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Titanium nanoparticles released aaa
from orthopedic implants induce muscle
fibrosis via activation of SNAI2

Gengming Zhang'?', Linhua Deng'*", Zhongjing Jiang"?, Gang Xiang'?, Zhuotong Zeng**, Hongqi Zhang'? and
Yunjia Wang'?*

Abstract

Titanium alloys represent the prevailing material employed in orthopedic implants, which are present in millions
of patients worldwide. The prolonged presence of these implants in the human body has raised concerns about
possible health effects. This study presents a comprehensive analysis of titanium implants and surrounding tissue
samples obtained from patients who underwent revision surgery for therapeutic reasons. The surface of the
implants exhibited nano-scale corrosion defects, and nanoparticles were deposited in adjacent samples. In addition,
muscle in close proximity to the implant showed clear evidence of fibrotic proliferation, with titanium content in
the muscle tissue increasing the closer it was to the implant. Transcriptomics analysis revealed SNAI2 upregulation
and activation of PI3K/AKT signaling. In vivo rodent and zebrafish models validated that titanium implant or
nanoparticles exposure provoked collagen deposition and disorganized muscle structure. Snai2 knockdown
significantly reduced implant-associated fibrosis in both rodent and zebrafish models. Cellular experiments
demonstrated that titanium dioxide nanoparticles (TiO, NPs) induced fibrotic gene expression at sub-cytotoxic
doses, whereas Snai2 knockdown significantly reduced TiO, NPs-induced fibrotic gene expression. The in vivo

and in vitro experiments collectively demonstrated that Snai2 plays a pivotal role in mediating titanium-induced
fibrosis. Overall, these findings indicate a significant release of titanium nanoparticles from the implants into the
surrounding tissues, resulting in muscular fibrosis, partially through Snai2-dependent signaling.

fGengming Zhang and Linhua Deng contributed equally to this
work.

*Correspondence:
Yunjia Wang
yunjia_wang@csu.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02762-4&domain=pdf&date_stamp=2024-8-13

Zhang et al. Journal of Nanobiotechnology (2024) 22:522

Page 2 of 19

-
Graphical Abstract

Titanium Particles into the

Human Body

g
2 Orthopedic Implants ;
& 2
Q 0
- 5
S 3
s 3]
b £
@ .
<
(]
o
>
E
k]
[72]
@
©°
IS
a
=
L]

o Titanium Implants are Widely Used

o TiNP Release

Orthopedic Implants Release @ sNAi2 Activation

e SNAI2-SPP1-PI3K pathway

9 TiNP Accumulation

i
Receptor ]
Endosome T

&/

t Cytoplasm

%NMNWM—»f_.

Nucleus

Fibrosis
Muscle Injury

e Titanium Conten Increased in
Tissue around Implants

I Titanium Particles Induce Fibrosis

¢ Implant Surface
Corrosion and Abrasion

\Keywords Orthopedic implants, Titanium, Titanium dioxide nanoparticles, Muscle fibrosis, SNAI2

Introduction

Titanium alloys have become a cornerstone in the prepa-
ration of orthopedic and dental implants in the field of
biomedical materials due to their excellent mechani-
cal properties, including strength, rigidity, and corro-
sion resistance [1, 2]. These properties enable them to
effectively adapt to physiological loads and meet the
requirements for orthopedic and dental restoration in
terms of mechanical performance, corrosion resistance,
and biosafety compatibility [3, 4]. The demand for tita-
nium alloy biomedical materials is expected to continue
growing in the future due to the increasing number of
orthopedic surgeries worldwide, which exceeds 3 mil-
lion annually, and the estimated use of over 1,000 tons of
medical titanium implants [5]. There are concerns about
the potential toxicity of some titanium implants that
remain in the body for long periods of time, undergoing

wear and corrosion [6, 7]. Long-term exposure to tita-
nium implants may cause metal overload and compli-
cations, such as peri-implantitis and osteolysis [8, 9]. It
has been reported that extended contact with titanium
implants can lead to fibrosis of muscles and connective
tissues in the vicinity of the implant [9]. However, the
precise mechanism by which this occurs remains unclear.
Consequently, it is vital to assess the impact of titanium
implants on surrounding muscle tissue to inform further
therapeutic and prophylactic strategies.

In general, titanium alloys are usually considered
to be safer materials for use in implants. However,
recent studies have indicated that titanium implants
can induce a range of in vivo toxicities, including neu-
rotoxicity, muscular toxicity, and hepatorenal toxicity
[9-11]. Studies on the mechanisms of toxicity suggest
that the release of particles and ions from the implant
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surface may be a mediator of their toxic effects [12, 13].
Titanium implants have the potential to release mic-
roparticles. This is primarily due to corrosion, abra-
sion, and oxidation processes that occur on the surface
of titanium alloys [14]. Their mode of action involves
direct contact with the tissue surrounding the implant,
triggering various biological responses such as fibrosis.
Myocardial fibrosis may result from prolonged expo-
sure to TiO, NPs [15]. In addition, TiO, NPs can be
transported over long distances by multiple pathways,
such as blood flow and nerve cells, for deposition in
target organs and corresponding pathologic changes
[16]. It has been shown that there is evidence of TiO,
NPs in the nervous system after exposure to titanium
implants [17]. Deposition of TiO, NPs in the brain may
cause neurological damage.

The toxicity mechanism of TiO, NPs involves mul-
tiple pathways, including inducing inflammatory
responses, regulating cellular metabolism, and inter-
fering with cellular signaling cascades [18]. Once
TiO, NPs enter the human body, they enter the cells
of tissues and organs through different pathways, such
as micropinocytosis and receptor-mediated endocy-
tosis [19]. They activate different gene expressions
and cause a variety of cellular damage. Therefore, the
related toxicity mechanisms are different and need to
be analyzed and studied separately. One of the major
effects of titanium particles on the surrounding tissues
is to induce tissue fibrosis, and animal experiments
have shown that titanium particles can induce fibrosis
by activating the expression of TGF-1 [20]. In vitro
investigation demonstrated that exposure to titanium,
aluminum, and vanadium ions released from titanium
implants elicited dysfunction and redox imbalance
within fibroblast mitochondria [21].

In patients who had undergone implantation of long-
segment titanium alloys, we discovered the presence of
tissue scar hyperplasia and hyperfibrosis surrounding
the titanium implants during second revision surgery.
Therefore, we hypothesized that prolonged exposure
to titanium implants may be the cause of muscle tis-
sue fibrosis. In this study, we examined tissue samples
taken from patients who had implants for more than a
year and observed significant fibrosis in the specimens.
Nanoscale corrosion was observed on the surface of the
implant. Nanoscale particles were detected in the tis-
sue surrounding the implant, and the titanium content
was significantly elevated. This indicates that titanium
nanoparticles were released from the implant surface
into the surrounding tissues, which may cause fibrosis
of the surrounding tissues. Further studies validated our
hypothesis by showing that exposure to titanium implant
and nanoparticles in rats and zebrafish could induce
fibrosis and muscle damage phenotypes. Mechanistic
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studies showed that TiO, NPs caused an increase in the
expression of fibrotic genes, mainly through the Snai2-
Spp1-PI3K signaling pathway. This finding elucidates the
mechanism of titanium implant-induced fibrosis.

Materials and methods

Ethics statement and human specimen collection

All experimental procedures involving human specimens
and animal experimentation were subject to review and
approval by the Ethics Committee of Xiangya Hospital,
Central South University (Protocol No. 202103372). All
included subjects gave their written informed consent to
participate in the study. A total of 50 patients (Cohort I
for tissue specimen and Cohort II for blood sample) were
recruited from Xiangya Hospital. Detailed clinical char-
acteristics of the patient cohort I are presented (Table
S1). Inclusion criteria for patients were: At least one year
after spinal nail-rod internal fixation with mobilization of
more than three vertebral units, no previous surgery at
the same site, and no other metal implants in the body.
Tissue specimens were collected from 8 patients aged
15-55 years who underwent revision of titanium alloy
implants, as well as 8 normal controls aged 13-51 years
(Table S1). Muscle and scar tissues surrounding the tita-
nium alloy implants were collected, as well as peripheral
blood samples from the patients and samples of the tita-
nium alloy implants removed during the operation.

RNA-seq and bioinformatic analysis

RNA-seq analysis was performed on human tissue sam-
ples collected. The library was constructed using Illumi-
na’'s NEBNext® UltraTM RNA Library Prep Kit and then
the Agilent 2100 bioanalyzer was utilized to detect the
library’s insert size to ensure its quality. Read counts were
mapped to each gene via feature Counts. Differential
expression analysis was performed between the two com-
parison groups, each consisting of two biological repli-
cates, using DESeq2 R software (version 1.16.1). Also, we
utilized the clusterProfiler R software to examine the sta-
tistical enrichment of genes that were expressed differen-
tially in the KEGG pathways.

Characterization of implant

The surface morphology of the titanium alloy and Co-Cr-
Mo implant removed from the body were observed using
scanning electron microscopy (SEM, ZEISS Sigma 300,
Germany). The elemental composition of the titanium
alloy implant was analyzed using SEM-EDS. The domi-
nant element in the composition of the titanium implants
was titanium, accounting for 89.34%, with Al and V mak-
ing up 5.46% and 4.96%, respectively The surface elec-
tronic state of the Titanium implant was determined by
X-ray photoelectron spectroscopy (XPS, Kratos Axis
Ultra DLD).
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Nanoparticle characterization

Nano-TiO, (TiO, NPs) and nano- Co0;0, (CoNPs)
were purchased from Hangzhou Wanjing New Mate-
rial Co., Ltd. (average diameter 30-50 nanometers;
purity=99.9%). The particle morphology of TiO, NPs and
CoNPs were observed using scanning electron micros-
copy (SEM, ZEISS Sigma 300, Germany).

ICP-MS

Accurately weigh the sample in a microwave digestion
tube and add 10mL nitric acid. Pre-digest the sample
at 120°C for 30 min before proceeding with microwave
digestion. Dilute to 25mL using 1% nitric acid and shake
thoroughly for testing. Analyze using the Agilent 7800
(Agilent, Santa Clara, CA, United States).

TEM analysis

The collected human muscle tissue samples surround-
ing titanium implants and zebrafish tissue samples were
preserved in an electron microscopy fixative solution
(Servicebio, Wuhan, China). Subsequently, the samples
were fixed in 1% osmic acid for 1-2 h. They were then
dehydrated through a gradient series of ethanol con-
centrations (30%, 50%, 70%, 80%, 90%, and 95%). After
treatment with acetone, the samples were embedded in
embedding medium. Ultrathin sections of 70-90 nm
were obtained using a microtome, and were stained with
lead citrate solution and 50% ethanol-saturated uranyl
acetate solution for 5-10 min each. The dried sections
were observed under a Hitachi H-7650 transmission
electron microscope (Thermo Fisher Scientific, Waltham,
MA).

Zebrafish

The study employed the wild AB strain of zebrafish,
acquired from the Institute of Hydrobiology, Chinese
Academy of Sciences. Normally developing embryos
at the blastocyst stage (2 hpf) were collected. These
embryos were randomized and subsequently placed in
separate containers. At 2 days post-fertilization (dpf), 500
milliliters of TiO, NPs or CoNPs solutions with varying
concentrations of 0, 1, 10, 20, 60, 80, and 100 mg/L were
added to each container and replaced every 24 h. There
were three repetitions for each process. The embryos
were incubated at 28+0.5 °C with 14 h of light per day
during the experiment. Throughout the experiment, the
hatching and mortality rates were monitored every 24 h.
The malformation rate of the surviving zebrafish was cal-
culated at 4 dpf, while muscle tissues were collected from
each zebrafish group at approximately 9 dpf. In order to
build snai2 knock-out zebrafish line, we developed four
guideRNAs targeting the snai2 gene for Cas9 gene knock-
out [22]. The Cas9 protein complexes were injected into
one-cell stage embryo and snai2 mRNA expression were
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determined by qPCR to validate knockout efficiency.
The larvae were randomly divided into a non- TiO, NPs
treatment group and a TiO, NPs treatment group. The
TiO, NPs solution was added at 3 dpf and replaced every
24 h. Each treatment was replicated three times. Muscle
tissues were collected from each group of zebrafish at
approximately 9 dpf.

Rats model

The male SD rats weighing between 300 and 350 g and
aged six weeks were utilized to develop a rat model con-
sisting of a titanium alloy implant. The patient derived
titanium alloy implant was sterilized and fabricated into
a titanium alloy implant plate with a thickness of approx-
imately 1-2 mm. Implants are inserted into the muscle
at a depth of 0.2 mm from the subcutaneous area, with
a distance of 1-2 cm between implants. A total of 16 SD
male rats were chosen for the modeling process and 4
regions on their backs were implanted with the implants.
At the same time, snai2 siRNA (Table S5) that was encap-
sulated in Pluronic F-127 (Sigma-Aldrich, MO, USA) was
injected into the implant sites of titanium alloy in eight
mice on days 3, 12, and 21. All the animals were kept in
a specific pathogen-free (SPF) facility and were housed
in polycarbonate cages having standard rodent food and
ad-lib water. The light/dark cycle was set to 12/12 hours
and the room temperature was maintained at 22.5 °C.
All animals were treated with humane care during pain
relief procedures, and the Animal Utilization and Chi-
nese Nursing Committee of Central South University
approved the experimental protocol. On day 30, rats
were sacrificed, and corresponding tissue samples were
collected.

Histologcal analyses

The tissue samples obtained in this study (including
human, zebrafish, and SD rats) were preserved by fixing
them in 10% buffered formaldehyde (pH 7.4) for 24 h to
maintain the integrity of the protoplasts. The samples
were then dehydrated, embedded in paraffin, and cut into
2.5 um sections using a rotary microtome. The sections
were subjected to dewaxing, hydration, and hematoxy-
lin and eosin staining, followed by Masson staining to
observe fibrosis.

Immunohistochemistry

As previously stated, the paraffin sections that were
obtained underwent antigen repair and were then
exposed to monoclonal antibodies against collagen I
(Proteintech, China), SPP1 (Proteintech, China), and
SNAI2 (Affinity, China) at 4 °C for an overnight incu-
bation. Following this, the tissue sections were treated
with biotinylated goat anti-rabbit antibodies (1:500,
Zhongshan Jingiao) and subsequently underwent signal
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generation through the use of diaminobenzidine (DAB)
as a substrate.

Immunofluorescence

Rat muscle tissue was utilized to prepare paraffin sec-
tions, which were subsequently deparaffinized and had
their antigen restored. The sections were then blocked
with 5% bovine serum albumin at room temperature for
one hour before being incubated overnight at 4 °C with
anti-collagen I (Proteintech, China, 1:200), anti-a-SMA
(Proteintech, China, 1:3000), anti-SPP1 (Proteintech,
China, 1:3000), and anti-SNAI2 (CST, America, 1:1000).
The following day, the samples were warmed and then
washed with PBS. A fluorescent secondary antibody
was introduced, and the samples were incubated in the
dark for one hour. Following DAPI staining, the sections
were observed using a fluorescence microscope (NIKON
ECLIPSE CI, Nikon, Japan).

Cell culture

The mouse myoblast C2C12 and mouse fibroblast L-929
cell lines utilized in this investigation were acquired from
Procell (Procell, Wuhan, China). C2C12 cells were main-
tained in DMEM (Procell, Wuhan, PM150312, China)
supplemented with 10% fetal bovine serum (Procell,
Wuhan, 164210-50, China) and 1% penicillin-streptomy-
cin (Procell, Wuhan, PB180120, China), while the L-929
cell line was kept in MEM (Procell, Wuhan, PM150410,
China) supplemented with 10% fetal bovine serum (Pro-
cell, Wuhan, 164210-50, China) and 1% penicillin-strep-
tomycin. Incubation occurred at 37 °C, 5% CO2, and
95% humidity. In cell experiments, we created a 50 mg/
mL stock solution by stirring NPs in ultrapure water and
sonicating for 2 min (50 kJ). We added it to demethylated
medium composed of 10% fetal bovine serum (FBS) and
MEM medium. Subsequently, we added varying concen-
trations of NPs to fresh medium, producing final concen-
trations of 0, 0.1, 1, and 10 mg/L.

Cell vitality

Cell viability was measured via the CCK-8 method. First,
cells were grown in 96-well plates until achieving 70%
confluence. Next, TiO, NPs were introduced to the cells
at concentrations of 0, 0.1, 1, and 10 mg/ml for 24 h. After
this, 10 ul of CCK-8 solution (Beyotime, C0037, Jiangsu,
China) was carefully added, and the cells were then incu-
bated in a cell incubator for 1-4 h. To measure absor-
bance at 450 nm, a microplate reader was employed to
ascertain four sets of replicate data for each concentration
of TiO, NPs, and the average value was then calculated.

SiRNA transfection
When the cell density reaches 60-80%, transfected
cells should be treated with si-Snai2 and si-Sppl using
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GP-transfect-Mate transfection reagent (GenePharma,
Shanghai, China). Following this step, TiO, NPs should
be introduced, and the cells should continue to culture
for 24-48 h. The siRNA sequences can be found in the
Supplementary Table .

Quantitative Real-Time PCR

Tissue samples were isolated by crushing or washing with
PBS before using Trizol reagent (Sigma, St louis, USA) to
extract total RNA from both tissue and cell samples. Swe-
Script RT 1II First Strand cDNA Synthesis Kit (Servicebio,
Wuhan, China) was used to synthesize cDNA. Relevant
genes, including SPP1, SNAI2, a-SMA, and COL1, were
amplified by quantitative polymerase chain reaction
(gqPCR) using the SYBR green system. The data from RT-
qPCR were analyzed using CT and 274", The qPCR
primer sequences used are shown in Table S4.

Western blotting

After extracting proteins from the cells and measuring
the protein concentration using a BCA kit, the proteins
underwent 4-20% sodium dodecyl sulfate-PAGE elec-
trophoresis (ACE Biotech, Changzhou, China) and were
then transferred to polyvinylidene fluoride membranes
(Beyotime, Shanghai, China). The details of the antibod-
ies that were used in this research can be found in the
supplementary table (Table S2). SNAI2 (CST, 1:1000),
a-SMA (CST, 1:1000), SPP1 (Abcam, 1:1000), COL1
(Abcam, 1:1000), PI3K (CST, 1:1000), P-PI3K (CST,
1:1000), AKT (CST, 1:1000), and P-AKT (CST, 1:1000)
were subsequently incubated overnight at 4 °C. The sec-
ondary antibody utilized in the detection process was
horseradish peroxidase-labeled anti-rabbit immuno-
globulin and anti-mouse immunoglobulin (BIOSS, Bei-
jing, China) at a 1:5000 dilution. Visualization of protein
bands was achieved using a highly sensitive ECL chemi-
luminescence reagent (NCM Biotech, Suzhou, China),
with imaging and photography carried out by an auto-
mated chemiluminescence image analysis system (Bio-
Rad, Hercules, USA). Grayscale value analysis was then
conducted using Image]J software.

Confocal microscope

C2C12 and L929 cells were cultured in 24-well plates,
each with coverslips. The cells were then treated with
TiO, NPs, and after treatment, they were washed with
PBS and fixed with PFA for 15 min. After washing
again, the cells were then incubated with 0.1% PBST for
15 min and subsequently blocked with 5% BSA for 1 h.
Finally, the cells were incubated overnight at 4 °C with
SNAI2 (CST, 1:200), a-SMA (CST, 1:200), SPP1 (Abcam,
1:200), and COL1 (Abcam, 1:200). In the end, a mixture
of Actin-Tracker Green-488 and Cy3-conjugated Goat
Anti-Rabbit IgG (H+L) was used to incubate the cells
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for 1 h. Each well was stained with 200 pL of Solarbio’s
DAPI solution for 6 min. Subsequently, the images were
captured using a Zeiss LSM880(Zeiss, Oberkochen, Ger-
many) and a Leica SP8 confocal microscope (Leica, Wez-
tlar, Germany).

Cytokine quantification

Enzyme-linked immunosorbent assay kits (Servicebio,
Wuhan, China) were utilized for detecting the concentra-
tions of tumor necrosis factor-a, IL-1, and IL-6 in muscle
tissue, serum, and cell supernatant. All tests were con-
ducted in accordance with the instructions provided by
the manufacturer.

Statistical analysis

The collected data were statistically analyzed using SPSS
25 software (IBM, Chicago, USA). The mean value and
standard deviation (SD) of each data point were displayed
for statistical analysis. One-way ANOVA and t-tests were
performed for comparisons between two or more groups.
When the variance was uneven, Dunnet’s T3 was utilized,
and when the variance was even, LSD was implemented.
We considered P<0.05 statistically significant. Data were
plotted using GraphPad Prism 9.0 software (GraphPad
Software, SanDiego, USA).

Results

Tissue fibrosis and muscle damage resulting from metal
implant exposure

Titanium alloy is a widely utilized biomaterial in ortho-
pedic surgery due to its excellent biocompatibility. Metal
implant exposure can cause tissue fibrosis and muscle
damage. We implant titanium and Co-Cr-Mo screws
and rods for fixation in spinal surgery (Fig. 1A), and
these implants are typically permanent. Interestingly,
several years post the initial surgery, a subset of patients
who necessitated secondary revision surgery exhibited
scar tissue-like hyperplastic lesions and muscle tissue
degeneration adjacent to the implants (Fig. 1B). There-
fore, we gathered muscle scar tissues surrounding the
implants during revision surgery from 8 patients (mean
age 31.94+15.40 years) and took tissues from the cor-
responding area in 8 patients (mean age 35.25+14.55)
undergoing initial surgery for H&E, Masson staining, and
immunohistochemical analysis (Fig. 1C-E). H&E stain-
ing demonstrated that muscle tissues exposed to metal
implants displayed disorganization of the myofibrillar
structure, reduction of the diameter of the muscle bun-
dles, and hyperplasia of fibrous connective tissue in com-
parison to the normal controls. Masson staining revealed
significant tissue proliferation of collagen fibers in the
muscle tissue surrounding the metal implant. Addition-
ally, notable elevation in COL1 expression within the tis-
sue surrounding the metal implant was observed.

Page 6 of 19

The expression of genes associated with fibrosis, spe-
cifically Coll and a-SMA, was examined in further detail.
The results indicated a 3.99+0.45 and 1.88%0.12-fold
increase in the expression of Coll and «-SMA, respec-
tively, compared to the control group (Fig. 1F and G).
Due to reports of post-surgery pain in some patients,
we investigated levels of inflammatory markers IL-6 and
TNF-a in the blood of those with implants. The results
displayed significant increases, with IL-6 averaging at
20.40 pg/ml and TNF-a at 64.22 pg/ml (Fig. 1H and I).
These findings strongly suggest that metal implant expo-
sure induces muscular tissue fibrosis and damage.

Release of titanium nanoparticles from implants and
accumulation in surrounding tissues

To determine the cause of fibrosis and muscle dam-
age in tissues surrounding metal implants, we analyzed
the elemental composition of the implant removed
from the patient (Fig. 2A, B) using SEM-EDS. Spinal
metal implants typically consist of titanium and cobalt-
chromium-molybdenum (Co-Cr-Mo) alloys. This is
in line with the description provided by the manufac-
turer. SEM analysis revealed defects at the nano-micron
level in the surface morphology of the metallic implants
(Fig. 2C and D). The Co-Cr-Mo implant was found to be
comprised of 65.8% Co and 30.3% Cr (Figure S1C). The
chemical composition and surface bonding of titanium
implants extracted from patients were analyzed by XPS.
The Ti 2p spectra showed characteristic 2p>? and 2p!/?
peaks of titanium dioxide. Moreover, the presence of
O states in the implant was confirmed by the binding
energy of O 1s photoelectrons (Fig. 2E-G). To confirm
the deposition of titanium in the surrounding tissue, we
used TEM to scan tissue samples around the implants.
The results showed an abundance of nanoscale black par-
ticles (Fig. 2H), ranging in size from tens to hundreds of
nanometers, consistent with the dimensions of surface
defects observed through SEM (Fig. 2C, D). Verification
of increased titanium content in proximal tissues of the
metal implants was achieved through ICP-MS analysis
at varying distances, demonstrating an inverse relation-
ship with distance (Fig. 21, J). These findings confirm the
release of titanium nanoparticles from the implant sur-
face, which then deposit in the surrounding tissues. In
subsequent experiments, TiO, NPs with particle deposi-
tion sizes similar to those observed in tissue TEM were
used. SEM showed the aggregation of TiO, NPs into
nanoscale particles ranging from 62.5 to 500 nm (Figure
S2).

Specifically, titanium content was elevated by 159-
fold in tissues surrounding the implant (256119158
vs. 161145 pug/kg). We conducted a study to analyze
titanium levels in the peripheral blood of patients who
received metallic implants. Our findings show that one
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Fig. 1 Exposure of metal implant resulted in tissue fibrosis and muscle injury. (A) Titanium screws and Co-Cr-Mo rods were implanted in a patient for
fixation during surgery for the correction of scoliosis. The patient underwent a second revision surgery 1 year after the first surgery. Preoperative and post-
operative radiographs were obtained. (B) At the second surgery, scar tissue-like hyperplastic lesions were seen in the muscle surrounding the implant. (C)
HE, Masson staining and IHC analysis of tissue around the implant and control. (D) Ratio of collagen-stained (blue) to total stained area in Masson staining
(n=6). (E) Semi-quantitative analysis of Col1 signal density in IHC analyses (n=6). (F, G) The mRNA expression of Col1 and aSMA in tissue around implant
and control were analyzed by gPCR. The control group was set to 1.0, * means P< 0.05 between two indicated groups (n=4). (H, 1) Blood levels of IL-6 and
TNF-a in postoperative patients with low back pain and control were examined by ELISA assay (n=9). * means P<0.05 between two indicated groups.

All data are displayed as mean +SD



Zhang et al. Journal of Nanobiotechnology

Intensity (a.u.)

Control Rod

O1s

Ti2p

1200

1000

800 600 400 200 0

Binding Energy (eV)

Intensity (a.u.)

(2024) 22:522

Rod from Ptient

<>
1000 nm

Implants SEM-EDS Analysis

Page 8 of 19

Ti 89.34% Cr 0.00%
Al5.46% Co 0.11%
V 4.96% Mo 0.14%

Ti implant G Ti implant
Tizp ots
Ti-0
3
s
2 oH
i
g
£
475 470 465 460 455 450 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)
J n.s. p=0.2958
T * 1
—
* *
E’ T 1 !
11 i
232 1 *
< —
S5 4000)
[ 'ﬁ 3000
] .E. 2000
2@ 1000% o
" g §§ 32 i . |7| f I
o
1
Control A B C
L Pain level
8|
- 45
= 20 ° 7
£ED 6
53 5 35
= T 20 ] 5
cc £ 30 ° 4
S ,g' g 25 3
=g © 20
T = A (] 2|
S S 104 = 15 1
-0 10 o ® 0)
< °
m 5 s 0% (XY
o
0- < 0
X 3 4 0 5 10 15 20
O’ RS S
({é \\e? *00 Aﬁ’? Blood titanium concentration (ug/L)
[ N
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year after surgery, titanium content was elevated 4.3-
fold (17.42£3.62 vs. 3.99+0.31 pg/L) (Fig. 2K). Although
titanium levels in the blood of patients four years after
surgery were higher than normal, the difference was not
statistically significant (5.33£3.49 vs. 4.00£0.31 pg/L,
p=0.3720). By analyzing the cobalt and chromium levels
in both muscle tissue and blood samples, we observed
comparable patterns. However, the increase was less pro-
nounced when compared to titanium (Figure S1 A and
B). Therefore, we propose that titanium nanoparticles
released from the implant have a significant impact on
muscle tissue damage and fibrosis. In addition, we per-
formed a three-way correlation study examining the
blood levels of inflammatory factors (IL-6 and TNF-a)
and Ti, as well as pain scores, in patients experiencing
postoperative pain (Fig. 2L and Figure S3). Our results
suggest that the severity of pain experienced by patients
increased as blood levels of both IL-6 and Ti (Fig. 2L).

Titanium exposure induces muscle tissue fibrosis in
zebrafish and rats

To validate whether titanium plays a role in fibrosis, we
used zebrafish and rat models. In the zebrafish model,
we exposed zebrafish larvae (2 dpf) to titanium and
cobalt nanoparticles in their circulating water (Figure
S4A). TiO, NPs were detected in zebrafish muscle tis-
sue through TEM imaging (Fig. 3A). Also, titanium
levels in both the water and zebrafish exhibited a sig-
nificant increase, with about 75,900-fold increase
observed in zebrafish muscle tissue (0.020+0.009 vs.
1518.308+621.504 pg/kg) (Fig. 3B). This suggests that
TiO, NPs can penetrate zebrafish muscle tissue through
water. The survival rate of zebrafish decreased as the con-
centration of nanoparticles increased, although there was
no significant difference in the hatching rate (Fig. 3C, Fig-
ure S4B-D). After 4 days of treatment, the zebrafish sub-
jected to 80 mg/L of TiO, NPs had a survival rate of 31%,
which was lower compared to those exposed to cobalt
nanoparticles (Fig. 3C and Figure S4C, D). We collected
zebrafish tissue after seven days of treatment. The muscle
tissues that contained TiO, NPs exhibited disorganiza-
tion in the myotome structure (Fig. 3A). H&E staining
revealed TiO, NPs exposure caused disorganization of
myotome structure and reduced muscle bundles com-
pared to the control group (Fig. 3D). Masson staining
suggested the proliferation of fibrous tissues rich in col-
lagen within TiO, NPs-exposed zebrafish muscle tissue
samples (Fig. 3E).

Subsequently, a rat titanium implant model was estab-
lished (Fig. 3F). Titanium implants were sectioned into
small pieces and implanted into subcutaneous muscle tis-
sues on the dorsum of rats (Figure S5A). After 30 days,
the respective tissue samples were collected. A slight
hyperplasia of scar tissue was observed surrounding the
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implant (Fig. 3G) and the ICP-MS analysis indicated
the accumulation of titanium in the tissue adjacent to
the implant (Figure S5B, Table S3). Consistent with our
observations in humans, we found that the levels of
COL1 expression were markedly upregulated in the peri-
implant area (Fig. 3H and L). In addition, H&E and Mas-
son stainings revealed abnormal myofibrillar structure,
hyperplasia of fibrous connective tissue and significant
collagen deposition in the muscle tissue of rats exposed
to titanium implants (Fig. 31, ] and M), consistent with
previous studies [23]. In addition, there was an increase
in the expression of Coll and a-SMA in the muscle tis-
sues (Fig. 3K and N, Figure S5C) of rats exposed to tita-
nium implants. These results suggest that both TiO,
NPs and titanium implants may result in muscle tissue
fibrosis.

TiO, NPs exacerbate in vitro muscle injury and fibrosis

We developed a cellular model using TiO, NPs (Fig. 4A)
by administered 0, 0.1, 1, and 10 pg/mL TiO, NPs to L929
and C2C12 cells, respectively. TiO, NPs entered the cyto-
plasm and nucleus of L929 and C2C12 cells, as observed
by TEM (Fig. 4B). Confocal microscopy also showed that
FITC-labeled TiO, NPs [24] entered the cells and were
distributed in both the cytoplasm and nucleus (Figure
S6A, B). Interestingly, exposure to 0.1 pg/mL of TiO,
NPs for 24 h resulted in a slight increase in the viabil-
ity of L929 and C2C12 cells. However, when exposed to
10 pg/mL of TiO, NPs, the viability of L929 and C2C12
cells decreased to 80.5% and 77.9%, respectively (Fig. 4C),
which is consistent with a previous study [25]. Further-
more, exposure of 1929 cells to 0.1 pg/mL TiO, NPs
resulted in increased mRNA expression of COL1 (2.54-
fold) and a-SMA (1.94-fold), whereas exposure to 10 pg/
mL TiO, NPs resulted in a significant decrease in the
expression of COL1 and a-SMA, possibly due to cytotox-
icity caused by the increase in concentration (Fig. 4D, E).
Similar results were observed in the C2C12 cell line (Fig-
ure S6C). Protein quantification confirmed the findings
at the RNA level, showing that COL1 and a-SMA protein
expression increased by 2.931+0.29 and 2.29+0.05-fold,
respectively, after the addition of 0.1 pg/mL TiO, NPs to
the culture medium for 48 h (Fig. 4F, G). In addition, our
observations showed a significant increase in the intracel-
lular expression of COL1 and a«-SMA in L929 and C2C12
cells after exposure to TiO, NPs (Fig. 4H-L). These find-
ings strongly indicate that exposure to TiO, NPs in vitro
upregulates the expression of genes related to fibrosis.
Interestingly, by co-culturing L929 and C2C12, we found
that exposure to TiO, NPs resulted in increased levels of
inflammatory markers IL-6 and TNF-a compared to cul-
ture individually (Fig. 4M, N). This indicates that the two
types of cells work together to intensify the inflammatory
response when treated with TiO, NPs.
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Fig. 3 Titanium exposure results in muscle fibrosis in zebrafish and rats. (A) TiO, NPs treated zebrafish were observed using TEM after 7 days treatment.
The muscle tissue was extracted and analyzed. Yellow arrows indicated the TiO, NPs entering muscle tissue. (B) Ti content in the water and zebrafish
muscle treated with TiO, NPs and control (n=6). (C) Zebrafish embryos survival proportions treated with 1-100 mg/L TiO, NPs for 24 h. (D, E) HE, Masson
staining of zebrafish treated with TiO, NPs for 7days. Scale bar =1 mm. (F) Schematic illustrates the rat experimental design. (G) One-month post-implan-
tation view of a titanium alloy implanted in the dorsal subcutaneous muscle of rat. Right side tissue was used as self-control. (H) IHC analysis of Col1 and
aSMA for muscle tissue after titanium alloy implantation and control. (I, J) HE, Masson staining of rat dorsal subcutaneous muscle implanted with Ti alloy
for 30 days. (K) Immunofluorescence staining of muscle tissues around Ti implant for collagen | (purple), a-SMA (yellow), SNAI2 (red) and SPP1 (green),
counterstained with DAPI (blue) for cell nuclei. (L) Quantification for signal density in muscle tissue around implant and control for Col1 (H) (n=5). (M)

Ratio of collagen-stained (blue) to total stained area in Masson staining (J) (n

6). (N) Quantification for signal density in muscle tissue around implant and

control for Col1 and a-SMA (n=5). * means P<0.05 between two indicated groups. All data are displayed as mean+SD

TiO,NPs regulate muscle tissue fibrosis via activation of the
SNAI2-SPP1-PI3K/AKT Axis

To investigate the molecular mechanism of TiO, NPs
leading to fibrosis, we conducted transcriptomic analy-
sis of human muscle tissues. RNA sequencing was per-
formed on muscle tissue samples collected during
surgery from four implanted muscles and four healthy
control muscles. Differentially Expressed Genes (DEGs)
and Kyoto Encyclopedia of Genes and Genomes (KEGQG)
pathway enrichment analysis revealed a remarkable
enrichment of the PI3K/AKT pathway, indicating that its
potential may be significant in this process (Fig. 5A). A
subset of DEGs and KEGGs were associated with fibro-
sis-related genes, and heat map analysis (Fig. 5B) showed
that the expression of fibrosis-related genes, specifically
Snai2, was significantly upregulated compared to the
control group, as confirmed by protein expression at
the tissue level (Fig. 5C and D). To further validate this
finding, we collected rat muscle tissues and conducted
qPCR analysis on multiple fibrosis-related genes. Upon
analyzing the clustered heatmap of fibrotic gene expres-
sion levels, it revealed that fibrotic gene expression
significantly increased in muscle tissues adjacent to tita-
nium implants. Specifically, the expression of Snai2 was
notably higher compared to the control group (Fig. 5E),
also confirmed by elevated protein expression (Fig. 5F).
Additionally, the expression regions of Snai2 and Coll
strongly overlapped, indicating a potential regulatory
relationship (Fig. 5F).

To further elucidate the role of Snai2 in TiO, NPs-
induced fibrosis, we administered 0.1 pg/mL TiO, NPs
to a cell model after L929 cell treatment. We observed a
significant increase in Snai2 nucleus expression (Fig. 5G,
H). Although silencing Snai2 expression did not show
any significant difference in Coll expression, the impact
of TiO, NPs in promoting Coll expression was meaning-
fully curtailed (Fig. 51, J). After suppressing Snai2 expres-
sion, TiO, NPs were unable to induce COL1 and a-SMA
expression in muscle tissue (Fig. 5K, L). These results
suggest that TiO, NPs stimulate the expression of Snai2
and consequently promote fibrosis formation.

We examined the downstream molecular pathways
of Snai2. Analysis of the RNA-seq enrichment results
showed that the expression of SPP1 is significantly

upregulated (Fig. 6A and B). Furthermore, an enhanced
increase in Sppl expression was confirmed in cell lines
after TiO, NPs treatment (Fig. 6C, D). Protein expres-
sion results indicate a reduction in Sppl expression fol-
lowing the silencing of Snai2 expression. However, there
was no significant alteration in Snai2 expression after
Spp1 silencing (Fig. 6E, F). Moreover, TiO, NPs led to an
increase in intracellular co-expression of Snai2 and Spp1.
Snai2 signals were mainly concentrated in the nucleus
and silencing Snai2 led to reduced levels of both Snai2
and Sppl expression. However, the silencing of Spp1 did
not affect Snai2 expression. These findings suggest that
Snai2 may function as an upstream transcription factor
of Sppl. Upon silencing the expression of Sppl, the ele-
vated expression of Coll induced by TiO, NPs was sup-
pressed (Fig. 6H, I). Therefore, Snai2 appears to regulate
fibrosis via modulation of Sppl expression upon activa-
tion by TiO, NPs. Furthermore, PI3K pathway activation
was examined after TiNP exposure. Significant increases
in p-PI3K and p-AKT levels were observed, indicating
stimulation of the PI3K/AKT pathway. Furthermore, the
silencing of Snai2 suppressed the degree of activation of
the PIBK/AKT pathway (Fig. 6], K), suggesting that TiO,
NPs regulate cellular fibrosis via activation of the SNAI2-
SPP1-PI3K/AKT axis.

Snai2 knockdown inhibits titanium implant-induced
fibrosis in vivo

In order to further validate the therapeutic targeting role
of Snai2 in fibrosis caused by titanium nanoparticle expo-
sure, we conducted in vivo model rescue experiments.
By utilizing Cas9 knockout strategy, we constructed a
zebrafish model of snai2~~. TiO, NPs were administered
at 2 dpf and morphological changes were evaluated at 5
dpf. Tissue samples were collected from zebrafish at 9
dpf (Figure S7A). Through qPCR analysis of the zebraf-
ish tissue samples, it was observed that the expression of
snai2 decreased, indicating the successful modeling of
snai2 knockout zebrafish (Figure S7B). In addition, the
promotion of sppl and collala by TiO, NPs treatment
was impeded by the knockout of snai2 (Fig. 7B, C). The
results of HE and Masson stainings demonstrated that
TiO, NPs -exposed snai2~'~ zebrafish exhibited a notable
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Fig. 4 TiO, NPs exposure activated the fibroblasts and myoblasts. (A) Schematic illustrates the cell experimental design. (B) TEM of cells treated with
TiO, NPs. Red boxes showed nanoparticle aggregates in cell plasma and nucleus. (C) Cell viability of L929 and C2C12 cells treated with 0.1-10 pg/ml TiO,
NPs for 24 h. *P<0.05 versus 0 group. (D, E) The mRNA expression of Col1 and aSMA in L929 cells treated with 0.1-10 pg/ml TiO, NPs and control were
analyzed by gPCR. The control group was set to 1.0, * means P<0.05 between two indicated groups (n=9). (F) The expression of Col1 and aSMA in cells
treated with 0.1-1 pug/ml TiO, NPs and control were analyzed by Western blotting. GAPDH was used as internal reference. (G) Relative expression levels
were compared between the TiO, NPs-treated cells and the control cells. (H-K) Immunofluorescence staining of cells treated with 0.1 ug/ml TiO, NPs and
control for Col1 (red), a-SMA (red) and F-actin (green), counterstained with DAPI (blue) for cell nuclei. (L) Quantification for signal density in cells treated
with 0.1 ug/miTiO, NPs and control for Col1 and a-SMA (n=6). (M, N) IL-6 and TNF-a levels in culture medium of cells treated with 0.1 ug/mITiO, NPs and

blank control were examined by ELISA assay (n=9). * means P< 0.05 between two indicated groups. All data are displayed as mean+SD

decrease in muscle tissue fibrosis and damage as com-
pared to TiO, NPs-exposed wild-type zebrafish (Fig. 7D,
E).

In the rat model, we silenced snai2 in subcutaneous
tissues using a gel wrapped with snai2 siRNA. Then, we
administered siRNA around the titanium implants on
days 3, 12, and 21 after modeling (Fig. 7F). The protein
expression assay indicated effective silencing of Snai2
expression (Fig. 7G, K). Silencing the expression of
Snai2 effectively prevented alterations to rat muscle tis-
sues resulting from damage caused by TiO, NPs, which
involved changes in muscle fascicle arrangement pat-
terns, increased muscle fascicle density, reduced con-
nective tissue envelope, and proliferation of fibrous
tissue (Fig. 7H, I, and L). Immunofluorescence results in
rat muscle tissue exhibited that Snai2 silencing reduced
fibrosis and significantly decreased the expression of
Coll and a-SMA induced by Ti implant (Fig. 7] and M).
These outcomes indicate the significant role of snai2 in
the development of fibrosis due to Ti exposure.

Discussion

The rapid development of biomaterials technology has
led to the widespread use of titanium implants in the bio-
medical field, effectively addressing clinical problems in
orthopedics and dentistry. However, it is important to
note that once implanted in the human body, these tita-
nium implants can remain present for decades or even
a lifetime. The human body typically contains very little
titanium, and any accumulation of this element in the
body is usually due to long-term occupational exposure
or release from titanium implants. Titanium implants are
generally considered inert and biocompatible [2]. Recent
clinical evidence suggests that long-term implantation of
titanium implants may release tiny metal particles or ions
due to wear or corrosion. These particles or ions may be
deposited into surrounding tissues and migrate to dis-
tant sites, potentially affecting the tissues surrounding
the implant and distant organs [26]. Titanium implants
may have adverse effects on distant organs, such as nerve
tissue in the brain, or on the cardiovascular system [8].
Complications may include neuropathy [17] or throm-
bosis [27]. In addition, the presence of titanium particles
around joint prostheses may inhibit osteogenesis [28].
Research has shown that metal nanoparticles can have

toxic effects on skeletal muscle tissue [29], therefore fur-
ther investigation is needed into the specific effects of
titanium nanoparticles on the connective tissue of the
muscle surrounding the implant due to long-term expo-
sure to titanium implants.

After being implanted in the human body, titanium
implants continuously release titanium particles for an
extended period. As these implants wear and corrode,
they release potentially harmful metal particles into adja-
cent or distant tissues and organs. We have, for the first
time, directly observed nanoparticles in the tissues sur-
rounding the implant. Moreover, there is a noteworthy
rise in titanium content in the proximity of the implant.
SEM revealed nanoscale defects on the surface of the
titanium alloy implant. These results confirm the release
of nanoscale titanium particles from the implant surface
into the surrounding tissue. XPS analysis showed that the
main component on the surface of the extracted implant
from the human body was TiO,, the most common natu-
ral oxide of titanium. Therefore, we utilized TiO, NPs to
establish an experimental model of titanium exposure to
investigate the mechanisms by which nanoscale titanium
particles induce fibrosis.

TiO, NPs exposure significantly increased the risk of
muscle damage and fibrosis. In rats, Intravenous injec-
tion of TiNPs resulted in muscle inflammation and atro-
phy [30]. Furthermore, chronic exposure to TiO, NPs
over the long-term activated myocardial fibrosis in rats
[15, 31]. Muscle tissue fibrosis usually entails structural
damage, faulty regeneration, excessive collagen accu-
mulation, and ECM generation [31]. To confirm the
hypothesis that TiO, NPs provoke muscle tissue injury
and fibrosis, we created a TiO, NPs-treated zebrafish
model and a titanium implant-treated rat model. Zebraf-
ish that received treatment with TiO, NPs demonstrated
a decrease in muscle bundles and an increase in fibrosis.
Similarly, in the rat model with titanium implants, we
observed collagen accumulation and muscle tissue dam-
age. The proliferation and differentiation of fibroblasts
and myofibroblasts are significant factors contributing
to muscle tissue fibrosis, with a-SMA serving as a cru-
cial marker of myofibroblasts [32]. In the present study,
a-SMA and COL1 expression were significantly upregu-
lated in titanium implant-treated rat muscle tissues and
TiO, NPs-treated C2C12 and L929 cells. This indicates
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Fig. 5 TiO, NPs up-regulates SNAI2 to activate the expression of fibrosis-associated genes. (A) KEGG pathway enrichment analysis of differentially ex-
pressed genes between muscle tissue surrounding the implant and control. RNA-seq data was obtained from four muscle tissues around implant and
four controls, the muscle tissues were harvested during surgery. (B) Heatmap of 12 fibrosis-related genes enriched from DEGs and KEGG pathway enrich-
ment analysis. (C) IHC analysis of SNAI2 for muscle tissue around implant and control. (D) Semi-quantitative analysis of SNAI2 signal density in IHC analyses
(C) (n=5). (E) Heatmap of nine fibrosis-related genes identified in RNA-seq, MRNA expression data was obtained in muscle samples from rat implanted
with Ti alloy and sham surgery control (n=16). (F) Immunofluorescence staining of rat muscle tissues around Ti implant, for collagen | (purple), a-SMA
(yellow), SNAI2 (red) and SPP1 (green), counterstained with DAPI (blue) for cell nuclei. (G) Immunofluorescence staining of cells treated with 0.1 pg/ml
TiO, NPs and control for SNAI2 (green), counterstained with DAPI (blue) for cell nuclei. (H) Quantification for signal density in immunofluorescence stain-
ing of cells (G) for SNAI2 (n=6). (I) The L929 cells were treated with combination of 0.1 ug/mlTiO, NPs treatment and Snai2 siRNA transfection, expression
of COL1 and SNAI2 were analyzed by Western blotting. GAPDH was used as internal reference. (J) Relative expression levels, normalized to the internal
reference protein, were compared between the different treated cells. (K) The L929 cells were transfected with Snai2 siRNA 6 h before 0.1 ug/m! TiO, NPs
treatment. Immunofluorescence staining for Col1 and a-SMA (green), counterstained with DAPI (blue) for cell nuclei was performed. (L) Quantification for
signal density in immunofluorescence staining (K) for Col1 and a-SMA was calculated and compared. * means P<0.05 between two indicated groups.

All data are displayed as mean +SD

the formation of myofibroblasts and the initiation of the
fibrotic process. Additionally, IL-6 and TNF-a exhibited
up-regulation in human samples, animal tissue samples,
and cell supernatants compared to controls and are com-
monly used markers of muscle tissue damage [33]. These
findings indicate that exposure to titanium nanoparticles
may result in significant muscle fibrosis.

TiO, NPs have the potential to affect cells and tissues
through a variety of pathways and thereby induce fibro-
sis. These nanoparticles are capable of inducing oxidative
stress [34], which causes the production of significant
quantities of reactive oxidizing substances (ROS). ROS
disrupts the intracellular environment, inciting an
inflammatory response that results in tissue cell injury.
Additionally, the body’s inflammatory response acti-
vates inflammatory cells, including macrophages, which
release inflammatory mediators, causing muscle tissue
injury and contributing to the fibrotic process [35]. It has
been suggested that TiO, NPs can activate matrix metal-
loproteinases (MMPs), resulting in collagen breakdown
and formation of muscle tissue scarring and fibrosis [36].
TiO, NPs may also be involved in muscle fibrosis devel-
opment through the aberrant activation of the TGF-p/
Smad pathway [20]. Abnormal activation of the NF-kB
pathway, induced by exposure to TiO, NPs, may result in
elevated collagen synthesis and reduced protein degrada-
tion. This process can contribute to fibrosis progression
[31].

In our research, PI3K/AKT pathway was enriched, and
high expression of SNAI2 and SPP1 were confirmed.
Previous research has suggested a possible link between
SPP1 overexpression and fibrogenesis via regulation of
inflammatory responses [37]. SPP1 is thought to play an
important role in fibrogenesis by activating the PI3K/
Akt pathway, which in turn regulates cell proliferation,
differentiation, and matrix synthesis. In addition, and
for the first time, we found that TiO, NPs may promote
the expression of SNAI2. SNAI2 accelerates collagen
deposition at the site of fibrosis by regulating the expres-
sion of extracellular matrix-related genes and promot-
ing the atypical synthesis of collagen and other matrix

molecules [38]. Previous research has shown that SNAI2
acts upstream of SPP1, consistent with what we found
[39]. To further investigate the effect of SNAI2 after TiO,
NPs exposure, we suppressed the expression of SNAI2
and observed a reversal of both fibrotic and inflamma-
tory damage induced by TiO, NPs. Therefore, the SNAI2-
SPP1-PI3K/AKT pathway may serve as an effective
therapeutic approach to mitigate muscle tissue damage
and fibrosis induced by TiO, NPs exposure.

Previous studies have shown that the extracellular
matrix plays a critical role in fibrosis, and Snai2 may
play a key role in its remodeling process. Snai2 has
been reported to play an important role in liver fibrosis
(associated with non-alcoholic fatty liver disease) [40],
renal interstitial fibrosis (RIF) [41], and hypertrophy of
the ligamentum flavum [42]. Combining our results,
we therefore sought to determine whether inhibition of
Snai2 expression in vivo could alleviate fibrosis caused by
TiO, NPs/titanium implant. In the zebrafish model, we
constructed a snai2~’~ zebrafish model and found that
knockout of the snai2 gene could inhibit muscle damage
and fibrosis induced by TiO, NPs. In addition, in the rat
received titanium implant model, we observed a signifi-
cant reduction in the degree of fibrosis caused by local
inhibition of snai2 expression. The above results suggest
that inhibition of Snai2 expression has therapeutic effects
on titanium exposure-induced fibrosis, providing sup-
port for potential therapeutic targets. In the future, the
development of drugs or other treatments that intervene
in Snai2 expression may provide new avenues for allevi-
ating fibrotic diseases associated with titanium implants.
In addition, to further mitigate the side effects of par-
ticles originating from implants, surface modification
techniques, such as coating or surface passivation, could
be employed [43, 44]. Additionally, developing novel
nanoparticle immobilization techniques is an essential
strategy to prevent adverse effects. For instance, utilizing
chemical bonding or physical adsorption methods can
securely anchor nanoparticles to the titanium alloy sur-
face, thereby minimizing particle detachment and release
[45, 46].
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Fig. 6 The profibrogenic effect of SNAI2 was mediated by SPP1 and PI3K pathway. (A) IHC analysis of SPP1 for muscle tissue sample around implant and
control sample from first surgery patient. (B) Semi-quantitative analysis of SPP1 signal density in IHC analyses (A) (n=5). (C) Immunofluorescence staining
of cells treated with 0.1 ug/ml TiO, NPs and blank control for SPP1 (green), counterstained with DAPI (blue) for cell nuclei. (D) Quantification for signal
density in immunofluorescence staining of cells (C) for SPP1 (n=6). (E) The L929 cells were treated with combination of Spp1 and Snai2 siRNA transfec-
tion under 0.1 ug/ml TiO, NPs treatment, expression of SNAI2 and SPP1 were analyzed by Western blotting. GAPDH was used as internal reference. (F)
Relative expression levels, normalized to the internal reference protein, were compared between the different treated groups. (G) The 1929 cells were
treated with Spp1 or Snai2 siRNA transfection under 0.1 ug/ml TiO, NPs treatment, intracellular expression of SNAI2 (red) and SPP1 (green) were detected
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the internal reference protein, were compared between the different treated cells (J) (n=3). * means P < 0.05 between two indicated groups. All data are
displayed as mean +SD
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The quantity of nanoparticles released from titanium
implants may be influenced by a multitude of factors,
including the implantation site, the immune microenvi-
ronment surrounding the implant, and the physicochem-
ical properties of the implant itself. Additionally, the
shape of the implant and the size of the surface area may
also impact the release. Consequently, when designing
the next generation of implant, it is essential to consider
these factors to enhance the implant design. Metal parti-
cles released from the implant can enter the bloodstream
and cause excessive metal levels [47]. In an analysis of
postoperative patient blood samples, blood titanium lev-
els were found to correlate with the degree of implant
wear [48]. Some spinal implants may release Titanium,
Neodymium, and Vanadium, leading to metal-related
diseases [9]. Our research suggests that elevated blood
titanium levels may serve as a biomarker for inflamma-
tion. Patients with postoperative pain had elevated serum
levels of inflammatory factors, with a threefold correla-
tion between IL-6 levels, titanium levels, and patient pain
scores. This study also has several limitations. Because of
the difficulty in obtaining the necessary tissue samples
for this study, more clinical data are needed on the way
of titanium accumulation around implants. The toxicity
of nanoparticles released from titanium implant wear is
related to factors such as shape, surface area, and size.
Although we selected TiO, NPs of similar size, there is
still a gap in the representation of titanium nanoparticles
released in vivo. In addition, we did not investigate the
effect of titanium implants on other organs, which needs
to be further investigated.

Conclusions

Our results showed that titanium nanoparticles released
from titanium implants may have caused fibrosis in the
surrounding tissue. The potential mechanism of fibro-
sis mediated by the SNAI2-SPP1-PI3K/AKT axis. Upon
contact, titanium nanoparticles penetrate relevant tis-
sues and cells, activating SNAI2 expression. This in turn
modulates downstream signaling pathways, including
SPP1 and PI3K/AKT, ultimately resulting in fibrosis and
inflammatory injury. Our findings provide new insights
into the source of titanium nanoparticles from metallic
implants, their potential toxicity, and the mechanism by
which they affect surrounding tissues.
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