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Purpose: To evaluate the therapeutic effect of oral administration of Lactiplantibacillus plantarum P101 (P101) on skeletal injury in
young rats exposed to titanium dioxide nanoparticles (TiO, NPs), and explore the potential mechanism.

Methods: Four-week-old male rats were orally administration to TiO, NPs and supplemented with P101 2 hours later for 4 weeks.
The growth and development, food intake, bone metabolism and serum inflammatory markers of the rats were evaluated. Their tibias
were observed and evaluated using microcomputed tomography (micro-CT), tartrate-resistant acid phosphatase (TRAP) staining,
immunohistochemistry (IHC) and real-time quantitative PCR (RT-qPCR). We observed the tibia growth plate using safranin and fast
green staining. 16S rDNA sequence analysis of fecal samples was performed to observe changes in the gut microbiota.

Results: Our results showed that TiO, NPs can lead to bone growth inhibition and osteoporosis, induce intestinal flora imbalance, and
induce inflammation in young rats. Further mechanistic studies suggested that TiO, NPs disrupts intestinal flora and increases serum
IL-1B levels, which increased the expression of RANKL in bone, thereby enhancing osteoclast differentiation and function, leading to
bone loss. Through a P101 supplementation experiment, we found that P101 ameliorated the inflammation and osteoporosis on bone
caused by TiO, NPs.

Conclusion: This study showed that the mechanism by which P101 alleviates bone damage caused by TiO, NPs may be through
restoring intestinal microbial homeostasis and inhibiting inflammatory response.

Keywords: TiO, NPs, P101, young rats, intestinal flora, bone injury, IL-18

Introduction

With continual advances in nanotechnology, TiO, NPs have been widely used in daily life.' Because of their superior
physical, chemical, and biological characteristics, TiO, NPs are utilized in cosmetics, paints, medicine, and food
additives.”* TiO, NPs are added as whitening agents to white chocolate, candy, chewing gum and other products.’
Children in Europe are exposed to TiO, NPs of at least 2 mg/kg body weight daily, with a greater intake than adults.
A survey study showed that American children consume at least 1 mg/kg body weight TiO, NPs daily.® The easy access
to food containing TiO, NPs has raised great concern about their potential health effects, especially in children. Some
studies have shown that orally administration to TiO, NPs can affect the intestinal and liver function of young rats.”* Our
team has demonstrated that TiO, NPs disrupt normal skeletal structure in young rats.” However, there is almost no
research on alleviating bone damage caused by TiO, NPs.
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Normal growth of bones, especially long bones, is important for children’s final height. In China, parents are paying
increasing attention to the height of their children. Children whose height falls below the third percentile are defined as
having short stature compared to people of the same age, gender, and race. In the same age group, the proportion of
children with short stature in China is 3.7%, which is not a small proportion.'® The main cause of short stature in children
is poor skeletal development.'' One study showed that nursing from rats exposed to TiO, NPs can affect the body growth
of their offspring.'? It is particularly urgent to find a way to alleviate the damage caused by TiO, NPs in children.

As an important digestive organ of the human body, the gut is an important defense line against damage caused by
oral exposure to nanomaterials through food. Normal gut structure and function and intestinal microbial homeostasis can
regulate immune balance to maintain health.'® There are at least 10'* microorganisms in the human gut.'* Firmicutes and
Bacteroidetes are the predominant phyla of the gut microbiota, accounting for 90% of the gut microbiota. Actinobacteria
and Proteobacteria also account for a certain proportion of the gut microbiota.'> Reports have indicated that oral
administration of TiO, NPs induces intestinal inflammatory injury in young rats and has a great impact on the quantity of
the intestinal microbiota, particularly Lactobacillus, Firmicutes, and Proteobacteria.®'® Notably, these gut-residing
Lactobacillus strains can not only balance gut barrier integrity but also ameliorate the host immune response.'’
Lactobacillus rhamnosus GG, a type of Lactobacillus, has been studied several times, and its anti-inflammatory effects
have been well demonstrated. Moreover, it can alleviate the intestinal flora imbalance caused by TiO, NPs. Additionally,
mounting evidence supports the role of Lactobacillus plantarum species in gut microbiota dysbiosis, the modulation of
intestinal homeostasis, and the alleviation of inflammation.'® It is good for treating ulcerative colitis, cardiovascular
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diseases, osteoporosis, hyperuricemia, and other diseases.'”>* You et al showed that P101 has superior anti-inflammatory
properties compared with Lactobacillus rhamnosus GG.> Therefore, P101 was used in this study.

Accordingly, utilizing Lactobacillus to alleviate the negative effects of TiO, NPs may be a potential therapy that
deserves further investigation. In this study, we explored the adverse effects of TiO, NPs on bones in juvenile rats. We
also investigated whether P101 had a protective effect against TiO, NP-induced bone damage in young rats.

Materials and Methods

Preparation and Characterization of TiO, NPs

TiO, NPs were purchased from Aladdin Industrial Corporation (Shanghai, China). The morphology of the TiO, NPs was
observed by transmission electron microscopy (TEM). The suspension was prepared by mixing powdered TiO, NPs with
1% phosphate buffered saline (PBS, pH 7.4). The mixture was ultrasonicated for half an hour, and then vortexed through
a simulated vortex mixer to ensure uniform dispersion of the TiO, NPs in the aqueous solution.

Preparation of Probiotics

P101 (CCTCC M 2021108) was dissolved in sufficient sterile Man—Rogosa—Sharpe (MRS) purchased from a company
based in Beijing, China (Solarbio Science and Technology Co. Ltd). The mixtures were then incubated under an
anaerobic environment at 37 °C for 16 h. Then, the bacterial mixture was centrifuged to remove the supernatant and
retain the precipitates. The bacteria were resuspended twice with 1% PBS to adjust their concentration to 10® colony-
forming units/mL (CFU/mL) in a final volume of 200 pL.

Animal and Experimental Design

Purchased pregnant Sprague—Dawley (SD) rats from the Jiangxi University of Chinese Medicine. All animal experiments
were approved by the Animal Ethics Committee of Nanchang University, which complies with the Guide for the Care
and Use of Laboratory Animals published by the USA National Institutes of Health. This study received approval from
the Animal Care Review Board of Nanchang University, Jiangxi, China (approval number: NCULAE-20221031015).

The offspring received a 3-week period of breastfeeding after birth. After one week of adaptation after weaning, 20
male SD rats (4 weeks old, 57.78 + 2.28 g) were selected as experimental subjects for this study. The rats were randomly
assigned into four groups: control group, TiO, NPs group, TiO, NPs + P101 group, and P101 group. The rats in the TiO,
NPs + P101 group were orally administered TiO, NPs and supplemented with P101 2 hours later. The dose of TiO, NPs
was 100 mg/kg and the dose of P101 was 200 pL. The rats were provided with ad libitum access to sufficient food and
purified water, housed in standard plastic cages, and placed in constant temperature (23 + 1 °C) dedicated animal rooms
with 12 hours of darkness and 12 hours of light.

The rats were treated for 28 days throughout the entire experimental period. Feces were collected in sterile centrifuge
tubes on the last day, after which the young rats were anesthetized by inhalation of carbon dioxide. Blood samples were
immediately collected from the ophthalmic vein after eyeball extraction. The serum and feces were stored at —80 °C. The
left tibias were fixed with 4% paraformaldehyde.

Growth and Development Evaluation

The food intakes and weights of the young rats were recorded at the same time every day. The length of the body
from the nose to the anus was measured and recorded biweekly. Finally, the body mass index (BMI = body weight/
body length?) was calculated from the weight and height as the root weight. The tibia length was measured on the
last day.

Serum Biochemical Indicator Analysis
Bone metabolism was analyzed by measuring serum levels of alkaline phosphatase (ALP), calcium (Ca), and phosphorus
(P) levels. Calculate the Ca/P ratio based on the detected Ca and P values. These indices were detected by an automatic
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biochemical analyzer (Chemray 800, Rayto Life and Analytical Sciences Co., Ltd). purchased from a company in
Shanghai, China.

Determination of Serum Inflammatory Factor Levels

Inflammatory cytokine levels, such as interleukin-17 (IL-17) (Multisciences, EK317/3-96), interleukin-1p (IL-1B)
(Servicebio, GER0002-96T), and tumor necrosis factor-a (TNF-a) (Thermo Fisher Scientific, 88—7340-88) were assessed
using rat enzyme-linked immunosorbent assay (ELISA) kits. In addition, all procedures were performed according to the
instructions in the kit.

Safranin and Fast Green Staining of Bone Tissue Samples

The tibia was removed from the fixative and immersed in a solution of 10% formic acid—formalin for decalcification.
After that, embed the decalcified tibia in paraffin and then section it. The bone tissue sections were placed in fast green
staining solution for 1-5 min, and the excess staining solution was removed by washing with water until the cartilage
became colorless. The samples were soaked in 1% hydrochloric acid alcohol for 10s, and then gently cleaned with tap
water. Bone tissue sections were subjected to 1-5s of safranin staining solution and rapidly dehydrated in three cylinders
of absolute ethanol for 5s, 2s, and 10s, and then placed in a fourth cylinder containing absolute ethanol. Then, the slide in
the fourth cylinder was inspected under a microscope (E100, Nikon). The altitudes of the growth plates subjected to
safranin and fast green staining were analyzed using ImagelJ software.

Tartrate-Resistant Acid Phosphatase Staining of Bone Tissue Samples

After dewaxing and washing, the paraffin sections of tibia were placed in a wet box and incubated with distilled water at
37 °C for 2 h. After that, the slices were incubated with the prepared TRAP incubator solution at 37 °C for 20 min. The
nuclei were re-stained with hematoxylin solution for 15s, then differentiation fluid and ammonia were added. Finally, seal
the slices with neutral gum. The stained osteoclast envelope was wine red and the nucleus was light blue. The number of
osteoclasts was counted at 200x microscope (E100, Nikon).

Evaluation of Bone Microstructure in Micro-CT

Micro-CT (SkyScan 1275, Bruker, Germany) was used to evaluate the microstructure and bone metabolism of the tibias
in each group. The datasets were reconstructed with NRecon software (version 1.7.4.2) to obtain three-dimensional (3D)
images. Threshold segmentation was performed on the region of interest (ROI), and the influence of soft tissue and fluid
in the medullary cavity was excluded to obtain trabecular data for further analysis. Direct or indirect indicators of bone
mass include the bone surface area (BS), surface area/bone volume (BS/BV), bone volume fraction (BV/TV), and bone
surface density (BS/TV). The indices used for evaluating the morphology and structure of the trabecular bone included
the trabecular separation (Tb.Sp), trabecular pattern factor (Tb.Pf), trabecular number (Tb.N), structure model index
(SMI), and connectivity density (Conn.Dn). Bone mineral density (BMD) can assess bone quality and strength.

Immunohistochemical Analysis of Bone Tissue

After the paraffin sections were deparaffinized in water, circles were drawn with a histochemical pen, and pepsinase was
added to the circles until the tissue was completely covered. The sections were then incubated in an oven for half an hour
at 37 °C for antigen repair. The slides were placed in 3% hydrogen peroxide. Incubate cells at 25 °C for 25 min in the
dark to block endogenous peroxidase activity. The slides were then incubated with 3% BSA and blocked for half an hour
at 25 °C. Primary antibodies named osteoprotegerin (OPG) and nuclear factor-kB ligand (RANKL) were incubated with
the sections overnight at low temperature (4 °C) in a wet box. The next day, secondary antibodies against the
corresponding species were added to the bone tissue, which was then incubated at room temperature for 50 min. The
nuclei were counterstained with hematoxylin after staining with DAB. Collect slice images using a light microscope
(E100, Nikon). The nuclei were stained blue with hematoxylin, and DAB positive cells were stained brown-yellow. In the
whole field of view, the integrated optical density (IOD) was quantified using ImagelJ software at 200x magnification.
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Real-Time Quantitative PCR Analysis of Bone Tissue

Total RNA in tibia tissue was obtained with an RNA extraction kit. The absorbance of the extracted total RNA was
determined with a software (Nanodrop 2000) to measure the purity of total RNA. RNA integrity was determined using
agarose gel electrophoresis. Then, a cDNA synthesis kit (Servicebio, G3337) was used to reverse transcribe 1 pg of
extracted RNA to obtain cDNA. Finally, the amplification was completed by fluorescence quantitative PCR (Bio-rad, CFX

Connect). The gene transcription level was calculated using the 2 **“" method and the primers are shown in Table S1.

16S rDNA Sequencing and Analysis of the Fecal Microbiota

According to the manufacturers’ instructions, DNA was extracted from each rat’s sample using the Feces Genomic
DNA Purification Kit (BSC48S1E, Hang Zhou, China). Genomic DNA was used as a template for PCR
amplification using specific primers with barcodes according to the selection of the sequencing region. Amplify
the V3-V4 region of the small-subunit (16S) ribosomal RNA gene in prokaryotes (bacteria). The primers used are
338F (5'-ACTCCTACGGGAGGCAGCA-3") and 806R (5'-GGACTACHVGGGTWTCTAAT-3"). The constructed
amplicon library was subsequently sequenced at Guangdong Magigene Biotechnology Co., Ltd. (Guangzhou,
China). The date was analyzed on a platform (Microeco Tech Co., Ltd. Shenzhen, China). Linear discriminant
analysis effect size (LEfSe) method was used to identify microbial taxa with significant differences. A linear
discriminant analysis (LDA) >3 was set for the analysis.

Statistical Analysis

SPSS v25.0 software was used for one-way ANOVA. Data were expressed as means = SD. GraphPad (GraphPad
Software, USA) was used for plotting. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control group. #P < 0.05,
##P < 0.01, ### P < 0.001 compared with the TiO, NPs group. A significance level of P < 0.05 was considered indicative
of statistical significance between groups in this experiment.

Results

Characterization of TiO, NPs
The TiO, NPs particles were rod-shaped and had a measured average diameter of 34.81 + 6.8 nm (Figure 1A and B).

Changes in Growth and Development

We observed that the body weight in the TiO, NPs group was significantly decreased compared to the control group
(Figure 2B). Moreover, there was a notable increase in weight gain observed in the TiO, NPs + P101 group compared to
the TiO, NPs group. At the same time, there was no statistical difference in food intake among the groups (Figure 2A). In
this experiment, no difference in body length and BMI on the 14th day was observed among the four groups (Figure 2C
and D). However, on the 28th day after gavage, the BMI and tibia length were significantly lower in the TiO, NPs group
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Figure | Morphology and size of TiO, NPs. (A) TEM image. (B) Percent size distribution.
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Figure 2 Characterization of growth. (A) Food intake. (B)Body weight. (C) Body length. (D) BML. (E) Length of the tibia. ¥P<0.05, vs control. *P<0.05, vs TiO, NPs.

than those in the control group, while the BMI and tibia length were significantly greater in the TiO, NPs + P101 group
than in the TiO, NPs group (Figure 2D and E). The changes in these indicators demonstrated that the TiO, NPs inhibited
the body weight gain of young rats and impaired the growth of their long bones. P101 can alleviate the developmental
toxicity of young rats exposed to TiO, NPs.

Serum Biochemistry and Inflammation Indicators

Ca, P and ALP can be used to examine bone metabolism. These data are shown in Figure 3A-D. The Ca and P levels
were greater and the Ca/P ratio was lower in the TiO, NPs group than in the control group, but these differences were not
statistically significant. Moreover, the TiO, NPs + P10l group exhibited a significantly lower levels of Ca and
P compared to the TiO, NPs group (Figure 3A and B). Although there was an increasing trend in the Ca/P ratio in the
TiO, NPs + P101 group, the difference was not significant (Figure 3C). In the TiO, NPs group, the ALP level was
significantly lower, while the IL-1B level were significantly greater compared to the control group (Figure 3D and E).
After P101 administration, the TiO, NPs + P101 group exhibited a significant increase in ALP and a significant decrease
in IL-1B levels compared to the TiO, NPs group. The serum levels of TNF-a and IL-17 were not different among the
groups (Figure 3F and G). These data indicate that oral exposure to TiO, NPs can interfere with bone metabolism. The
IL-1pB level indicated that TiO, NPs could cause systemic inflammation in young rats, and P101 could alleviate the

increased levels of inflammatory factors induced by TiO, NPs.
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Bone-Structure Observation by Micro-CT and Data Analysis

To examine whether the bone microstructure of the tibia of the rats in the TiO, NPs group was altered and whether P101
could protect it, the structure and morphology of the rat bones were evaluated by micro-CT. As shown in Figure 4A-D,
there were no apparent differences observed in the cortical bone of each group according to the three-dimensional
images. However, the TiO, NPs group exhibited sparse tibial trabeculae and decreased bone density. After P101
supplementation, the bone trabeculae were denser, and the bone density rose in the young rats.

We further analyzed the trabecular bone data of these groups. The obtained trabecular bone morphological data are
shown in Figure 4E-N. The data are consistent with the corresponding images. Compared to the control group, we
observed that the BMD, Conn.Dn, BS, BV/TV, and BS/TV decreased significantly, while the Tb.Pf, Tb.Sp, and SMI
metrics were significantly increased in the TiO, NPs group (Figure 4E-L). Although the BS/BV increased and the Tb.N
decreased in the TiO, NPs group, the difference was not statistically significant (Figure 4M and N).

After P101 supplementation, in the TiO, NPs + P101 group, the BS and Conn.Dn were significantly increased, while
Tb.Sp and Tb.Pf were significantly decreased compared to the TiO, NPs group (Figure 4H-K). The BMD, BV/TV, and
BS/TV tended to increase, while the SMI tended to decrease compared to the TiO, NPs group, but the differences were
not significant (Figure 4E-G, and L). Moreover, the Tb.N was significantly greater in the P101 group compared to the
control group (Figure 4M). These images and data indicate that TiO, NPs can decrease bone mass, damage the
microstructure of bone tissue, and cause osteoporosis in rats. P101 can alleviate bone damage caused by TiO, NPs
and confer certain benefits to the skeleton of normal rats.

Morphology and Data Analysis of Growth Plates and Osteoclasts

To further observe the growth plates and osteoclasts of rats, safranin and fast green staining and TRAP staining were used
to stain the tibial sections of the rats (Figure SA and B). Compared to that of the control group, the growth plate altitude
of the group exposed to TiO, NPs was significantly lower (Figure 5C). In comparison to the TiO, NPs group, the TiO,
NPs + P101 group showed a notable elevation in growth plate thickness. The number of osteoclasts in the TiO, NPs
group was significantly higher than that in control group, and the number of osteoclasts in the TiO, NPs + P101 group
was significantly lower than that in the TiO, NPs group (Figure 5D). These results indicated that oral exposure to TiO,
NPs caused growth plate thinning and osteoclast proliferation in young rats, while P101 administration could alleviate
this damage to some extent.

IL-1B, OPG and RANKL Expression Levels in the Tibia

Figure 6A and B show OPG and RANKL protein staining. IHC revealed that OPG expression and OPG/RANKL ratio
did not significantly differ among the four groups (Figure 6C and E). The expression of RANKL was significantly greater
in the TiO, NPs group than in the control group (Figure 6D). Additionally, there was a notable decrease in the expression
of RANKL in the TiO, NPs + P101 group compared to the TiO, NPs group. RT-qPCR results showed that compared with
those in the control group, the expression levels of OPG and OPG/RANKL ratio in the TiO, NPs group were significantly
decreased, while the expression levels of RANKL and IL-1f were significantly up-regulated (Figure 6F-I). In the TiO,
NPs + P101 group, the expression levels of OPG and OPG/RANKL ratio were significantly increased, while expression
levels of RANKL and IL-1 were significantly decreased compared to the TiO, NPs group. These results demonstrated
that TiO, NPs can induce inflammatory response in bone and enhance osteoclast activity and bone resorption. P101 could
alleviate the adverse reactions caused by TiO, NPs.

Analysis of the Gut Microbiota

The intestine contains a large number of microbiota. Principal component analysis (PCA) was utilized to assess the
differences in microbial composition among the control group, TiO, NPs group, and TiO, NPs + P101 group (Figure
7A). Principal coordinates analysis (PCoA) was also employed for comparison (Figure 7B). Compared to the control
group, the results of LEfSe results indicated a significant change in the gut microbiota in the TiO, NPs group (Figure 7D
and E). In particular, the abundances of the class Bacilli, order Lactobacillales, family Lactobacillaceae, and genus
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Lactobacillus were significantly lower in the TiO, NPs exposed group (Figure 7C-E). The addition of P101 significantly
attenuated the gut microbial alterations caused by TiO, NPs and increased the abundance of Lactobacillus in the

intestinal flora of young rats (Figure 7C, F and G). These studies showed that oral exposure to TiO, NPs altered the
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Figure 6 IL-1B, OPG and RANKL expression levels in the tibia. IHC Image of bone tissue (A) OPG (200%, 400%), (B) RANKL (200%, 400x). (C) Mean integrated optical
density (IOD) of OPG expression. (D) Mean IOD of RANKL expression. (E) Mean |IOD of OPG/RANKL ratio. RT-qPCR results of (F) OPG, (G) RANKL, (H) OPG/ RANKL, (I)

IL-15. ¥P<0.01, **P<0.001, vs control. *P<0.05, **P<0.01, #*P<0.001, vs TiO, NPs.
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Figure 7 Changes in gut microbiota in young rats. (A) PCA. (B) PCoA. (C) Abundance of Lactobacillus. (D and E) LEfSe analysis of the control group and TiO, NPs group.
(F and G) LEfSe analysis of the TiO, NPs group and TiO, NPs + P10 group. *P<0.01, vs control. *P<0.05, vs TiO, NPs.
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gut microbiota composition and significantly reduced the abundance of Lactobacillus. P101 supplementation alleviated
the effect of TiO, NPs on the gut microbiota.

Discussion

Many TiO, NPs are produced and widely used in everyday products associated with children, and the average estimated
intake of TiO, NPs in children is greater than that in adults. Children’s exposure to environmental pollutants may pose
greater health risks than adults’ due to their growth and development.>* A prior study demonstrated that TiO, NPs can
damage bone and lead to osteoporosis. Research has shown that oral supplementation with probiotics can reduce
intestinal inflammation, reverse gut microbial imbalances, and reduce bone loss in rats.”> In this study, we orally
administered TiO, NPs and P101 to young rats to investigate whether P101 can alleviate the bone injury caused by
TiO, NPs in young rats.

Macroscopic growth and development were assessed with commonly used indicators such as body weight,
body length, BMI, and tibia length. The body weight and BMI of the TiO, NPs group were significantly lower,
while the weight and BMI of the TiO, NPs + P101 group rats returned to the control level after P101 intake
(Figure 2B and D). During the experiment, we observed a decreasing trend in body length in the TiO, NPs groups
(Figure 2C). Moreover, the TiO, NPs group had significantly shorter tibial lengths (Figure 2E). After supple-
mentation with P101, the tibia length of rats exposed to TiO, NPs returned to control levels. In the case of no
difference in food intake among the groups of rats, our results showed that TiO, NPs had a negative influence on
the body growth of young rats, especially on body weight. This result differs from the conclusions of Cheng et al,
who did not find that TiO, NPs were significantly toxic to the weight and tibial length of young rats.” The
different results observed may be due to the different ages of the rats used in this study. Exposure to TiO, NPs
may have different effects at different ages.

Bone length is strongly correlated with growth plate height. The growth plate is a layer of hyaline cartilage tissue
between the distal epiphysis and metaphysis of long bones, that has the ability to grow longitudinally. Our study
showed that the height of the growth plates in the TiO, NPs group was shorter compared to the control group, while
the growth plate height returns to the level of the control group after P101 treatment (Figure 5C). Thus, the growth
plates of young rats were highly damaged by TiO, NPs and supplementation with P101 attenuated this adverse
effect.

The structural changes of the tibia can be visualized by micro-CT. According to these 3D images, the microstructure
of the tibia, especially the cancellous bone, in juvenile rats exposed to TiO, NPs was disrupted (Figure 4A-D). The
extent of destruction was mitigated by P101 supplementation. The data were used to further evaluate the degree of
microstructural damage to the trabecular bone in the four groups (Figure 4E—N). These data also confirmed bone tissue
damage after exposure to TiO, NPs, characterized by decreased bone mineral density, reduced trabecular number, and
disruption of trabecular structure. This result showed that TiO, NPs caused osteoporosis, which is consistent with the
findings of Cheng et al.” Moreover, after P101 intake, the bone density increased. In this study, we found that this tibial
bone damage was relieved after supplementation with P101.

Ca is the main mineral of bone. Serum Ca and P levels can evaluate the effects of bone metabolism on the different
groups. The serum Ca and P levels showed an upward trend, and the Ca to P ratio tended to decrease after exposure to
TiO, NPs (Figure 3A—C). After P101 supplementation, the changes in these indicators were opposite to those in the
group exposed to TiO, NPs. In this study, the serum ALP concentration was lower in the TiO, NPs group and greater in
the TiO, NPs + P101 group (Figure 3D). These results are inconsistent with previous research studies, possibly because
the young rats were in the somatic growth phase. Circulating ALP activity changes at different stages of life and
development.”® Additionally, it has been shown that the highest level of ALP is detected during periods of rapid growth
in childhood, such as infancy and adolescence.?’

Bone osteoblast and osteoclast activity were assessed by immunohistochemistry and RT-qPCR. The results showed
that the RANKL expression was increased in young rats orally exposed to TiO, NPs and decreased with P101
supplementation (Figure 6B, D and G). As shown in Figure 5D, the count of osteoclasts increased in the TiO, NPs
group. RANKL produced by osteoblasts reflects the activity of osteoclasts. The binding of receptor activator of nuclear
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factor-kappa B (RANK) to RANKL on the surface of osteoclasts leads to increased bone resorption. This result showed
that TiO, NPs increased bone resorption, which is consistent with the findings of Cheng et al.” Additionally, we found
that P101 can inhibit osteoclast activity.

Our results suggested that TiO, NPs had adverse effects on the growth and development, and bone damage of
young rats, and that these effects could be alleviated by P101 supplementation. The underlying mechanism is worthy
of further exploration. Zhao et al reported that oral exposure to TiO, NPs caused gut inflammation and barrier
damage in young rats, which was associated with an imbalance in intestinal microbial homeostasis.® Many studies
have confirmed that host homeostasis may be disrupted when the gut microbiota is altered or disrupted, causing
obesity, inflammatory bowel disease, rheumatoid arthritis, and many other diseases.”® " Currently, intestinal
microbiota dysregulation is recognized as one of the key factors causing osteoporosis in the host. Therefore, the
toxic effects of TiO, NPs on skeletal growth and development in young rats may be mediated by dysbiosis of the
gut microbiota.

In this study, we orally administered TiO, NPs and P101 to young rats and further assessed alterations in the gut
microbiota. After 4 weeks, notable alterations were observed in both the quantity and predominant species within the
intestinal microbiota among groups (Figure 7A—E). LEfSE analysis revealed that the species composition of the gut
microbiota in the TiO, NPs group changed. The abundances of Chlamydiae, Chlamydiales, Chlamydiaceae and
Chlamydia increased in the TiO, NPs group. Furthermore, the abundance of Lactobacillus was significantly lower in the
TiO, NPs group (Figure 7C—E). In this study, P101 supplementation alleviated the intestinal dysbiosis (Figure 7A and B).
Our results suggest that oral administration of P101 reduced TiO, NP-induced alterations in the gut microbial composi-
tion. Our results are in agreement with those of Zhao et al, who reported that TiO, NPs can reduce the abundance of
Lactobacillus in young rats, while probiotic supplementation alleviated the gut microbiota imbalance and increased the
abundance of Lactobacillus.®

Alterations in the gut microbial composition contribute to systemic inflammation.*’ Dysregulation of the gut
microbiota may lead to disruption of the integrity of the epithelial barrier, allowing LPS (an outer membrane component
of gram-negative bacteria) and bacterial peptides to enter the bloodstream, which triggers the activation of immune cells
and leads to increased production of proinflammatory cytokines, including IL-1B.>*** Probiotics influence many
physiological processes in the host, including development and intestinal homeostasis. Nie et al reported that P101
can reduce inflammatory responses in rats.**

We evaluated the serum levels of inflammatory cytokines in young rats. The results showed that the TiO, NPs
group exhibited elevated levels of the pro-inflammatory cytokine IL-1B (Figure 3G). IL-1B, which is mainly
expressed by macrophages and dendritic cells is involved in regulating systemic diseases.®” In the TiO, NPs group,
we found that the expression of /L-1f was up-regulated in the bone of young rats (Figure 61). Extensive evidence has
shown that IL-1B can promote bone resorption in alveolar bone by stimulating osteoclast formation.*®** The OPG/
RANK/RANKL system is influenced by IL-1B and is associated with the balance between osteoblasts and
osteoclasts.>® This study showed that TiO, NPs disrupted intestinal flora and increased serum IL-1p levels, which
increased the expression of RANKL in bone, thereby enhancing osteoclast differentiation and function, leading to
bone loss.

Studies have shown that probiotic therapy can inhibit the activity of osteoclasts in ovariectomy-induced mice by
inhibiting IL-6 secretion and intestinal inflammatory response, thereby enhancing bone mass.***! In this study, we found
that the number of osteoclasts was reduced in the young rats treated with P101 (Figure 5D). In addition, the results of
IHC and RT-gPCR showed that OPG expression was up-regulated, while IL-1 and RANKL expression were down-
regulated in the TiO, NPs + P101 group (Figure 6C-I). Thus, our study showed that P101 treatment can reduce the
expression of pro-inflammatory cytokines and inhibit osteoclast activity. In addition, we concluded that P101 alleviates
the adverse effects of TiO, NPs on bone growth and osteoporosis in young rats by restoring intestinal microbial

homeostasis and inhibiting inflammation (Figure 8).
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Figure 8 PI0I can alleviate the adverse effects of TiO, NPs on bone growth and osteoporosis in young rats by restoring intestinal microbial homeostasis and inhibiting
inflammation. (“1” increase, “|” decrease).

Conclusions

The present study investigated the effects of TiO, NPs on skeletal system in young rats and to investigated whether
P101 had a therapeutic effect on bone damage. In summary, our results indicate that TiO, NPs reduced body weight,
decreased tibia length, and damaged the bone structure in young rats. This may be due to an imbalance in the intestinal
flora and an increase in systemic proinflammatory factors such as IL-1p. Moreover, P101 supplementation alleviated the
bone injury and gut microbial disturbance induced by TiO, NPs.
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