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ABSTRACT

Background: Reactive oxygen species (ROS) is considered as ubiquitous and highly active chemicals that influence tendon
integrity and orchestrate tendon repair. With significant recent advances in nanomaterials, cerium oxide nanoparticles (CeO,
NPs) exhibit superoxide dismutase- and catalase-like activities. Herein, we introduced a therapeutic approach of CeO, NPs for
Achilles tendinopathy (AT) healing. Methods: CeO, NPs were synthesized to examine their effect as ROS scavengers on AT
healing in vitro and in vivo. The mRNA levels of inflammatory factors were evaluated in AT after CeO, NPs treatment in vitro. The
mechanisms underlying CeO, NPs-mediated stimulation of NRF2 translocation and ERK signaling were verified through
immunofluorescence and Western blot analysis. The efficacy of CeO, NPs was tested in an AT rat model in comparison with the
control. Results: CeO, NPs not only significantly scavenged multiple ROS and suppressed ROS-induced inflammatory reactions
but also protected cell proliferation under oxidative stress induced by tert-butyl hydroperoxide (TBHP). Moreover, CeO, NPs
could promote NRF2 nuclear translocation for anti-oxidation and anti-inflammation through the ERK signaling pathway. In a rat
model of collagenase-induced tendon injuries, CeO, NPs showed significant therapeutic efficacy by ameliorating tendon damage.
Conclusion: The present study provides valuable insights into the molecular mechanism of CeO, NPs to ameliorate ROS in
tenocytes via the ERK/NRF2 signaling pathway, which underscores the potential of CeO, NPs for application in the treatment of
enthesopathy healing.
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tenocytes to respond to the surrounding stimuli, such as oxidative
injury and inflammatory cytokines [4, 5]. Reactive oxygen species
(ROS) have been implicated in stress-induced apoptotic pathways,
which probably have a role in tendinopathy development [6]. In

1 Introduction

Achilles tendinopathy (AT) is a frequent problem in sports
medicine, leading to pain and loss of function [1]. Tendinopathic

lesions affect both collagen matrix and tenocytes, including
disordered collagen fibers, disrupted extracellular matrix
homeostasis, and increased inflammatory reactions [2]. Clinical
managements have been developed to treat tendinopathy, such as
various loading exercises, therapeutic modalities, and surgical
interventions [3]. However, some patients still failed to achieve
complete relief of tendon symptoms and get back to sports
activities, which indicated that a better molecular understanding of
tendon healing is required for developing effective treatment
strategies.

Healing of ruptured tendons relies on the intrinsic ability of

response to tissue injury, tenocytes also release pro-inflammatory
cytokines such as IL-1p and IL-6 to regulate tendon extracellular
matrix remodeling [7]. Though live organisms have evolved a
number of natural enzymes to scavenge ROS and protect tissues
from inflammation-induced damages [8], they are neither stable
nor immunologically tolerant, and hard to mass-produce [9].
Therefore, intensive efforts have been made to develop ROS
scavenging artificial enzymes to overcome the inherent drawbacks
of natural enzymes.

An increasing number of studies have showed that cerium
oxide nanoparticles (CeO, NPs), one of catalytic nanomaterials
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with natural enzyme-like activities (i.e., nanozymes), exhibit ROS
scavenging activities in many ROS-related diseases. CeO, NPs
have the ability to mimic superoxide dismutase (SOD)- and
catalase (CAT)-like activity due to the mixed valance states of Ce**
and Ce* [10]. This catalytic anti-oxidant activity makes CeO, NPs
a therapeutics to reduce inflammation through ROS scavenging
for treating inflammatory bowel disease (IBD) [11]. Furthermore,
CeO, NPs scavenged multiple ROS and suppressed ROS-induced
inflammatory reactions in periodontitis [12]. Hence, we
hypothesized that CeO, NPs could greatly decrease the excessive
ROS and thus be a promising therapeutic for periodontitis
treatment.

Herein, we synthesized CeO, NPs and investigated their use as
an antioxidant and anti-inflammatory agent for AT management.
In vitro, CeO, NPs significantly reduced ROS and inflammation
induced by an exogenous agent, tert-butyl hydroperoxide (TBHP)
via the ERK/NREF?2 signaling pathway in tenocytes. In vivo, CeO,
NPs were employed to repair the injured tendons in collagenase-
induced AT rats, which indicated the promising therapeutic effect
of nanozymes in the treatment of enthesopathy healing.

2 Materials and methods

2.1 Materials and reagents

Cerium nitrate hexahydrate (Ce(NO,);-6H,0, 99.95%), ethylene
glycol (98%), and ammonia solution (NH,OH, 25%-28%) were
purchased from Aladdin (Shanghai, China). Tert-butyl
hydroperoxide solution was bought from Sigma-Aldrich
(Darmstadt, Germany). PD98059 was purchased from MedChem
Express (Monmouth Junction, NJ, USA). The primary antibodies
against NRF2 were offered by Proteintech (IL, USA). The goat anti-
rabbit HRP-labeled secondary antibody was obtained from Fude
Biological Technology (Hangzhou, China). The antibodies against
p-ERK, ERK, histone H3, and GAPDH were provided by Cell
Signaling Technology (Danvers, MA, USA). Collagenase type I
was obtained from GIBCO BRL (Grand Island, NY, USA).
Votalin emulgel was bought from Glaxo Smith Kline (Brentford,
Middlesex, UK).

2.2 Synthesis and characterization of CeO,

CeO, NPs were prepared as described previously [13]. Briefly,
504 mg Ce(NO;);-6H,0 was added to 20 mL of water-ethylene
glycol solution, and vigorously stirred at 60 °C for 10 min. Then,
32 mL of NH,OH was rapidly added into the mixture with
vigorous stirring for 3 h. After centrifugation, the CeO, NPs were
washed with deionized water, followed by modification with citric
acid, and pH adjustment to 7.0 with sodium citrate. Finally, the
purified products were dispersed into deionized water as a highly
transparent solution for further use. The transmission electron
microscope (TEM) results of CeO, morphology, structure, and
size were measured on an FEI TECNAI F20 at an acceleration
voltage of 200 kV. The Cu Ke radiation was used to collect X-ray
diffraction (XRD) data on a Rigaku Ultima diffractometer with
2°/min.

2.3 SOD-mimicking activity of CeO,

According to the protocol of a SOD assay kit (Dojindo), 20 pL of
CeO, solution with different concentrations was added with
200 pL of WST-1 solution in a microplate well. Subsequently, the
mixture was added with 20 pL of enzyme working solution,
thoroughly mixed, and placed at 37 °C for 20 min. Finally, the
absorbance data were measured on a microplate reader at
450 nm [14].
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24 CAT-mimicking activity of CeO,

According to the protocol of a CAT assay kit, 5 uL of CeO,
solution with different concentrations was added with 90 uL of
buffer solution in a microplate well. Subsequently, 100 pL of
working solution and 5 uL of H,O, were rapidly added in each
well. Then, the microplate transferred into an anaerobic pouch at
37 °C for 30 min, and the absorbance was detected at 405 nm [13].

25 Animal study

Adult male Sprague-Dawley (SD) rats (250-300 g, n = 40) were
purchased from the Animal Center of Nanjing Medical University
(Jiangsu, China). Rats were acclimated in regular cages at 24 °C
under a 12-h light/dark cycle for 1 week. Animal experiments
were performed in accordance with the guidelines of the Ethics
Committee of Drum Tower Hospital, Medical School of Nanjing
University, Nanjing, China (Ethics approval No. 20200413).

After acclimation, thirty rats were used in the establishment of
AT, and the other ten rats were experienced sham operation. As
described, 50 pL of collagenase I solution (5 mg/mL) was injected
in the rat right hind leg every 2 days to mimic the Achilles tendon
injury model. After 14 days to establish the AT models, the rats
were randomly divided into three groups: the Control (Ctrl)
group, Votalin group, and CeO, group. For the following
experiments, 25 pg/mL CeO, was injected into the same side of
injured tendon twice a week, and the Ctrl group was treated with
same volume of physiological saline. The rats in the Votalin group
received 1 mg Votalin treatment per rat. After 14 days, all the
tendons and major organs from these four groups were harvested
and prepared for further histological analysis.

2.6 Histopathologic analysis

Tendon samples were immediately immersed in 4%
paraformaldehyde solution after sacrificed the rats. These tissues
were experienced with a graded dehydration of ethanol series and
finally embedded in paraffin, which were sliced into pieces of
5 um then. After dewaxed and stained with hematoxylin-eosin
(HE) and Masson’s trichrome, the slices were observed under a
fluorescence microscope (Zeiss Inc., Heidelberg, Germany).

2.7 Immunohistochemistry analysis

After dewaxed and rehydration, tissue sections were quenched
endogenous peroxidase activity with 3% hydrogen peroxide. Then,
the sections were experienced antigen retrieval with 0.4% pepsin
(Sigma-Aldrich) treatment at 37 °C for 1 h. Before incubated with
primary antibody overnight at 4 °C, the sections were blocked
with 10% goat serum for 30 min at 37 °C. After incubation with
an horse radish peroxidase (HRP)-conjugated secondary antibody,
immunohistochemical staining was using an ultra-sensitive DAB
Kit and photographed by a fluorescence microscope (Zeiss Inc.,
Heidelberg, Germany).

2.8 Isolation and culture of tendinocytes

The harvested rat tendons were wasted and rinsed with cold sterile
phosphate buffered saline (PBS). After being minced into 1 mm’
pieces, the tendon tissues were digested with 3 mg/mL collagenase
I solution overnight at 37 °C. After filtration and centrifugation,
the pellet was placed in Dulbecco's modified Eagle medium
(DMEM)/F12 medium with 10% fetal bovine serum. The primary
cells were cultured in 5% CO, at 37 °C and the medium was
replaced every 2 or 3 days thereafter. The third or fourth
generation long fusiform cells were used for in vitro experiments.

2.9 Cell viability assay
Tenocytes (1 x 10" cells/well) were seeded in a 96-well plate and
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then treated with different concentrations of CeO, for 24 h. After
incubated with TBHP for 12 h, the cell viability was evaluated with
the cell counting kit-8 (CCK-8) assay (Dojindo Co, Kumamoto,
Japan) according to the manufacturer’s protocol. The experiment
was performed in triplicate and the data were averaged.

2.10 ROS levels measurement

ROS levels were determined by using a fluorescence microscope
or flow cytometry. For fluorescence imaging, tenocytes (2 x 10°
cells/well) were plated in 6-well plates and then treated with TBHP
with or without different concentrations of CeO,. Then, the cells
were stained with 2',7 -dichlorodihydrofluorescein diacetate
(DCFH-DA) (Beyotime, Shanghai, China) at 37 °C for 30 min.
ROS levels were directly visualized under a fluorescence
microscope (Zeiss Inc., Heidelberg, Germany). Or the cells were
washed three times after incubation with DCFH-DA, and diluted
in flow buffer. The ROS levels were evaluated through a BD
AccuriC6 Plus Flow CytoMeter (BD Biosciences, USA) based on
the absorption values divided by control group.

211 Quantitative real-time PCR (qQRT-PCR) analysis

The RNA-quick Purification Kit (ES Science, Shanghai, China)
was used to extract the total RNA from tenocytes according to the
manufacturer’s  instructions.  After = measuring =~ RNA
concentrations, same amount of RNA was reverse-transcribed
into cDNA. Synthesized cDNAs were conducted for qRT-PCR
using SYBR Color quantitative polymerase chain reaction (QPCR)
Master Mix (Vazyme Biotech, Nanjing, China). The primer
sequences of mRNAs are shown in Table S1 in the Electronic
Supplementary Material (ESM).

212 Western blot analysis

After the different treatments, tenocytes were washed twice. Then,
radioimmunoprecipitation assay (RIPA) lysis buffer was used to
extract total protein. And a nuclear and cytosolic extraction
reagent Kit (Solarbio, Beijing, China) was used to purify cytosolic
and nuclear proteins. After centrifuging, the protein
concentrations were determined using a BCA protein assay
reagent kit (Thermo Scientific, MA, USA). The equal amount of
protein samples was separated on a 10% polyacrylamide gel and
then transferred onto polyvinylidene fluoride membranes (Bio-
Rad, Hercules, CA, USA). After being blocked with 5% milk for
1 h at room temperature, the membranes were cut into sections
and incubated with the following primary antibodies: NRF2, p-
ERK, and ERK at 4 °C overnight. Next, the membranes were
incubated with the appropriate HRP-conjugated secondary
antibodies for 1 h. The protein and band signals were detected
using a ChemiDocXRS Imaging System (Tanon, Shanghai,
China).

213 Immunofluorescence analysis

Tenocytes (5 x 10* cells/well) were fixed in 4% paraformaldehyde
for 15 min, and permeabilized with 0.1% Triton X-100 for 15 min.
After blocked with 5% bovine serum albumin (BSA) for 1 h at
room temperature, the slides were incubated with primary
antibodies at 4 °C overnight. Followed by staining with fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit antibody for 60 min
at room temperature in the dark, the slides were counterstained
with 4',6-diamidino-2-phenylindole (DAPI) for 5 min. The
images were captured by fluorescence microscopy (Zeiss Inc.,
Heidelberg, Germany). The distribution of NRF2 around the
nuclear zone was quantified along 80 pum wide lines. The
fluorescence line intensity plots were performed using Image]J as
described before [14].
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214 Short interfering RNA (siRNA) transfection

A siRNA against the rat NRF2 gene was designed and synthesized
by Hippobio (Huzhou, China): si-NRF2 (s) 5-GCAGG
ACAUGGAUUUGAUU-3, (as) 5-AAUCAAAUCCAUGUCC
UGC-3’. The tenocytes were cultured in 60 mm Petri dishes at a
density of 2 x 10°/mL and cultured to 60%-70% confluency. Then,
transfection of si-NRF2 or negative control (Scr) and transfected
was achieved using Lipofectamine 3000 siRNA reagent
(Invitrogen, Carlsbad, CA, USA). The silencing efficiency was
determined by qPCR and Western blot analysis.

215 Statistical analysis

All the assays were performed in triplicate. The quantitative data
were presented as the mean + standard deviation (SD). The
statistical significance among the groups was determined by one-
way analysis of variance (ANOVA) followed by Tukey post hoc
analysis using GraphPad Prism 7. Results were considered as a
significant difference when P value < 0.05 compared with other

groups.
3 Results

3.1 Characterization and ROS scavenging activities of
CeO,

We used a wet-chemical method to prepare the CeO, nanozymes
[11]. As shown in Figs. 1(a) and 1(b), well-dispersed CeO, NPs
with clear lattice fringes were observed by TEM. The CeO, NPs
had an average diameter of 4.12 + 0.85 nm (Fig. 1(b)). The XRD
spectra exhibited the characteristic peaks of CeO, at 26 of 28.5°,
32.9°, 47.4° and 56.8°, showing the high crystallinity of the
prepared CeO, (Fig. 1(d)). Due to the redox cycle of Ce*/Ce* and
oxygen vacancies, CeO, has the property to scavenge ROS. The
SOD-mimicking activity of CeO, was investigated by using a WST-
1 assay kit. The -O, elimination efficiency of 1.0, 2.5, 10.0, and
20.0 pg/mL CeO, was 29.8% + 10.5%, 41.7% + 5.3%, 66.8% =
3.0%, and 87.2% =+ 0.1%, respectively. The catalytic activity was
positively correlated with the concentration of CeO, (Fig. 1(e)).
Then, the CAT mimicking activity of CeO, was investigated by
detecting the released oxygen during the decomposition of H,0,
with a CAT assay kit, which was measured at 405 nm. Similarly,
the oxygen generation was largely reduced by CeO, in a
concentration-dependent manner (Fig. 1(f)). Thus, the above
results demonstrate the advantage of CeO, as an ROS scavenger,
indicating the antioxidant protective potential towards cells.

3.2 CeO, reduced TBHP-induced oxidative stress and
inflammatory response

Then, we evaluated the antioxidant protective activity of CeO, at
the cellular level. It should be noted that CeO, NPs were non-toxic
to tenocytes, even showing a significantly good biocompatibility
for a long-time co-culture (Fig.2(a)). Upon the oxidative
stimulation of TBHP (30 pumol/L), the viability of tenocytes was
significantly decreased by more than 30% according to the CCK-8
assay (Fig. 2(b)). However, the cells could be rescued by CeO, NPs
(25 and 50 pg/mL) (Fig.2(c)). Moreover, the mRNA levels of
inflammatory factors, including IL-1p and IL-6, were detected by
qRT-PCR. Compared to the Ctrl group, TBHP-induced oxidative
stress increased the expression of IL-1B and IL-6 in tenocytes.
Interestingly, this inflammatory response was alleviated by CeO,
NPs treatment (Fig.2(d)). In addition, the results of these
inflammation cytokines release were highly consistent with the
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Figure1 Characterization and ROS scavenging activities of CeO,. (a) TEM and (b) high-resolution TEM images of CeO.,. (c) Size distribution of CeO, (1 = 3). (d)

XRD pattern of CeO,. (¢) SOD-mimicking activity and (f) CAT-mimicking activity.

(a)

(b)

Day 1 Day 3
1.5 2.04 1.5 1.5+
* « "
2 2 2 % '
g 1.0 3 1.0+ * 3 1.0
< s s
2 > >
§ 30.5- g 0.5
*%
0.0- 0.0-
5 25 50 100 5 25 50 100 T(B;;‘ 0 5 10 30 50 TBHP — + + + + +
H CeO,
- = 5 2550100
(ug/mL)
(d) IL-1 " IL-6 (e) ok -
s *% 3000 ot 1500 o
8 |
§ § 34 —_ —_
[4 Es 4 5 _EI 2000 _EI 1000
En [ = =
o3 0 92 g g
> 94 > g = =
£g g - ©
25, =, 28 5 o 3
13 ©
] 0- 0
TBHP - - + + TBHP + TBHP - =— + + TBHP
CeO, = + = + CeO, - + = + CeO, - + - + CeO, - + - +
(f) Ctrl TBHP TBHP TBHP TBHP
+ Ce0, 5 pg/mL + Ce0, 25 ug/mL + CeO, 50 pg/mL

200 pm

200m

200 pm 200 pm 200 pm

Figure2 Effect of CeO, NPs on TBHP-induced oxidative stress and inflammatory response. (a) Viability of rat tenocytes after CeO, NPs treatment for 1 and 3 days.
(b) Viability of rat tenocytes after TBHP treatment. (c) Viability of rat tenocytes after TBHP treatment with or without CeO, NPs. (d) and (e) qPCR and ELISA analysis
of IL-1 and IL-6 levels in tenocytes stimulated with TBHP and treated with or without CeO, NPs. (f) Fluorescence images of the ROS generated after cells were co-
incubated with or without CeO, NPs after TBHP stimulation (green fluorescence refers to ROS). * p < 0.05, ** p < 0.01.

above observation (Fig. 2(e)). Moreover, CeO, NPs treatment also
decreased the changes in cellular ROS following TBHP challenge.
Fluorescence analysis showed a markedly decreased density of
TBHP-induced ROS in tenocytes after CeO, NPs treatment in a
dose-dependent manner (Fig. 2(f) and Fig. Sl(a) in the ESM).
These findings support the hypothesis that CeO, NPs could act as
an ROS scavenger to attenuate oxidative stress and inflammation
to protect tenocytes.

3.3 CeO, increased NRF2 expression for anti-oxidation
and anti-inflammation

Instances of sustained oxidative activity have been shown to
influence NRF2 signaling [15]. Therefore, the effect of CeO, on
NRF2 expression was studied. First, we confirmed the increased
NRE2 expression in oxidatively stressed tenocytes by using TBHP.
Western blot analysis revealed that TBHP led to a light activation
of NRF2 signaling, not significant, in response to oxidative stress,
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and the NRF2 expression was further enhanced by CeO, NPs
treatment (Fig. 3(a)). Furthermore, immunofluence analysis
confirmed that CeO, NPs increased NRF2 levels in nuclear
fractions rather than cytosolic fractions after exposing to TBHP
(Fig. 3(b)). To directly corroborate the involvement of NRF2 in
anti-oxidation and anti-inflammation of CeO, NPs, stealth siRNA
was employed to specifically inhibit the expression of NRF2
protein in tenocytes (Figs. S1(b) and Sl(c) in the ESM).
Meanwhile, the levels of inflammatory cytokines (IL-1 and IL-6)
and ROS increased when si-NRF2 was used (Figs. 3(c) and 3(d)),
reflecting the anti-inflammatory and anti-oxidative activities of
CeO, NPs were suppressed.

34 CeO,mediated ERK signaling activation promoted
NRF2 nuclear translocation for anti-oxidation and anti-
inflammation

We further found that p-ERK expression was slightly decreased
after TBHP stimulation in tenocytes. The decrease was reversed by
CeO, NPs treatment in a dose-dependent manner (Fig. 4(a)). Of
note, the NRF2 expression was significantly increased in nuclear
localization rather than cytosolic localization following stimulation
with TBHP, which was further enhanced by CeO, NPs treatment.
Moreover, the nuclear NRF2 expression was significantly
decreased when an ERK signaling inhibitor (PD98058) was added
(Fig.4(b)).  Consistent ~ with  Western  blot  analysis,

immunofluorescent images showed that CeO, NPs promoted
NRF2 nuclear translocation, and the density of NRF2 in the
nucleus was decreased after ERK signaling inhibition in tenocytes
(Fig. 4(c)). Notably, significant enhancements in the levels of IL-
1B, IL-6, and intracellular ROS were observed after NRF2
expression was decreased by PD98059 treatment (Figs. 4(d) and
4(e)). These observations indicate that the ERK/NRF2 signaling
pathway plays an important role in anti-inflammation and anti-
oxidation for CeO, NPs in tenocytes.

35 CeO, NPs increased NRF2
ameliorated impairment of tendon fibers in AT rats

expression and

After investigating the ROS scavenging activity and anti-
inflammatory effect of CeO, NPs in cells, we studied their
protective efficacy in AT rats. Compared to the Ctrl group, AT
tissue sections in the Votalin group showed a much more regular
and compact alignment of collagen fibers according to the results
of HE staining. At the same time, the disorganized and incompact
collagen fibers in the tendinopathy group could also be arranged
orderly and tightly after the treatment with CeO, NPs. As depicted
in Masson trichrome staining, severe disruption of collagen fibril
organization was observed in the Ctrl group. However, the Votalin
treatment and CeO, treatment prevented collagen matrix
disruption and disorganization. Moreover, Coll expression was
significantly upregulated following the application of votalin
treatment and CeO, NPs treatment (Fig.5(a)). In addition,
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ERK in tenocytes after TBHP stimulation with or without CeO, NPs treatment. (b) Western blot analysis for nuclear and cytoplasmic expression of NRF2 in tenocytes
treated with TBHP and TBHP + CeO, NPs with or without PD98059. (c) Immunofluorescence images and the fluorescence line intensity plots of NRF2 in tenocytes
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0.01.

although a higher NRF2 expression was observed in AT tissue
sections of the Ctrl and Votalin groups, NRF2 was more enriched
in the nuclei of tenocytes treated with CeO, NPs (Fig. 5(b)).

4 Discussions

In this study, we introduced CeO, NPs as an ROS scavenger to
ameliorate oxidative stress and inflammatory reactions in
tenocytes via stimulation of the ERK/NRF2 signaling pathway. In

the AT rat model, our therapeutic strategy to use CeO, NPs for
promotion of tendon healing process lays a solid foundation for
future clinical application of nanozymes in the treatment of
enthesopathy healing.

Scavenging ROS and amelioration of oxidative stress as
important strategies influence the propensity for tendinopathic
development and repair. Tendinopathies have a complex
pathological process. Currently, different theories are proposed to

www.theNanoResearch.com | www.Springer.com/joumnal/12274 | Nano Research



7370

illustrate the pathways contributing to the etiology of
tendinopathies, such as mechanical theory, inflammation theory,
and apoptosis theory [16]. Therefore, multiple therapies have been
advocated in patients with tendinopathy, including physiotherapy,
nonsteroidal anti-inflammatory drugs (NSAIDs), and local
injections of glucocorticoids [17]. ROS, a universal factor to
impose cellular/tissue damage, is reported to be associated with
oxidative damage in chronic tendinopathy, suggesting the
participation of ROS in tendon degeneration, failure, or healing
[18-20]. A previous study reported that effective attenuation of
oxidative stress could ameliorate the activation of endoplasmic
reticulum (ER) stress, which indicated a strategy to prevent and
treat AT [21]. In addition, excessive ROS release was found to be
associated with the NF-xB signaling pathway. Therefore, the
complex interaction may participant in the modulation of
inflammation and apoptosis and recover the collagen component
of the extracellular matrix in tendinopathy [22, 23]. Inflammatory
response was reported to be triggered in the tendon tissue with the
release of inflammatory cytokines, such as iNOS, COX-2, TNF-q,
and IL-1f [24, 25]. In accordance with this information, this study
showed that treatment of CeO, NPs, an effective ROS scavenger,

(a)

Sham

‘Masson H.E.

Col1/DAPI

NRF2

50 pm

-
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prevented TBHP-induced overproduction of ROS and cell death
in tenocytes. Additionally, CeO, NPs had an anti-inflammatory
effect to decrease the expressions of IL-1B and IL-6
proinflammatory cytokines induced by TBHP. Therefore, it was
thought that CeO, NPs exhibited a better AT healing than Votalin
(a nonsteroidal anti-inflammatory drug) because of their
antioxidant properties and thus exerted an anti-inflammatory
effect.

Nanozymes possess great promise in the clinical management
of enthesopathy healing. Because of their enzyme mimicking
acitivity and multifunctionality, nanozymes are advantageous over
natural enzymes, such as low-cost, high stability, and mass-
production [26]. CeO, NPs are among the first reported
nanomaterials with SOD-mimicking activities and have been
reported to exhibit CAT-like activities to eliminate NO and -OH
as well [27]. Therefore, CeO, NPs have been regarded as a
creditable ROS scavenger for neuroprotection, which was
characterized as ROS generated and accumulated during the
ischemic process [28, 29]. As a result, several studies also reported
biocompatible nanoceria with anti-inflammation effects [30], such
as acute hind paw inflammation [31], liver damage [32], and

Votalin

Votalin

Figure5 Effect of CeO, NPs on NRF2 expression in Achilles tendmopathy rats. (a) HE stammg, Masson staining, and nnmunoﬂuorescence analysis of Collagen 1 in
the four groups (Sham, Ctrl, Votalin, and CeO,). (b) Immunohistochemical staining for NRF2 in the injured tendon of rats with/without indicated treatment.
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sepsis [33]. Based on prior work, we propose a new application of
CeO, in AT healing. Particularly, benefiting from the antioxidant
and anti-inflammatory properties of CeO,, a better treatment
effect on proliferation-promoting and inhibiting matrix
degradation in tendon injury sites could be obtained compared
with current options. Besides, nanozymes like CeO, NPs could be
promising candidates for enthesopathy and related biomedical
fields.

CeO, NPs attenuate enthesis repair by modulating the
ERK/NRE2 pathway. NRF2 exerts protective role on cell and
tissue damage caused by oxidative stress by balancing the
oxidation and anti-oxidation activities [34]. Previous studies have
proposed that NRF2 is of major importance for the positive effect
on tendon cell growth and tendon regeneration [35]. Moreover,
the MAP kinases ERK can activate the NRF2-mediated
antioxidant response, and relative analysis showed that CeO, NPs
reverted the H,0,-mediated increase in the phosphorylation of
MAPK/ERK  signaling pathways [36,37]. Our results were
consistent with these findings and showed that ERK/NRF2
signaling participant in the improvement of CeO, NPs on TBHP-
induced oxidative stress and apoptosis effect. The ROS scavenging
activity of CeO, NPs directly attenuated the high levels of ROS,
and ERK signaling activation induced by CeO, NPs provided
powerful antioxidant support. All above protective effect of CeO,
NPs potentially improved collagenase-related tendon pathological
dysfunctions by activating the NRF2 expression.

The current study can be improved in several aspects. Firstly,
we did not evaluate the collagen regeneration of tenocytes under
the treatment of CeO, NPs. We were not sure whether the
ERK/NRE2 signaling activation regulated collagen expression
during this process. Third, the local injection method still has the
possibility to induce tendons injury in our animal experiments. To
overcome these limitations, further research could carry out more
detailed mechanism study and explore the application of injectable
gel or microneedles loaded with CeO, NPs for clinical
therapy [38, 39].

5 Conclusions

In brief, we demonstrated that CeO, NPs exhibited high SOD-
and CAT-like activity and protected tenocytes from oxidative
stress through the ERK/NRF2 pathway activation. A rat model of
tendinopathy revealed that CeO, NPs treatment was a practical
approach to improve the quality of tendon healing, which
indicated a novel therapeutic strategy for tendon repair in the
future.
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