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Abstract: Titanium dioxide nanoparticles (TiO, NPs) are generally added in considerable amounts to
food as a food additive. Oral exposure to TiO, NPs could induce intestinal damage, especially in obese
individuals with a high-fat diet. The probiotic Bacillus coagulans (B. coagulans) exhibits good resistance
in the gastrointestinal system and is beneficial to intestinal health. In this study, B. coagulans was used
to treat intestinal damage caused by TiO, NPs in high-fat-diet mice via two intervention methods:
administration of TiO, NPs and B. coagulans simultaneously and administration of TiO, NPs followed
by that of B. coagulans. The intervention with B. coagulans was found to reduce the inflammatory
response and oxidative stress. A 16S rDNA sequencing analysis revealed that B. coagulans had
increased the diversity of gut microbiota and optimized the composition of gut microbiota. Fecal
metabolomics analysis indicated that B. coagulans had restored the homeostasis of sphingolipids
and amino acid metabolism. The intervention strategy of administering TiO, NPs followed by B.
coagulans was found to be more effective. In conclusion, B. coagulans could alleviate intestinal damage
induced by TiO, NPs in high-fat-diet mice TiO, B. coagulans. Our results suggest a new avenue for
interventions against intestinal damage induced by TiO, NPs.
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1. Introduction

Titanium dioxide nanoparticles (TiO, NPs) are promising nanomaterials that have
been widely used in a variety of fields, such as the cosmetic industry, the field of medicine,
and the food industry [1]. TiO, NPs are generally added in considerable amounts to food,
as colorants to improve the sensory properties of food and as food preservatives due to
their antibacterial properties [2]. For example, sweets and candies contain high levels of
TiO; NPs, even as much as 2.5 mg of titanium per g of food [1,3]. A vital way for people to
consume TiO, NPs is orally. It is estimated that the dietary consumption of TiO, NPs was
about 2-3 mg/kg/day for children and 1 mg/kg/day for adults in the United Kingdom
(UK) [4]. It is worth noting that the Food and Drug Administration (FDA) allows TiO; NPs
to be used as a food additive in the United States, but its content cannot exceed 1% of the
total quantity of the product [5]. In addition, in 2021, the European Food Safety Agency
(EFSA) issued a safety assessment of TiO; NPs, indicating that TiO, NPs are no longer
considered safe as a food additive [6].

Numerous studies have documented intestinal damage, as, after ingestion, TiO, NPs
stay for extended periods in the intestinal tract and interact with intestinal microorgan-
isms and intestinal epithelial cells [7-10]. Gut microbiota is an ecosystem with complex
interactions, which plays a vital role in human health. The intestinal epithelial barrier can
protect the body from commensal bacteria, pathogens, and foreign particles. It is believed
that oxidative stress plays a vital role in TiO; NP toxicityTiO,, and the increase in the
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oxidative stress level has been shown to lead to disturbed serum biochemical parame-
ters and elevated inflammatory factor levels [11,12]. Ruiz et al. indicated that TiO; NPs
aggravate colitis by increasing the production of reactive oxygen species (ROS) and inflam-
masomes [13]. Moreover, our previous study presented that exposure to TiO, NPs affects
the intestinal microecology in mice: for example, gut microbiota diversity and composition,
short-chain fatty acid (SCFA) production, inflammatory response levels, and gut-associated
metabolism [10].

Some high-fat foodsTiO,, such as chocolates, puffed foods, jams, and candies, contain
large amounts of TiO; NPs. Obese people who consume large amounts of high-fat foods
can be exposed to more TiO, NPs, which may cause more pronounced health effects.
Moreover, obese populations have been shown to be more vulnerable to the potentially
harmful effects of TiO, NPs. Cao et al. found that the effects of TiO, NPs, such as
intestinal microbial disorders, decreased levels of SCFAs, abnormal changes in cytokines,
and negative histopathology, were greater on obese mice on a high-fat diet compared to
non-obese mice [14]. As per one study, about 1.9 billion adults worldwide are overweight,
and more than 600 million people are obese [15]. Considering that obesity is still increasing
globally and has become a major socio-economic burden [16], the impact of TiO, NPs on
obese individuals deserves attention, and it is important to actively seek corresponding
preventive or therapeutic intervention programs.

Bacillus coagulans (B. coagulans), with good heat resistance, strong resistance to acids,
and a high survival rate after reaching the gastrointestinal system, has been reported as
safe by the FDA and the EFSA and included in the Generally Recognized As Safe (GRAS)
and Qualified Presumption of Safety (QPS) lists [17]. Microbial preparations made from
B. coagulans have been widely used in food, medicine, animal husbandry, etc., enjoying
broad application prospects. B.Coagulans MTCC 5856, a kind of Bacillus coagulans, has been
found to exhibit excellent resistance to gastric acid and can withstand high temperatures
of up to 90 °C [18]. Tanvi et al. [19] used B. coagulans MTCC 5856 to intervene in mice
with inflammatory bowel disease (IBD) and found that B. coagulans MTCC 5856 has the
ability to maintain intestinal epithelial integrity, promote SCFA production, and reduce
colonic inflammation.

Here, taking into consideration its good properties, Bacillus coagulans was employed
as a probiotic to treat intestinal damage caused by TiO, NPs. A mouse model of obesity
induced by a high-fat diet was established in this study. These obese mice were fed with
TiO, NPs daily for eight weeks. Two kinds of intervention strategies with Bacillus coagulans
were conducted to explore both the regulatory effect of Bacillus coagulans and the influence
of intervention methods on its effectiveness. This study will provide new insights into the
prevention of the negative effects of TiO, NPs on people with chronic diseases.

2. Materials and Methods
2.1. Animals and Treatments

Six-week-old C57BL /6] mice (male, weight 20-24 g) were purchased from SPF (Beijing,
China) Biotechnology Co., Ltd. All animal experiments were approved by the Animal Ethics
Committee of JAK BIO company (JKX-2106-01). The animals were kept in a temperature-
controlled room (25 °C, 45% humidity) exposed to a 12 h/12 h dark/light cycle and had
free access to water and food. After a 1-week adaptation period, the mice were randomly
divided into a normal-diet-fed group (5 kcal%) and a high-fat-diet-fed group (60 kcal%).
The high-fat-diet mice were further divided into four subgroups (n = 5). One subgroup
was given only a high-fat diet for eight weeks, one subgroup was subjected to a high-fat
diet containing TiO, NPs for eight weeks, one subgroup was fed a high-fat diet containing
TiOy NPs and B. coagulans MTCC 5856 simultaneously for eight weeks, and one subgroup
was given a high-fat diet containing TiO, NPs for four weeks followed by B. coagulans
MTCC 5856 for four weeks. Table 1 presents the specific groupings. TiO, NPs equivalent
to 0.2% of the body weight of the mice were fed incorporated in a high-fat diet, a dose
corresponding to one-fifth of the allowable maximum daily intake prescribed by the FDA
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and 50 times the estimated average daily human intake [14]. The B. coagulans MTCC 5856
was administered as a gavage daily with 10 CFUs suspended in 1 mL of the medium to
the mice of the treatment groups, and an equal volume of normal saline was gavaged daily
to the mice of the control group, and the HFD group. All the mice were weighed weekly,
and the colorectal lengths of the mice were also measured. The mice were sacrificed by
cervical dislocation after eight weeks, and the appropriate tissues were harvested.

Table 1. Animal groups and treatments.

Groups, n =10 Treatments * Duration
Control Normal diet 8 weeks
HFD High-fat diet 8 weeks
HFD + NPs High-fat diet + TiO, NPs 8 weeks

High-fat diet + TiOy NPs +
B. coagulans

High-fat diet + TiO, NPs,
HFD + NPs&BC followed by a high-fat diet +
B. coagulans

HFD + NPs + BC 8 weeks

High-fat diet + TiO, NPs for
4 weeks, followed by a
high-fat diet + B. coagulans
MTCC 5856 for 4 weeks

* The daily dose was equivalent to 0.2% of the body weight of the mice for TiO; NPs and 10° CFUs for B. coagulans
MTCC 5856.

The probiotic bacterium B. coagulans MTCC 5856 used in this study is a patented
strain of Sabinsa Corporation/Sami Labs Limited and deposited to Microbial Type Cul-
ture Collection and Gene Bank (MTCC), Chandigarh, India. B. coagulans MTCC 5856
was manufactured by Sami Labs Limited as per a proprietary method in a good manu-
facturing practices (GMP) facility in Bangalore, India. B. coagulans MTCC 5856 spores
were administered as a gavage daily with 10 CFU suspended in 1 mL of medium to the
mice in this study, a dose corresponding to the safe and tolerable level for human and
effective in diarrhea-predominant irritable bowel syndrome patients according to previous
research [20-22]. A viable spore count of B. coagulans MTCC 5856 was determined as per
the method described previously [23]. Briefly, 1.0 g of B. coagulans MTCC 5856 was mixed
in sterile saline (0.9% NaCl, w/v) and then incubated in a water bath for 30 min at 75 °C,
followed by immediate cooling to below 45 °C. The suspension was further serially diluted
in sterile saline, and the viable count was enumerated by plating on glucose yeast extract
agar by pour plate method. The plates were incubated at 37 °C for 48-72 h. Analysis was
performed twice in triplicate. The average means of viable spore counts were expressed
incfu/g.

2.2. Measurement of the Blood Glucose

The blood glucose in the tail vein blood of the mice was measured by a blood glucose
meter (Sinocare Inc., Changsha, China).

2.3. Analysis of the Lipid Profiles in Serum

The blood samples were collected by eyeball extraction and then transferred into
1.5 mL microcentrifuge tubes. After the blood samples were centrifuged at 800x g for
15 min, the levels of total cholesterol (TC) and triglyceride (TG) in the upper layer serum
were assessed using the TC assay kit and the TG assay kit (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China) according to the manufacturer’s instructions.

2.4. Assessment of Pro-Inflammatory Cytokines

To determine the inflammatory responses, the expression levels of interleukin 13
(IL-1pB), interleukin 6 (IL-6), and tumor necrosis factor (TNF-«) in serums and colon tissues
of the mice were measured by using enzyme-linked immunosorbent assay (ELISA) kits
(Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China).
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2.5. Evaluation of Antioxidant Enzyme

The oxidative stress response was investigated. The total antioxidant capacity assay kit
(T-Aoc), and the superoxide dismutase (SOD) assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) were used to detect the levels of T-Aoc and SOD in the sera and
colon tissues of the mice according to the manufacturer’s instructions.

2.6. Analysis of Gut Microbiota

Before the mice were sacrificed, their individual fecal samples were collected and
placed in 1.5 mL sterilized tubes. Then, all the samples were snap-frozen on dry ice and
stored at —80 °C. The fecal genomic DNA was extracted using a fecal genomic DNA extrac-
tion kit (Tiangen Biotech Co., Ltd., Beijing, China). The Illumina HiSeq platform (Nuohe
Zhiyuan Bio-Information Technology Co., Ltd., Tianjin, China) was used to analyze the 165
ribosomal RNA genes (165 rRNA) in the fecal samples. Reactions were conducted in tripli-
cate, and the V3-V4 region of genomic DNA was amplified using the specific primers 341F
(5’-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3).
The obtained data were analyzed with the help of QIME (Version 1.8.0) and R (Version
4.0.5) software packages.

2.7. Quantification of Short-Chain Fatty Acids

In the cecal contents of mice, the SCFAs, including acetic acid (AA), propionic acid
(PA), butyric acid (BA), valeric acid (VA), and isovaleric acid (IVA), were detected by gas
chromatography-mass spectrometry (GC-MS, Agilent, Santa Clara, CA, USA). Briefly, cecal
contents (0.1 g) were suspended in 0.1 mL of 20% phosphoric acid solution, homogenized
adequately for 2 min by vortex, and centrifuged for 10 min at 14,500 g. After centrifu-
gation, the supernatants were extracted with 500 puL of ethyl acetate and centrifuged for
10 min at 14,500 g. 4-Methylvaleric acid at a final concentration of 500 uM was added as
the internal standard. The coefficient of determination for a standard curve, which included
five concentrations, 0.05, 0.10, 0.15, 0.20, and 0.25 uL/mL, was greater than 0.99. The key
parameters for GC-MS analysis are shown in Table S1 in Supplementary Information. The
Agilent Mass Hunter software was used to process the data.

2.8. Metabolomic Analysis

Approximately 20 mg of each fecal sample was weighed and added to 400 pL of
pre-cooled MeOH/H,0 (8/2, v/v) buffer. The samples were subjected to ultrasonic for
10 min and allowed to stand for 30 min at —20 °C. Then, after centrifugation at 12,400x g
for 10 min at 4 °C, 300 pL of the supernatants were transferred into new tubes. After further
centrifugation at 12,400 g for 3 min at 4 °C, 200 uL of the supernatants were placed into
liner pipes as the test solutions.

The specific detection information is presented in Tables S2 and S3 in Supplementary
Information. The obtained raw data were converted into mzML format by ProteoWizard
software; and the XCMS program was used for peak extraction, alignment, and retention
time correction. The peak areas were corrected using the SVR method, and peaks with
deletion rates > 50% were filtered from each group of samples. The metabolites were
identified by matching the information with the metabolic database. Further statistical
analysis was performed by MetaboAnalyst.

2.9. Statistical Analysis

Statistical analysis was performed using the SPSS statistical software (version 26.0).
Multiple comparisons were made using a one-way analysis of variance (ANOVA). A
nonparametric Kruskal-Wallis test was applied to analyze the statistical differences for
the data that had failed the normality test. The web-based platform MetaboAnalyst 5.0
(https:/ /www.metaboanalyst.ca/ (accessed on 21 March 2022)) was used to perform
metabolic pathway analysis of the differentially expressed metabolites. All the samples
were analyzed in the cation and negative ion mode. Normalized peak areas were used


https://www.metaboanalyst.ca/

Foods 2022, 11, 3368

50f17

for quantification, and their values were log-transformed before statistical analyses. The
data were pre-processed by Pareto scaling. PLS-DA, heatmap, and KEGG pathway anal-
yses were conducted after normalizing the sample (sum normalization) and scaling the
data (auto-scaling). Data were expressed as mean =+ standard error of the mean (SEM).
Differences were noted as significant at p < 0.05. The groups marked by different let-
ters have significant differences, and the groups marked by the same letters have no
significant differences.

3. Results
3.1. Effects on Body Weight and Colorectal Length

Figure 1A shows the changes in the body weight in each group. The net weight gain
of the mice in the HFD group was 46.8% higher than that in the control group (p < 0.05),
successfully establishing the high-fat-diet-induced obesity mouse model. The weight gain
in the mice in the HFD + NPs + BC group was restored to a level similar to that of the
control group (p > 0.05). However, the weight gain in the mice in the HFD + NPs&BC
group was significant (an increase of 40.4%) compared to that in the control group.
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Figure 1. The effects on the body weight and colorectal length of mice in different groups. (A) The net
weight gain before and after treatment in each group. (B) The colorectal length in different treatments.
The different letters represent significant differences among groups (p < 0.05).

Colorectal length is an important pathological indicator for analyzing colorectal in-
flammation. As shown in Figure 1B, the colorectal lengths of the mice in each group were
also measured. Compared with the control group, the decreased colorectal lengths of the
mice in the HFD group and the HFD + NPs group suggest that mice fed with a high-fat
diet and TiO, NPs could have reduced colorectal length. However, the colorectal lengths
of the mice in the HFD + NPs&BC group were significantly more than those in the HFD
group and the HFD + NPs group and recovered to the level of the control group after the
mice received intervention with B. coagulans, demonstrating that B. coagulans can reduce
the colorectal contraction induced by a high-fat diet and TiO, NPs.

3.2. Effects on Inflammatory Response and Oxidative Stress

As shown in Figure 2, tThe IL-1f3, IL-6, and TNF-o levels were detected in serum and
colon tissues (Figure 2). Our results showed that IL-1§3 levels in the serum significantly
increased in the HFD + NPs group compared with those in the control and HFD groups,
while B. coagulans administration significantly suppressed IL-13 production in the HFD +
NPs + BC group and the HFD + NPs&BC group (p < 0.05) (Figure 2A). Similarly, the in-
hibiting effect of B. coagulans on IL-13 expression was observed in colon tissues (Figure 2B).
Serum IL-6 levels did not differ significantly among the groups (Figure 2C), but differences
in colon tissues were seen among the groups (Figure 2D). The levels of IL-6 significantly
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increased in the HFD group and the HFD + NPs group compared with the control group.
The levels of IL-6 were, respectively, 26.0% and 41.3% lower in the HFD + NPs + BC group
and the HFD + NPs&BC group than those in the HFD + NPs group. In addition, as shown
in Figure 2F, the TNF-« levels in colon tissues were significantly higher in the HFD and
HEFD + NPs groups than in the control group. However, after B. coagulans treatment, the
levels of TNF-« in the HFD + NPs&BC group were significantly lower than those in the
HED + NPs group (p < 0.05).

A 50 . B 8-
® = a abc
40 ] °
) s 64 °
£ E- ab
h 30_ on
& g 4- ® be
f 20— b » ab b E £ 8e
= [
N |
0 T T T T T 0 T T T T T
o(‘ ox Q‘" Qéb‘ o(‘ ox Qg Q;v
¢ SN © CE S
&€ & & &
C 40+ D 15+
~ 30 ¢ ;‘ES !
g Py E' 10+ PY
& 20- . g A
: ) :
bt . o
10 e
0 1 1 1 1 1
¢°\ Qf‘° Q% &o Q,‘bo
00 x 1 &
(¢) ng § eQ
X
L L
E s ¥R F
A .
- 1]
£ 100 o -
2 | :
= £
; 5
7 50+ =
= " Bij
£
0 1 1 1 1
o'éO\ ng xéQ@ exeo %90
o
¢ LLSE
& &

Figure 2. The effects of pro-inflammatory cytokine levels on serum and colon tissues in mice.
(A) The IL-1 levels in serum, (B) the IL-1f3 levels in colon tissues, (C) the IL-6 levels in serum, (D) the
IL-6 levels in colon tissues, (E) the TNF-« levels in serum, and (F) the TNF-« levels in colon tissues.
The different letters represent significant differences among groups (p < 0.05).
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As a typical antioxidant metalloenzyme, SOD is usually considered to be the pri-
mary enzyme to defend against ROS-mediated damage, helping balance oxidation and
antioxidant activities [24-26]. Our results indicated that the sensitivity of SOD in serum
is lower than that in colon tissues, but the SOD activities in the HFD group and the
HFD + NPs group still decrease (Figure 3A). The SOD activities in colon tissues sig-
nificantly reduced in the HFD group and the HFD + NPs group compared with those
in the control group, whereas B. coagulans intervention increased the SOD activities
to a level similar to that of the control group, as shown by the SOD activities of the
HFD + NPs + BC group and the HFD + NPs + BC group. These results show that the
antioxidant capacity of the intestinal tract was seriously impaired by a high-fat diet and
the addition of TiO, NPs but the intervention with B. coagulans could enhance antioxidant
capacity and reduce oxidative damage.
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Figure 3. The effects on the antioxidant ability in serum and colon tissues of mice. (A) The SOD
activities in serum, (B) the SOD activities in colon tissues, (C) the T-Aoc levels in serum, and (D) the
T-Aoc levels in colon tissues. The different letters represent significant differences among groups
(p <0.05).

T-Aoc is one of the indicators for evaluating the total antioxidant level, reflecting the
non-enzymatic antioxidant defense system [27]. As shown in Figure 3C, there was no
significant difference in the serum T-Aoc levels between the groups. The T-Aoc levels in the
colon tissues (Figure 3D) of the HFD + NPs group significantly decreased compared with
those of the control group. However, after supplementation with B. coagulans, the T-Aoc
levels showed only a slight upward trend, indicating the limited capacity of B. coagulans to
inhibit the reduction of the total antioxidant level caused by TiO, NPs.
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3.3. Effects on the Diversity of Gut Microbiota

After 16S rDNA gene sequencing and quality filtering, a total of 3470 amplicon se-
quence variants (ASVs) were identified in the five groups. According to the classification of
ASVs in each group and the identification of taxonomics (Table 2), in general, the lower
the taxon and the more the ASVs seem to be detected. In the control group and the HFD
group, the ASVs were relatively abundant, but they decreased significantly in the HFD
+ NPs group. In the HFD + NPs + BC group, the amount of ASVs had a slight rebound.
However, in the HFD + NPs&BC group, the amount of ASVs increased significantly. Gen-
erally speaking, B. coagulans supplementation did not resist the simultaneous effects of
obesity and TiO, NPs but attenuated the reduction in the intestinal microbial abundance
after cessation of TiO, NPs intake.

Table 2. Classification of ASVs in each group and the identification of taxonomics.

Group Domain Phylum Class Order Family Genus Species
Control 1 22 60 123 171 244 93
HFD 1 23 54 117 173 275 111
HFD + NPs 1 13 17 37 55 138 81
HFD + NPs + BC 1 13 19 41 56 145 80
HFD + NPs&BC 1 13 18 43 72 163 109

Figure 4A—C presents the alpha diversity reflected by Chaol, Shannon, and Simpson
indexes. It can be seen that the levels of alpha diversity did not differ significantly among
groups, except for a slight increase in the alpha diversity in the HFD + NPs&BC group.
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Figure 4. Alpha and beta diversity of gut microbiota. The (A) Chaol index, (B) Shannon index,
(C) Simpson index, and (D) PCA score plot of each group. The different letters represent significant
differences among groups (p < 0.05).
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To further identify the effect of B. coagulans administration on the composition of
gut microbiota in mice treated with TiO, NPs, a principal component analysis (PCA) was
performed. As seen in Figure 4D, there was a clear separation between the control group
and other experimental groups, indicating that the gut microbiota changed greatly after the
mice were fed a high-fat diet.

3.4. Effects on the Composition of Gut Microbiota

Figure 5 displays the differences in the distribution of bacterial groups at different
taxonomic levels. It is obvious that the lower the taxonomic level, the more prominent the
regulatory effect of B. coagulans on intestinal microbes. To this end, we further screened
and analyzed microorganisms at lower taxonomic levels.
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Figure 5. Distribution of bacterial groups at different taxonomic levels. (A) Phylum level, (B) class
level, (C) order level, (D) family level, (E) genus level, and (F) species level.
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At the phylum level, the dominant intestinal bacteria in mice in the five groups were
Firmicutes and Bacteroidetes. The proportion of the two dominant bacteria in the control
group was approximately 82.21%, and the proportions in the HFD, HFD + NPs, HFD + NPs
+ BC, and HFD + NPS&BC groups were 91.12%, 91.02%, 92.54%, and 91.77%, respectively
(Figure 6A—C). The proportion of the dominant bacteria Firmicutes significantly increased
in the other four groups compared with the control group. The ratio of Firmicutes and
Bacteroidetes (F/B) altered when the relative quantity of Firmicutes and Bacteroidetes
fluctuated. Compared with the HFD + NPs group, the F/B ratio in the HFD + NPS&BC
group showed a slight downward trend.
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Figure 6. The relative abundance of microbiota at the phylum level (A-C) and the genus level (D-F).
The different letters represent significant differences among groups (p < 0.05).

At the genus level, we screened out some characteristic bacteria (Figure 6D-F). Lac-
tobacillus showed a downward trend after B. coagulans intervention, especially in the
HFD + NPS&BC group. We also found a slight upward trend in the relative abundance of
Bifidobacterium following B. coagulans intervention in the HFD + NPs + BC group and the
HFD + NPs&BC group. Moreover, the relative abundance of Blautia in the HFD + NPs&BC
group significantly increased, but there was no significant change in the HFD + NPs + BC
group, suggesting that Blautia may be the key strain that cooperates with B. coagulans.

3.5. Effects on the Production of Short-Chain Fatty Acids

Short-chain fatty acids (SCFAs) are important microbial degradation metabolites and
play a significant role in host health. The SCFA content in mouse feces was measured
after eight weeks of different treatments. As shown in Figure 7, in the feces, there were
significant differences (p < 0.05) in the three types of SCFAs: butyric acid, valeric acid,
and isovaleric acid. Butyrate contributes a lot to colonic homeostasis and is the main
energy source for colon cells [28]. In the HFD + NPs group, an inflammatory intestinal
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mucosa may have impaired butyrate metabolism, predisposing colon cells toward butyrate
deficiency. Our results indicate that B. coagulans may improve cecal butyrate levels by
repairing intestinal mucosal inflammation (Figure 7C). After B. coagulans intervention, there
was a significant increase in butyrate levels in the HFD + NPs group compared to the
control group. However, there were no significant changes in acetic acid and propionic
acid after B. coagulans intervention (p > 0.05).
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Figure 7. The levels of (A) acetic acid, (B) propionic acid, (C) butyric acid, (D) valeric acid, and
(E) isovaleric acid. The different letters represent significant differences among groups (p < 0.05).

3.6. Effects on Fecal Metabolites

As shown in Figure 8A, the control group and the HFD + NPs group were completely
separated from the other groups in the Sparse PLS discriminant analysis (sPLS-DA) score
plots in the negative-ion mode. In addition, the HFD group was completely separated from
the HFD + NPs group. This showed that the effect of TiO; NPs on the fecal metabolites
under a high-fat diet is more profound. Further analysis of the two groups subjected to
B. coagulans intervention pointed out that there was no obvious separation between the
HFD group and the HFD + NPs + BC or the HFD + NPs&BC group, indicating that B.
coagulans could not resist the effects of a high-fat diet in mice but the damage caused
by TiO; NPs can be repaired by modulating fecal metabolites. Figure 8B displays the
sPLS-DA scores in the positive-ion mode, which is basically consistent with the conclusions
obtained in the negative-ion mode, but the distance between the HFD + NPs + BC group
and the HFD + NPs group is relatively short, suggesting that the simultaneous intake of
TiO, NPs and B. coagulans has a less regulatory effect on fecal metabolites. However, the
HFD + NPs&BC group remained close to the HFD group, showing that the intervention
strategy of the HFD + NPs&BC group was more effective.
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Figure 8. sPLS-DA score plots for each group in (A) the negative-ion mode and (B) the positive-ion
mode. KEGG pathway analysis of differential metabolites for each group in (C) the negative-ion
mode and (D) the positive-ion mode.

Furthermore, to explore the repair mechanism of B. coagulans in intestinal damage
induced by TiO, NPs, we performed a KEGG cluster analysis of differential metabolites
between the HFD group and the HFD + NPs&BC group (Figure 8C,D). The KEGG metabolic
pathways containing at least five differential metabolites were selected, and the relative
contents of all differential metabolites in these pathways were analyzed by cluster analysis
to further study the metabolite changes in the HFD + NPs group and the HFD + NPs&BC
group. The results showed that, in the fecal metabolites of the HFD + NPs group, the
metabolic pathways of benzene and substituted derivatives, heterocyclic compounds,
and sphingolipid were up-regulated, and the metabolic pathways of amino acid and its
metabolites were down-regulated. In the HFD + NPs&BC group, the metabolic pathways
of organic acid and its derivatives, nucleotide and its metabolites, amino acid and its
metabolites, and alkaloids were up-regulated.

4. Discussion

There is increasing use of TiO; in daily life as a food additive and an antibacterial
agent, for example, in food packaging, leading to concerns about its potential toxicity. More
than 30% of the TiO; used as a food additive is at the nanoscale [3]. Obese people may
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consume more TiO NPs than healthy people. Oral exposure of mice to TiO, NPs could lead
to the development and exacerbation of inflammatory bowel disease in the mice by altering
their intestinal barrier function and other pathways [29]. Previous studies have pointed
out that oral exposure of obese mice to TiO, NPs can cause more adverse effects, such as
stronger intestinal oxidative stress, increased levels of pro-inflammatory cytokines, and
disturbance of intestinal microbes. However, there are few reports on intervention programs
to reduce the intestinal damage caused by TiO, NPs in obese individuals. Therefore, it is
of great importance to explore the impact of TiO; NPs on intestinal health from multiple
perspectives and methods to alleviate this negative impact. Here, B. coagulans used in two
intervention methods was investigated for its repair effect on TiO,-NP-induced damage in
mice fed a high-fat diet.

According to previous research, we established an obese mouse model and added
0.2% TiO, NPs to the high-fat diet to simulate the addition of TiO, NPs as a food additive
in a daily high-fat diet. The results of mice weight showed that the simultaneous action
of B. coagulans and TiO; NPs had a more positive regulatory effect on the body weight of
mice. In addition, the colorectal lengths suggested that B. coagulans can prevent colorectal
contraction caused by a high-fat diet and TiO, NPs. However, the results of blood glucose
and blood lipids exhibited that B. coagulans did not reduce the levels of fasting blood
glucose and blood lipids in mice (Figure S1). Therefore, we preliminarily concluded that
the administration of B. coagulans can restore the body weight and colorectal length of mice
to the normal level but does not address the imbalance of glucose and lipid metabolism
caused by obesity.

When TiO, NPs pass through the digestive system and finally reach the intestine, they
may enrich the inflammatory cells in the intestinal mucosa, which secrete a large number
of inflammatory mediators, cytokines, toxins, and oxygen-free radicals [30]. Cytokines
play an important role in the intestinal immune system [31,32]. As a part of the intestinal
tract, the intestinal immune system can regulate the intestinal barrier function [33,34]. It
is reported that TiO, NPs can aggravate intestinal inflammation by activating innate and
adaptive immune responses [35]. Pro-inflammatory cytokines, such as IL-1§3, IL-6, and
TNF-«, serve to stimulate inflammatory responses and promote the occurrence of intestinal
diseases [36,37]. In this study, the increased levels of IL-1§3, IL-6, and TNF-« in colon
tissues in the HFD group and the HFD + NPs group indicate the higher inflammation
levels resulting from the exposure to TiO, NPs and the high-fat diet, which is consistent
with previous studies [38-42]. However, B. coagulans intervention significantly reduced the
inflammatory response, as shown by the reduced levels of pro-inflammatory cytokines in
the HFD + NPs + BC group and the HFD + NPs&BC group. Inflammation and oxidative
stress are closely related to pathophysiological processes, and one can be easily provoked
by the other [43]. Inflammation is usually the initial response to tissue damage, with
conditions leading to tissue damage that may be promoted by oxidative stress [44—47]. In
fact, oxidative stress results from an imbalance between the production of pro-oxidants
and their neutralization by antioxidants [48]. Here, the antioxidant ability was further
evaluated, where the elevated SOD activities in colon tissues in the HFD + NPs + BC group
and the HFD + NPs&BC group reaffirmed the protective effect of B. coagulans against
intestinal damage. Moreover, the greater fluctuation of pro-inflammatory cytokines and
oxidative stress levels in colon tissues t could be because intestinal tissue is more sensitive
to inflammation than serum.

In addition, TiO, NPs have a certain antibacterial activity [49,50] and can promote
microbial dysregulation [51], so gut microbes may be highly sensitive to them. Thus, we
subsequently studied the changes in gut microbes. We found that B. coagulans could also
ameliorate the reduction in intestinal microbial species resulting from exposure to TiO,
NPs (Table 2) and modulate the composition of gut microbiota (Figures 5 and 6). Previously,
our research group found that the relative abundance of Lactobacillus in the guts of mice
exposed to TiO, NPs increased in a dose-dependent manner [10], which corresponded to
other research, and the researchers suggested that the increase in Lactobacillus may be a
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key factor in the influence of TiO; NPs on gut microbiota [35]. Lactobacillus_gasseri was
able to cause gangrene, leading to increased ROS production [52]. Notably, a reduction
in Lactobacillus was observed in B. coagulans treatment. Blautia has been reported as a
potential probiotic with beneficial metabolic activity for host health, protecting against
inflammation and promoting SCFA activity [53]. The significant increase in the levels of
Blautia in the HFD + NPs&BC group also supported the beneficial effect of B. coagulans.
At the genus level, in addition to the top ten abundant microorganisms, we summed up
the relative abundances of the remaining microorganisms (Figure S2). The significantly
increased abundance of the HFD + NPs&BC group may be the reason for the previous
increase in alpha diversity in this group.

Alterations in the gut microbiota may deliver signals through the gut and generate
bacterial metabolites that change metabolism at different levels [35]. We performed fecal
metabolomic analysis to understand the metabolism of gut microbes. Metabolites obtained
in different modes were visualized using sSPLS-DA. The results showed that the effective-
ness of B. congulans was influenced by the intervention methods and that the administration
of TiO, NPs followed by B. coagulans (HFD + NPs&BC group) was more effective than the
administration of TiO, NPs and B. coagulans simultaneously (HFD + NPs + BC group). In
other words, for individuals whose intestinal health has already been impaired by TiO,
NPs, it is more effective to use B. coagulans after stopping their exposure to TiO, NPs.
To further explore the reasons for the better intervention effect in the HFD + NPs&BC
group, we clustered the differential metabolites (Tables S4 and S5) between HFD + NPs
and HFD + NPs&BC groups to further study the metabolic pathways. The metabolic
pathways showed significant differences. Sphingolipid pathways were up-regulated, and
the metabolic pathway of amino acid and its metabolites was down-regulated in the
HFD + NPs group. However, amino acid and its metabolites were up-regulated in the
HFD + NPs&BC group. Sphingolipid plays an important role in gastrointestinal immune
homeostasis. Metabolites in this pathway are crucial in inflammatory signaling pathways,
and some related metabolites can affect the integrity and function of the intestinal barrier
and promote inflammation [54]. The amino acid metabolism pathway is the premise of
various metabolic pathways, and amino acid metabolism disorders are related to the oc-
currence of diseases such as liver cirrhosis [55]. It can be seen that B. coagulans plays an
important role in restoring the homeostasis of sphingolipids and amino acid metabolism.

According to our results, TiO, NPs affected gut health in mice on a high-fat diet,
leading to, for example, oxidative stress, inflammatory responses, and disorders of gut
microbiota and gut-associated metabolism. However, dietary intervention with probiotics
was found to attenuate intestinal damage. B. coagulans could alleviate the intestinal in-
flammation and oxidative stress caused by TiO, NPs. In addition, the beneficial effects
of B. coagulans were manifested as the modulation of gut microbiota and gut-associated
metabolism. The regulation of gut microbiota was represented by decreased Lactobacillus
and increased Bifidobacterium and Blautia. The opsonization of metabolic disorders was
shown by the homeostasis of sphingolipids and amino acid metabolism. Notably, compared
with the simultaneous intervention of TiOp, NPs and B. coagulans, B. coagulans intervention
following the exposure to TiO, NPs is more effective.

5. Conclusions

In this study, we focused on seeking preventive or therapeutic intervention programs
to counteract the negative effects of TiO; NPs on the gut. Our results illustrated that B.
coagulans could mitigate intestinal damage by decreasing the inflammatory response and
oxidative stress levels and modulating intestinal microbial community structure and its
metabolic profile, leading to a healthy tendency. Importantly, the current study pointed
out that the intervention method used influenced B. coagulans effectiveness, as the ad-
ministration of TiO, NPs followed by B. coagulans displayed a greater protective effect
against intestinal injury. This research highlights the importance of dietary interventions in
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preventing or reducing the intestinal burden after dietary exposure to TiO, NPs, and more
intervention modalities to restore intestinal health need to be investigated.
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