GER) was first dissolved in anhydrous
ethanol as a stock solution and then diluted in sterile water as a working solution (final
concentration of ethanol < 1%). Bifico (bifidobacterium longum, lactobacillus acidophilus,
and enterococcus faecalis = 1 x 107 colony-forming units (CFU)), a commercial probiotic
reagent (Shanghai Xinyi Pharmaceutical Co., Ltd.) was dissolved in sterile water, prepared
into aliquots, and stored at =20 °C.

2.2 Characterization of PS-NP

PS-NP particles were characterized in the previous study [26]. Here, the morphology and
dispersion of PS-NP were observed by scanning electron microscopy (SEM, Hitachi S-4800,
Japan) and transmission electron microscopy (TEM, HT7700, Japan). The zeta potential of
PS-NP was detected by a nanoparticle size potentiometer (Zetasizer Nano ZSP, Malvern,
UK).

2.3 Animal treatments

All animal experiments were approved by the Animal Care and Use Committee of Capital
Medical University (No. AEEI-2020-168), and the mice (male, 6 weeks old, 18-22 g)

were purchased and housed at the SPF-level Capital Medical University Laboratory Animal
Center. After a week of adaptation, each mouse was given 250 uL of pure water (control
group: 7= 9) or 60 pg/day of pristine PS-NP in aqueous solution (NP exposure group: 7
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= 9) by oral gavage for 42 days. Meanwhile, NP-exposed mice were given 10 mg/(kg-bw)
melatonin (NP+Melatonin group: 7= 9) or 4.2 g/(kg-bw) bifico (NP+Bifico group: 7=

9) reagent by oral gavage to assess the effect of melatonin or probiotic supplementation
on NP-induced hematopoietic toxicity. All mice were weighed weekly during exposure
and were sacrificed after 42 days to obtain biological samples (blood and cecum contents)
as well as the relative weights of each organ (organ coefficient = individual organ weight/
mouse weight).

2.4 Fluorescence imaging ex vivo

Each group of three mice was also treated with 60 pg/day of NP with orange fluorescent
labels (Ex/Em: 540/610 nm) to track the distribution of NP in multi-tissues by 1VIS®
Lumina LT Series 11l imaging system (PerkinElmer Ltd., USA). Mice were sacrificed at 2, 4,
and 6 weeks of exposure, respectively, and individual fresh tissues were placed sequentially
on the sample tray for fluorescence imaging. Mean fluorescence intensity was quantified
using Image pro-plus 6.0.

2.5 Flow cytometry

After being sacrificed, the mouse BM cells were collected from femur tissue using ice-cold
phosphate buffered solution (PBS) and filtered via a 70 um cell strainer. After red blood
cells (RBC) lysis, 200 pL of antibody mixture was added and mixed thoroughly and
incubated on ice for 30 min. The cells were washed twice by adding 5 mL sterile PBS

and centrifuged at 1,500 rpm for 5 min. Finally, the cells were resuspended in 1 mL
complete RPMI 1640 medium and sorted by flow cytometry for Lin/Scal-1/c-Kit cells
(LSKSs), MPPs, LT-HSCs, and ST-HSCs. All antibodies were acquired from Biolegend (San
Diego, California) and detailed information was described in the previous article [27].

2.6 Histopathology

Each group of three mice femurs was separated and fixed with 4% paraformaldehyde for
histopathological analysis. Before hematoxylin and eosin (H&E) staining, mouse femurs
were subjected to decalcification and paraffin embedding procedures. Femur sections were
scanned using a Panoramic Digital Slide Scanner (3SDHISTECH Ltd., Hungary) at x20
magnification and processed using CaseViewer software.

2.7 Gut microbial profiles

Each group of six mice was randomly assigned for gut microbiota profiling. The detailed
protocols were mentioned in our previous study [26]. In brief, the mouse cecum was
separated on ice and the fecal contents were rinsed with 5 mL of sterile PBS. After
centrifugation (1,500 rpm, 5 min), the lower fecal contents were collected for total genomic
DNA extraction (PowerSoil DNA lIsolation kit, MO BIO Laboratories, USA). For each fecal
sample, the concentration and purify of DNA were measured, and the V1-V9 region of the
bacterial 16S rRNA gene was amplified using the universal primers with the barcode (27F:
AGRGTTTGATYNTGGCTCAG; 1492R: TASGGHTACCTTGTTASGACTT). All libraries
were sequenced by using the Pacbio Sequel Il platform at Biomarker Technologies (Beijing,
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China), and the a-diversity and p-diversity analyses were carried out in the BMKCloud
(http://www.biocloud.net).

2.8 Plasma metabolic profile

The extraction and determination of plasma metabolites were conducted following
previously described protocols [28]. Briefly, 20 uL of each plasma sample was added to
120 pL of internal standard and mixed completely. After centrifugation at 4,000¢ for 30
min, the supernatant was transferred to a 96-well plate for derivatization by adding 20

uL of derivatization reagent and kept at a constant temperature of 30 °C for 60 min. All
quantitative targeted metabolomics analysis was done by Metabo-Proflle Biotechnology
Co., Ltd. (Shanghai, China) based on ultra-performance liquid chromatography coupled

to tandem mass spectrometry (UPLC-MS/MS) (ACQUITY UPLC-Xevo TQ-S, Waters
Corp, Milford, MA, USA). The optimal chromatographic and MS analysis conditions were
presented in Table S1 in the Electronic Supplementary Material (ESM).

2.9 Statistical analysis

All statistical parameters were presented as mean + standard deviation (SD). Multiple
comparisons of continuous variables were performed using Student’s #test or Mann—
Whitney U'test. Spearman correlation was used to analyze associations among
hematopoietic indicators, differential microbiota, and plasma metabolites. All data analyses
were performed using SPSS26.0 or Graphpad8.3 software, and the significance level was set
at p<0.05 (two-sided).

3 Results

3.1 Characterization of NP

As examined using SEM and TEM, 80 nm NP particles showed regular, uniform, and
spherical morphology (Figs. S1(a) and S1(b) in the ESM). In addition, the zeta potential
value of NP dissolved in pure water was —28.93 + 1.36 (Fig. S1(c) in the ESM), indicating
that NP had favorable stability and dispersibility in pure water.

3.2 Melatonin or probiotics alleviate the overall toxic effects of NP on mice

As illustrated in Fig. 1(a), NP-exposed mice were administered melatonin or probiotics by
oral gavage daily. After 42 days of exposure, we evaluated the overall toxicity of NP in
mice and the treatment effect of melatonin or probiotics on organ damage. Treated mice
from NP, melatonin, or probiotic showed no statistical difference in body weight compared
with control mice (Fig. 1(b)). Interestingly, the relative weights of the heart and some
hematopoietic organs (spleen, lung, and thymus) were significantly decreased in mice after
NP exposure (Figs. 1(c), 1(e), 1(f), and 1(h)), while statistical differences were not found in
the liver, kidney, and testes between the two groups (Figs. 1(d), 1(g), and 1(i)). In contrast,
probiotics supplementation significantly reversed these changes (Figs. 1(c), 1(e), 1(f), and
1(h)), whereas melatonin only improved NP-induced thymic toxicity (Fig. 1(h)).
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3.3 Melatonin or probiotics alleviate the effect of NP on bone marrow hematopoiesis

To investigate the biological distribution of NP in multiple tissues of mice, ex vivo

tissue fluorescence imaging was performed. At 2 weeks of exposure, NP particles with
orange fluorescence were extensively distributed in various tissues, including the brain,
heart, spleen, Kidney, intestines, lung, and liver. Unexpectedly, we found a weak orange
fluorescence in the BM of mice, indicating that NP can already reach the BM through

the blood circulation at the early stage of exposure (Fig. 2(a) and Fig. S2 in the ESM).
BM is the key hematopoietic organ in mammals, and is responsible for the production

and differentiation of hematopoietic cells. Here, we further examined the bioaccumulation
of NP in the BM of mice. The results showed that the fluorescence intensity of NP
particles in BM was enhanced with increasing exposure time (Fig. 2(a) and Fig. S3 in

the ESM). To assess the negative effect of NP exposure on BM hematopoiesis, femur
H&E staining and HSCs percentage were analyzed. After 42 days of exposure, mice
showed disorganized cell arrangement in the BM and a significant decrease in nucleated
hematopoietic cells. However, supplementation of melatonin or probiotics significantly
prevented these hematopoietic damages (Fig. 2(b)). The flow results showed that NP
exposure for 42 days inhibited the renewal and differentiation of HSCs in mice, with the
main signatures being a decrease in LSK and MPPs and an increase in LT-HSCs and
ST-HSCs (Figs. 2(c)-2(f)). Among them, MPPs are the leading regulator of differentiation
into various types of blood cells, but melatonin or probiotic supplementation did not reverse
the decline in MPPs (Fig. 2(d)). By contrast, there was a significant recovery of indicators
associated with HSCs renewal, and the treatment effect of probiotics was superior to that of
melatonin (Figs. 2(e) and 2(f)).

3.4 Melatonin or probiotics alleviate NP-induced gut microbiota dysbiosis

Gut microbiota is strongly associated with environmental pollutant-induced hematopoietic
damage. Hence, we further examined the microbial composition in the cecum contents

after 42 days of NP exposure in mice. In the present study, we found 413, 420, 388, and
412 operational taxonomic units (OTUSs) in the control, NP exposure, NP+Melatonin, and
NP+Bifico groups, respectively, with 327 OTUs being common to all four groups (Fig. 3(a)
and Table S2 in the ESM). The smooth Shannon-Wiener curves indicated that a sufficient
number of sequences were acquired in all samples (Fig. 3(b)). As displayed in Figs. 3(c) and
3(d), the number of sequences in each group differed significantly and similar samples were
clustered in the near distance, indicating a significant between-group difference in the gut
microbial composition of mice, and less individual variation within groups. Further LEfSe
analysis showed that NP exposure was indeed disrupting intestinal microbial homeostasis
in mice, and 29 bacterial species were found to be significantly different in the four groups
(Figs. 3(e) and 3(f)). Of these, 12 bacteria were statistically associated with markers of
hematopoietic damage (Fig. 3(g)). Among these potential microbes, those in which both
melatonin and probiotics play a reversal role include erysipelotrichaceae, lactobacillus
taiwanensis, dubosiella, anaerotruncus, lactobacillus, and lactobacillales (Figs. 3(h)-3(k)).
In addition, the probiotics also improved the disorder of prevotellaceae at the family level
and muribaculum at the genus level (Figs. 3(h) and 3(i)).
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These results suggested that melatonin or probiotic supplementation prevented mice from
NP exposure-induced hematopoietic damage by modulating specific gut microbes.

3.5 Melatonin or probiotics alleviate NP-related metabolic disorders

Metabolite alterations associated with the gut microbiome had been recognized as a
possible mechanism by which microbes affect host health [29]. Therefore, we used full
quantitative metabolomics to detect the active metabolites in mouse plasma in the present
study. As shown in Fig. 4(a), the scatters of samples from the same group were presented
as distinct clusters, indicating the heterogeneity of the effects of different treatments on
plasma metabolites in mice. In a mouse model of NP-induced hematopoietic injury, a total
of 26 differential metabolites were identified by UPLC-MS/MS after oral administration
of melatonin or probiotics (Fig. 4(b) and Table S3 in the ESM). Spearman analysis

was used to further understand the relationship between metabolites and hematopoietic
damage. 12 of these metabolites were closely associated with hematopoietic damage
markers, especially LT-HSCs (Fig. 4(c)). Notably, melatonin administration could effectively
reverse the abnormal metabolite changes caused by NP, such as creatine and xylose. In
contrast, probiotics reversed the levels of seven metabolites after NP exposure, which was
adipoylcarnitine, malonylcarnitine, threonine, 3-hydroxybutyric acid, palmitoylcarnitine,
4-hydroxycinnamic acid, and homocitrulline (Fig. 4(d)). This evidence supported the
hypothesis that metabolic alterations might be a key mechanism by which melatonin or
probiotics improve NP-induced hematopoietic damage.

3.6 Metabolites act as mediators of gut microbes to regulate the host hematopoietic

phenotype

The crosstalk of gut microbes with specific metabolites has emerged as a potential
pathogenic mechanism for environmental pollutants [26]. Therefore, we further analyzed
the relationship between gut microbes and metabolites effectively reversed by melatonin

or probiotics and explored the mediating effects of key metabolites in the association
between microbial and hematopoietic damage (Fig. 5(a)). After melatonin intervention, two
metabolites were found to be potentially involved in NP-induced hematopoietic toxicity, and
creatine showed a stronger correlation with gut microbes (Fig. 5(b)). In contrast, probiotic
intervention reversed the levels of more gut microbes and metabolites. Of these, threonine,
malonylcarnitine, and 3-hydroxybutyric acid might be potent performers in the regulation
of hematopoietic toxicity by gut flora, as they had a more significant relationship with

the identified microbes (Fig. 5(c)). In conclusion, melatonin and probiotics ameliorate NP-
induced hematopoietic toxicity possibly by modulating different gut microbial-metabolic
pathways, which may lay the foundation for an in-depth investigation into the mechanisms
of NP-induced health damage in the future (Fig. 6).

4 Discussion

An increasing body of evidence suggests that people are commonly exposed to MNP

in various food, drinking water, and air [30]. As a novel contaminant, MNP had been
reported to produce significant multi-organ adverse effects, including liver damage [31],
immune disorders [4], and neurological and reproductive toxicity [32,33]. It can penetrate
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into more tissues and produce more severe bioaccumulation as the diameter of plastic
particles decreases. To date, numerous /n vivo studies had proven that plastic particles
larger than 50 pm were primarily concentrated in the intestine, while plastics of 5 pm
could enter the liver [8,10]. Nanoscale plastics (< 100 nm) could even penetrate the barrier
to reach the circulation and BM, thus affecting hematological parameters and even the
capacity of hematopoietic progenitor cell colony formation [21,26]. These studies indicated
that NP was a potential threat to the BM hematopoietic system. However, the potential
mechanisms and prevention strategies for NP exposure-induced hematopoietic damage are
not fully clear. In this study, we observed that low doses of 80 nm NP were able to reach
the BM with circulation and inhibited the renewal and differentiation potential of HSCs.
Whereas melatonin and probiotics effectively reversed the NP-induced decrease in HSCs
renewal capacity with no effect on differentiation capacity. This may act through specific
gut microbes and metabolites. In general, probiotics are more effective than melatonin for
NP-induced hematopoietic toxicity from a pathological, hematological, and microbiomic
and metabolomic perspective.

As a plastic polymer, PS is extensively utilized in industrial products (such as food
packaging, household appliances, and automotive industry) and biomedical applications
(such as medical devices, petri dishes, and diagnostic components) [4]. In recent studies,
quantifiable MP was found for the first time in human blood and 36% of them was PS [34].
MP in the environment can be decomposed into smaller micron-sized or nanometer-sized
plastic particles under long-term light irradiation [35]. Several studies had reported that a
large number of NP particles less than 100 nm were detected in environmental and marine
organisms [36-38]. Plastic particles are probably transported through the bloodstream to
arrive at the distal organs. While PS particles less than 100 nm have been shown to penetrate
into the mammalian BM [21,26]. Besides the above factors, the strain and sex of the animals
are also factors that must be considered in toxicology tests. Because of their susceptibility
to hematological tumors, C57BL/6J mice are often considered as experimental animals in
environmental pollutants and hematotoxicity studies [15,27]. In addition, male mice are also
the most widely used animal model in recent studies of MNP, except for reproductive and
developmental toxicity studies [15,26,39, 40]. Taken together, the hematopoietic toxicity of
80 nm PS-NP was investigated in this study.

Limited studies have investigated the effects of MNP on the hematological system, but
in-depth mechanisms and interventions are lacking. After 15 days of exposure to MP (> 100
nm), several hematological parameters in tilapia showed significant alterations (decrease
in RBC, blood hemoglobin concentration, hematocrit, mean corpuscular hemoglobin
concentration, platelets, WBC, and percent of monocytes; increase in mean corpuscular
volume and mean corpuscular hemoglobin) with increasing exposure dose and were
irrecoverable except for WBC and RBC [41]. HSC:s strictly regulated self-renewal and
balanced spectrum differentiation by generating hematopoietic progenitor cells and further
downstream cells, thus providing a continuous supply of blood cells. A preliminary study
has also demonstrated a significant inhibitory effect of 5 um PS-MP on WBC counts and
BM hematopoietic progenitor cell differentiation in C57BL/6J mice [15]. 1.6 ug of MP per
mL of blood was detected in human volunteers, which further raised concerns about the
long-term effects of MP on human health [34]. These shreds of evidence confirm that the
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disturbance of the hematopoietic pool by MNP in mammals is an important mechanism
for the progression of hematological diseases. However, as yet no studies were published
regarding prevention or treatment protocols for hematopoietic damage caused by MNP.

MNP that migrate into the blood circulation might be accompanied by lipid peroxidation,
metabolic disorders, and inflammatory responses, in addition to the destruction of blood

cell components [42]. Melatonin is known to be a powerful immunomodulator for anti-
oxidation, anti-inflammatory, immune enhancing, cardiovascular protective, and anti-cancer
[43]. In a mouse model of PM, s-induced lung injury, 20 mg/kg/day melatonin treatment

for 56 consecutive days alleviated PM> s-induced inflammatory cell infiltration, pathological
lung damage, and edema by activating Nrf2 to inhibit ferroptosis in lung epithelial cells
[23]. Furthermore, given the important role of gut microbiota and metabolism in disease
development, this would also be a new target for melatonin intervention. In titanium particle-
induced osteolysis [44], dextran sodium sulfate-induced neuroinflammation [45], and high-
fat diet-induced obesity and lipid metabolism disorders [22,46], the superior therapeutic
effect of melatonin had been demonstrated by modulating the intestinal microbiota. In
contrast to the healthy state, the development of blood disorders is frequently accompanied
by disturbances in intestinal microbes and metabolites [27,28]. Probiotics, a nutritional
supplement, are receiving increasing attention for their potential in the prevention and
treatment of intestinal flora dysbiosis. In diesel exhaust particles (DEPs)-exposed mice,

oral probiotic administration significantly increased the relative abundance of lactobacillus
and protected mice from DEPs-induced colonic epithelial damage [47]. Animal studies
revealed that lactobacillus supplementation improved the survival rate of mice and reduced
the adverse effects of hematopoietic cell transplantation, such as graft-versus-host disease
and intestinal inflammation [48,49]. In conclusion, these evidences suggested that melatonin
or probiotic supplementation might be effective measures to ameliorate the hematopoietic
damage induced by MNP and that the intestinal flora-metabolic axis is an important
intermediate regulator.

A growing number of studies suggested that metabolites may be involved as mediators

in the relationship between gut microbiota and disease [50,51]. Creatine has attracted a

lot of attention as a nutritional supplement because of its antioxidant, neuroprotective,
anti-lactate, and calcium homeostatic effects [52]. Physiologically, creatine serves as an
atypical energy fuel that can be used to supply cellular energy requirements acutely through
the creatine—phosphocreatine cycle with ATP-ADP conversion in the brain and muscle.
Peng et al. revealed that reduced expression of SLC6A8 leads to reduced creatine input and
ATP production, thereby detracting from CD8+ T cell function. This study highlights the
importance of creatine metabolism for T-cell function in leukemia [53]. These evidences
supported the results of the present study that melatonin reversed NP-induced hematopoietic
damage, which was significantly associated with creatine regression.

Unlike melatonin, the reversal of NP-induced hematopoietic damage by probiotics is mainly
attributed to threonine, malonylcarnitine, and 3-hydroxybutyric. The mammalian target

of rapamycin (MTOR) is a serine/threonine kinase that is known to play an important
regulatory role in cell growth, proliferation, metabolism, and survival [54]. Notably,

MTOR activity is a possible key checkpoint for HSCs quiescence and self-renewal [55].
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Therefore, threonine may regulate NP-induced hematopoietic injury by activating mTOR
activity. Malonylcarnitine is a metabolite that accumulates due to a disorder in fatty acid
oxidation (FAQO) caused by malonyl-CoA decarboxylase deficiency [56]. Previous studies
also indicated that FAO might be a potential key metabolic pathway for hematopoietic injury
[28]. In addition, 3-hydroxybutyric, a byproduct of FAQ, is a fuel source for peripheral
tissues including the brain, heart, and skeletal muscle, and also acts as a signaling molecule
regulating lipolysis, oxidative stress, and neuroprotection [57]. The above studies suggested
that these metabolites might be critical mediators in the regulation of hematopoiesis.

5 Conclusions

In summary, this study revealed that 80 nm of PS-NP could enter the BM and affect

the hematopoietic capacity of mice. Furthermore, we provided preliminary evidence that
probiotics and melatonin ameliorate NP-induced hematopoietic damage, which may involve
different gut microbiota and metabolites. Our study uncovered a promising individual
intervention candidate against novel contaminant-associated hematopoietic disorders.
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Figurel.
Assessment of the overall toxicity of NP exposure in mice and the treatment effect of

melatonin or probiotics (7= 19). (a) Schematic diagram of animal experiment. (b) Effect of
NP, melatonin, or probiotic treatment on body weight in mice. (c)—(i) Treatment effect of
melatonin or probiotic supplementation on organ damage induced by NP. * p< 0.05, ** p<
0.01, ns: p> 0.05.
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Figure 2.
Melatonin or probiotics treatment alleviated hematopoietic damage in NP exposure mice (7

= 3). (a) Distribution of 80 nm PS-NP in the bone marrow of mice. (b) Histopathological
analysis of the femur. (c)—(f) Measurement of markers of hematopoietic damage by flow
cytometry. *p < 0.05, **p< 0.01, ***p< 0.001, ns: p> 0.05.
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Figure 3.

Melatonin or probiotics treatment alleviated gut microbiota disorders in NP exposure
mice (7= 6). (a) Distribution of OTUs in the four groups. (b) The sequencing depth

was characterized by Shannon-Wiener curves for all samples. (c) Number of sequences
detected in each group. (d) PCoA plot analysis. (e) and (f) Differential gut microbial
identification by LEfSe analysis (linear discriminant analysis (LDA) > 4). (g) Correlation
between differential gut microbiota and hematopoietic damage by Spearman analysis. (h)-
(k) Relative abundances of key microbiota at the family, species, genus, and order level,
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respectively. Values were presented as median + quartile. Differences were assessed by
Mann Whitney test and denoted as follows: *p < 0.05, **p < 0.01, ns: p> 0.05.
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Figure 4.
Melatonin or probiotics treatment alleviated metabolic phenotypes in NP exposure mice (1

=6). (a) Principal component analysis (PCA) score plot with principal component boxplot.
(b) 25 identified differential plasma metabolite levels. (c) Correlation between differential
metabolite and hematopoietic damage by Spearman analysis. (d) The levels of differential
metabolites associated with hematopoiesis. Green boxes indicate metabolites reversed by
melatonin, purple boxes indicate metabolites reversed by probiotics, and blue boxes indicate
metabolites with no reversal by melatonin or probiotics. Values were presented as median
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+ quartile. Differences were assessed by Mann Whitney test or Kruskal-Wallis test and
denoted as follows: *p < 0.05, **p < 0.01, ns: p> 0.05.
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Figureb.

Connection of key gut microbes to metabolites in the process of melatonin or probiotics
ameliorating NP-induced hematopoietic damage. (a) Potential microbes and metabolites that
may be involved in the process of melatonin or probiotics ameliorating NP hematopoietic
damage. (b) and (c) Spearman analysis reveals key microbes and metabolites involved in
melatonin or probiotics ameliorating NP hematopoietic damage. *p < 0.05.
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Figure®6.
Schematic diagram of the mechanism by which melatonin and probiotics reverse NP-

induced hematopoietic toxicity via specific gut microbes and metabolites.
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