International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

p66shc siRNA Nanoparticles Ameliorate
Chondrocytic Mitochondrial Dysfunction in

Osteoarthritis

Hyo Jung Shin,'? Hyewon Park, "
Nara Shin, ' Juhee Shin, 1.2

Do Hyeong Gwon,'?
Hyeok Hee Kwon, (%'
Yuhua Yin,

Jinpyo Hong,

'2 Jeong-Ah Hwang,'?

143 Cuk-

Seong Kim,"® Yongbum Joo,
Youngmo Kim,” Jinhyun Kim,
Jaewon Beom,’

Jun Young Heo,

Dong Woon Kim ('

'Department of Medical Science, Chungnam
National University College of Medicine, Daejeon
35015, Republic of Korea; 2Department of
Anatomy and Cell Biology, Brain Research
Institute, Chungnam National University College
of Medicine, Daejeon 35015, Republic of Korea;
3Department of Pediatrics, 4Biochemistry,
®Infection Control Convergence Research Center,
®Physiology Chungnam National University
College of Medicine, Daejeon, Republic of Korea;
"Department of Orthopedics, Chungnam National
University College of Medicine, Daejeon, Republic
of Korea; ®Division of Rheumatology, Department
of Internal Medicine, Chungnam National
University College of Medicine, Daejeon, Republic
of Korea; "Department of Rehabilitation Medicine,
Seoul National University Bundang Hospital,
Seongnam, Gyeonggi-do, Republic of Korea

Correspondence: Dong Woon Kim DVM, PhD.
Department of Anatomy and Cell Biology,
Chungnam National University College of
Medicine, 266 Munhwa-Ro, Chung-Gu, Daejeon
35015, Republic of Korea

Tel +82-42-580-8201

Fax +82-42-586-4800

Email visnu528@cnu.ac.kr

Jinhyun Kim, MD,, PhD.

Department of Internal Medicine, Chungnam
National University College of Medicine, 266
Munhwa-Ro, Chung-Gu, Daejeon 35015,
Republic of Korea

Tel +82-42-338-2420

Fax +82-42-586-4800

Email jkim@cnuh.cokr

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: Osteoarthritis (OA) is the most common type of joint disease associated with
cartilage breakdown. However, the role played by mitochondrial dysfunction in OA remains
inadequately understood. Therefore, we investigated the role played by p66shc during
oxidative damage and mitochondrial dysfunction in OA and the effects of p66shc down-
regulation on OA progression.

Methods: Monosodium iodoacetate (MIA), which is commonly used to generate OA animal
models, inhibits glycolysis and biosynthetic processes in chondrocytes, eventually causing
cell death. To observe the effects of MIA and poly(lactic-co-glycolic acid) (PLGA)-based
nanoparticles, histological analysis, immunohistochemistry, micro-CT, mechanical paw with-
drawal thresholds, quantitative PCR, and measurement of oxygen consumption rate and
extracellular acidification rate were conducted.

Results: p-p66shc was highly expressed in cartilage from OA patients and rats with MIA-
induced OA. MIA caused mitochondrial dysfunction and reactive oxygen species (ROS)
production, and the inhibition of p66shc phosphorylation attenuated MIA-induced ROS
production in human chondrocytes. Inhibition of p66shc by PLGA-based nanoparticles-
delivered siRNA ameliorated pain behavior, cartilage damage, and inflammatory cytokine
production in the knee joints of MIA-induced OA rats.

Conclusion: p66shc is involved in cartilage degeneration in OA. By delivering p66shc-
siRNA-loaded nanoparticles into the knee joints with OA, mitochondrial dysfunction-
induced cartilage damage can be significantly decreased. Thus, p66shc siRNA PLGA
nanoparticles may be a promising option for the treatment of OA.

Keywords: osteoarthritis, monosodium iodoacetate, p66shc, ROS, mitochondrial
dysfunction, PLGA-based nanoparticles

Introduction

Osteoarthritis (OA), a degenerative joint disease, is the most common type of arthritis
associated with cartilage breakdown.! OA is a chronic disease characterized by pain,
local tissue damage, and attempted tissue repair. Given the increase in life expectancies
worldwide, OA has become one of the most common chronic diseases. OA affects
various tissues and is associated with articular chondrocyte degeneration and clustering,
synovial inflammation, osteophyte formation, and subchondral bone remodeling.*™
However, cartilage loss is the primary pathogenic feature of OA,> and it is well-known
that reactive oxygen species (ROS) play an important role in cartilage degradation and
chondrocytes death.®’” Patients with OA exhibit different degrees of oxidative stress
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and cartilage destruction.® In addition, mitochondria has
a significant role in cellular functions and cell survival in
many degenerative diseases; mitochondrial dysfunction
caused by oxidative stress has also been associated with car-
tilage damage.” "'

Recently, p66shc, an isoform of the shcA adaptor protein
family, has been shown to play a crucial role in the generation
of mitochondrial ROS (mtROS) due to the presence of an
additional CH2 domain at the N terminus, which contains
a critical serine at position 36 (Ser36); this domain is absent
in the other two isoforms, p52Shc and p47Shc.'? p66shc-
knockout mice express reduced intracellular ROS levels." In
addition, p66shc phosphorylation has been associated with

mitochondrial dysfunction,'*">

and p66shc-induced oxidative
stress may play a role in apoptosis.'> p66shc has been asso-
ciated with oxidative stress in kidney, cardiovascular, and lung
disease.'®'” However, the role played by p66shc during articu-
lar cartilage degeneration has not been investigated although
chondrocytes exhibit reduced mitochondrial membrane
potential. 2

Meanwhile, siRNA-loaded nanoparticles (NPs) for drug
delivery in various diseases has been in the spotlight
recently.”'>* Especially, the poly(lactic-co-glycolic acid)
(PLGA)-based NPs is one of the most effective and commonly
used biodegradable polymeric NPs approved by the US FDA.
The in-vivo safety of PLGA nanoparticles was well proven in
a previous study with SD rats.> The single emulsion process
(oil-in-water method) is used for water-insoluble drugs such as
steroids, whereas the double emulsion (water-in-oil-in-water
method) is best suited to encapsulate water-soluble drugs, like
peptides, proteins and vaccines. The particle size and encap-
sulation efficiency of the double emulsion is controlled by
choice of solvent and stirring rate.’®?’” There are various
factors such as composition, crystallinity, molecular weight,
pH, chemical properties of the drug, size and shape of the
matrix, and drug loading that affect biodegradation of
PLGA.*® A gene therapy system with the intra-articular
administration of p66shc-siRNA-loaded PLGA NPs can be
a feasible tool for OA treatment. Thus, we first explored the
role played by p66shc during oxidative damage and mitochon-
drial dysfunction in OA, and the effects of p66shc down-
regulation on OA progression.

Materials and Methods
Ethics Approval

All animal-related procedures were conducted in accordance
with the guidelines of the Institutional Animal Care and Use

Committee of Chungnam National University Hospital
(CNUH-017-P0019, CNUH-017-A0028). The Institutional
Review Board of Chungnam National University Hospital
approved the use of human tissues, and written informed
consent was obtained from all patients before the operative
procedure (CNUH-2016-06-007).

Animals and Arthritis Models

Male Sprague—Dawley rats weighing 120140 g at the time
of OA induction were used. Under brief isoflurane anesthe-
sia, the animals were intra-articularly injected in the left
knee with 0.5, 1, or 2 mg of monosodium iodoacetate
(MIA; catalog no. 12512; Sigma-Aldrich, USA) dissolved
in 20 pL saline; controls received saline only (day 0).

Histological Analysis and

Immunohistochemistry

Tissues fixed in 4% (v/v) paraformaldehyde for 2 days,
decalcified in Calci-Clear solution (catalog no. HS-105;
National Diagnostics, USA) for 2 days, sectioned in the
coronal plane (thickness 4 pm), embedded in paraffin wax
and used to prepare slides after staining with hematoxylin.
Also, sections were stained with Fast Green (catalog no.
2353-45-9; Daejung, Korea) and Safranin-O (catalog no.
CI-50240; Junsei Chemical Co., Korea) to evaluate the
extent of histopathological lesions. For immunohistochem-
istry, antibodies were purchased from the following
sources: anti-p-p66shc (Enzo, Alx-804-358), anti-total-shc
(BD, 610878). Primary chondrocyte cells were incubated
with 3 uM of solution and DAPI for 5 min at RT.
Immunofluorescent images were taken on an Axiophot
microscope (Carl Zeiss, Germany). To determine cell via-
bility, assay reagent (EZ-Cytox) was purchased from
Daeillab Service. Immunostaining was visualized with dia-
minobenzidine (DAB), and specimens were mounted using
Polymount. We used the Image J (National Institute of
Health, USA) to assess the immunohistochemical signals
quantitatively with densitometric measurements.

Micro-CT

Animal knee joints were subjected to quantitative micro-
computed tomography (micro-CT) (Quantum FX, Perkin
Elmer, USA) using an X-ray source operating at 90 kV/160
RA and a scan time of 180 s, affording a resolution of 20 pm.
We generated cross-sectional slices and reconstructed the
joint using threshold values of 0-0.14 to distinguish bone
using the Feldkamp back projection algorithm.?®
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Chondrocytes Isolation and Culture

We used a scalpel to excise cartilage from the femoral
condyles and tibial condyles of OA patients treated at
Chungnam National University Hospital. The cartilage
was cut into 2-mm thick pieces and the digested suspension
passed through a 40-uM-pore-size cell strainer to isolate
individual chondrocytes. Cells (5 X 10°) were seeded into
10-mm-diameter dishes and cultured for 10 days in
Dulbecco’s minimal essential medium supplemented with
10% (v/v) fetal bovine serum. The medium was changed
every 2 days.*

Behavioral Testing

Mechanical paw withdrawal thresholds were measured via
up-down Von Frey testing.*® The number of paw withdra-
wal responses to normally innocuous mechanical stimuli
was measured by using a von Frey filament (North Coast
Medical, Morgan Hill, CA). Rats were placed on a metal
mesh grid under a plastic chamber, and the von Frey fila-
ment was applied from underneath the metal mesh flooring
to each hind paw. The von Frey filament was applied 10
times to each hind paw, and the number of paw withdrawal
responses out of 10 was then counted. The results of the
mechanical behavioral testing for each experimental animal
were expressed as a percent withdrawal response frequency
(PWF), which represented the percentage of paw withdra-
wals out of the maximum of 10, as previously described.
The CatWalk system measures the mean intensity of the
paw print area and the standing phase, which, together,
reflect mechanical allodynia and neuropathic pain.'
CatWalk gait analysis was performed on day 21. The ani-
mals traversed a walkway with a glass floor located in
a darkened room. In general, rats cross the CatWalk runway
easily and at a constant speed. The CatWalk gait analysis
system consists of a glass walkway under white fluorescent
light. The light rays exhibit complete internal reflection.
When an object touches the glass runway, the light is
reflected downwards and is detected by a video camera.
The signal is digitized and analyzed by dedicated software
(CatWalk XT ver. 10.5.505, Noldus, USA).

Quantitative Polymerase Chain Reaction

Total RNAs from primary chondrocytes were isolated using
TRIzol Reagent according to the manufacturer’s protocol
(Gene All, RoboEx™). The RNA concentration was quanti-
fied using Nanodrop spectrometer (Thermo scientific). cDNA
was prepared from total RNA using the Kit (enzynomics,

B201). Quantitative polymerase chain reaction (qQPCR) was
performed using the AriaMax Real-time PCR system (Agilent
technologies) with the Top real ™ gPCR 2X premix (SYBR
Green with low ROX). The primers used for rat TNF-a,, IL-1P
and COX2 were as follows: rTNF-a 5'-AGATGTGGAACTG
GCAGAGG-3', and antisense 5-CCCATTTGGGAACTT
CTCCT-3"; rIL-1PB, 5-CAGCAGCATCTCGACAAGAG-3/,
and antisense 5-CATCATCCCACGAGTCACAG-3"; rCO
X2 5-CAGTATCAGAACCGCATTGCC-3', and antisense
5-GAGCAAGTCCGTGTTCAAGGA-3'.

Adenoviral Infection

Recombinant adenovirus encoding shRNA targeting p66shc
was generated using the AdEasy system, as described
previously.'” Primary chondrocytes were infected with ade-
novirus at a multiplicity of infection (MOI) of 100 in 6-well
culture plates. After 48 h, mitochondrial ROS levels were
determined by mitoSOX staining (Molecular probes,
M36008). Adenovirus with 3-galactosidase (Ad-gal), encod-
ing an inert LacZ gene, served as a control virus.

Poly(Lactic-co-Glycolic Acid)

Nanoparticles Preparation

PLGA NPs with 50:50 ratio of lactic and glycolic acid
carrying p66shc siRNA (catalog no. RSS373234; Thermo
Fisher, USA) or scrambled siRNA (catalog no. 12935400;
Thermo Fisher) were prepared using an emulsification/
solvent evaporation method®? and their physical character-
istics were analyzed with the Zetasizer Nano ZS90
(Malvern Instruments, UK).?* The NP synthesis and char-
acterization are shown in the Figure 1.

Measurement of Oxygen Consumption

Rate and Extracellular Acidification Rate

Measurement of oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR) were measured using
a Seahorse XF-24 analyzer (Seahorse Bioscience, USA).
The day before OCR measurement, the sensor cartridge
was calibrated using buffer at 37°C. Cells were washed
twice with XF assay medium (without sodium bicarbonate
or phenol red) and incubated in a 37°C incubator for 1 h prior
to calibration. Three readings were taken after addition of
each mitochondrial inhibitor and before injection of other
inhibitors. The mitochondrial inhibitors used were oligomy-
cin (2 pg/mL), carbonyl cyanide m-chlorophenylhydrazone
(CCCP) (5 uM), and rotenone (2 uM). The OCR and ECAR
were automatically calculated by the sensor cartridge and the
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Figure | Synthesis and physical characteristics of pééshc siRNA-encapsulated PLGA NPs.

Notes: (A) To prepare PLGA nanoparticles, 200 pL of 20 uM siRNA in TE7.5 buffer was added, on a drop-by-drop basis, to 800 pL of dichloromethane (DCM) containing 25 mg
of PLGA (Corbion, Amsterdam, the Netherlands) and emulsified by sonication into a primary W /O emulsion. Next, 2 mL of 2% PVA1500 (w/v) was added directly into the
primary emulsion and further emulsified by sonication to form a W1/O/W?2 double emulsion. The resulting product was then diluted with 6 mL of 2% PVA1500 and stirred
magnetically for 3 h at room temperature to evaporate DCM. The resulting PLGA nanoparticles were collected by ultracentrifugation at 38,000 g for 10 min at 4°C, washed
twice with deionized RNAase free-water, resuspended in water and finally freeze-dried. (B) Nanoparticles were assessed by the scanning electron microscope. Scale bar =200
nm. (C, D) p66shc si_NPs were dissolved in water and measured for size and zeta potential using the Zetasizer Nano ZS90 (Size = 183.7 + 72.21, Zeta potential = 41.1 £ 4.81).
(E) siRNA release assay of nanoparticles in PBS showed the cumulative percentages of siRNA released from nanoparticles based on different matrices as a function of time.

Abbreviation: PLGA, poly(lactic-co-glycolic acid).
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dedicated software. The plates were retained and protein
concentrations were calculated to confirm that the wells
contained approximately equal numbers of cells.

In vitro Nanoparticles Release Assay

The p66shc siRNA encapsulated PLGA nanoparticles were
collected and incubated in Eppendorf tube with 250 pL of
PBS, incubated at 37 °C, for 48 h. At the designated time,
200 pL of the release medium was taken and replaced by the
same amount of fresh buffer. P66shc siRNA was measured in
the release buffer using nanodrop spectrometer (Thermo
scientific). The accumulated release percentage of the
p66shc siRNA and the entrapment efficiency were evaluated
according to previous report.>

Statistical Analysis

Data are presented as the means + SEM. We compared
group mean values, as appropriate, by Student’s #-test or
one-way analysis of variance with post hoc multiple com-
parison test (GraphPad Prism 6). We considered p < 0.05
as the significant value.

Results
p-p66shc Is Highly Expressed in Cartilage
from OA Patients and MIA-Induced OA

Rats

The significance of ROS production during cartilage
damage implies a role for p66shc in the pathogenesis of
OA. We examined the expression levels of the ROS-
production-related proteins p66shc in joint tissues from
OA patients using immunohistochemistry. Both phosphory-
lated p66shc (p-p66shc) was stained in articular cartilage,
with especially intense staining observed in superficial
chondrocyte clusters (Figure 2A). Chondrocytes clustering
is a histological sign of late-stage OA and is particularity
evident in the superficial zones of OA patient tissues.>*
Over 80% of the clusters expressed p-p66shc at high levels
(Figure 2B).

Monosodium iodoacetate (MIA) is used to induce car-
tilage damage in animal models of OA involving ROS
production.®> Chondrocytes were incubated for 24
h either with or without 1, 5, and 15 uM MIA, and cell
viability was measured. Cell viability was approximately
20% in chondrocytes treated with MIA at concentrations
>5 uM, and cell viability decreased in a time-dependent
manner (Figure 3A). Next, we investigated whether the
effects of MIA on chondrocytes were attributable to

p66shc phosphorylation and ROS production. In MIA-
treated chondrocytes, Western blotting showed that
p66shc phosphorylation increased significantly compared
with that in control chondrocytes (Figure 2C and D). Thus,
MIA induces the phosphorylation of p66shc in human
chondrocytes.

Induction of OA by intra-articular injection of MIA into
rat knee joints (Suppl Figure 1A) results in the progressive
loss of articular cartilage and the development of subchon-
dral bone lesions; these features closely resemble those
observed in OA.*® We used three different doses of MIA to
determine whether these effects were dose-dependent (Suppl
Figure 1B). On day 3, either no change or only a minimal
decrease in proteoglycan levels (as revealed by Safranin-O
staining) was observed in animals injected with 0.5 and 1 mg
MIA. At the highest dose (2 mg), articular cartilage loss from
the extracellular matrix was more pronounced on day 3
(Suppl Figure 1B). Identical results were obtained in the
sagittal plane as coronal plane (Suppl Figure 1C). Micro-
computed tomography (CT) showed that articular cartilage
thickness decreased, hyaline articular cartilage became
eroded, and subchondral bone became exposed in a dose-
and time-dependent manner (Suppl Figure 1D), similar to the
effects observed during human OA.

MIA has also been reported to induce apoptosis via the
mitochondrial pathway and involving ROS production in
rat chondrocytes.®® Because cartilage damage caused by
MIA might be associated with ROS production, we mea-
sured the expression levels of the ROS-associated proteins
p-p66shc. By day 3, animals injected with 2 mg MIA
exhibited significantly increased expression levels of
p-p66shc compared with control animals (Figure 2E
and F), suggesting that the upregulation of p-p66shc
expression levels in cartilage is associated with articular
cartilage loss.

MIA Causes Mitochondrial Dysfunction
and ROS Production, and the Inhibition of

p66shc Phosphorylation Attenuates
MIA-Induced ROS Production in Human
Chondrocytes

Next, we assessed whether MIA affected primary human
chondrocyte viability. Chondrocytes were incubated for 24
h with or without 1, 5, and 15 uM MIA. As shown in
Figure 3A, cell viability was only approximately 20% after
treatment with MIA at concentrations >5 uM, and fell in
a time-dependent manner (Figure 3B). Thus, human
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Figure 2 Expression of pé6shc in articular cartilage from OA patients and MIA-induced rat models.

Notes: (A, B) p-pé6éshc was prominently expressed at sites of injury. Scale bar = 50 pm. **P < 0.001 (C, D) p-p66shc and total shc protein levels were detected via
Western blotting, and the p-p66shc/ACTB ratios were determined using Image ] software. (E, F) Expression levels of pééshc in knee cartilage as measured with
immunohistochemical staining. Protein density was quantified using Image ] software (NIH, USA). Scale bar = 50 pm. **P < 0.01.

Abbreviations: OA, osteoarthritis; MIA, monosodium iodoacetate; ACTB, actin beta.

chondrocyte viability was MIA concentration-dependent,
that MIA
chondrocytes.

suggesting can also damage human

Because mitochondria are the predominant sites for
ROS production and the primary targets of ROS, these
organelles play a key role in oxidative stress and inflam-
mation and can tip the balance toward functional failure
and cell death.’” To explore whether MIA-induced ROS
production initiated mitochondrial dysfunction, primary
chondrocyte cells were incubated with MIA, and the
basal OCR was determined using an XF-24 analyzer.
H,0, triggers oxidative stress and cell death because it
readily permeates mitochondria; therefore, H,O, was
used as a positive control.*® In the presence of either
H,0, or MIA, cellular oxygen consumption was initially

identical to that of controls. However, MIA-treated cells

showed decreased maximal mitochondrial OCR capacity
after CCCP treatment compared with control cells
(Figure 3C). After the state III oxidation rate was
reduced, the maximal mitochondrial respiratory chain
activity decreased significantly in MIA-treated cells
compared with that of control cells. We also measured
the ECAR, which is a glycolysis index. MIA-treated
cells showed decreased ECAR compared with controls
(Figure 3D), which represents the inhibition of cytosolic
metabolic flow, demonstrating that MIA induced mito-
chondrial dysfunction in human chondrocytes.

Since p66shc is involved in ROS production, we
investigated the effect of p66shc inhibition on MIA-
treated chondrocytes. ROS production was quantitated
using the mitoSOX fluorescence assay in MIA-treated

chondrocytes treated with or without a recombinant
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Notes: (A, B) Extent of cytotoxicity following MIA treatment, according to time and dose. (C, D) The oxygen consumption rate (OCR), which reflects mitochondrial function, and
the extracellular acidification rate (ECAR), which indicates lactate production, were obtained using a Seahorse XF24 analyzer in cells treated with 2 pg/mL oligomycin (an ATPase
inhibitor), 5 uM cyanide m-chlorophenylhydrazone (CCCP; an uncoupler), or 2 pM rotenone (a mitochondrial complex | inhibitor). Area under the curve (AUC) for basal OCR and
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(error bars) of three experiments. **P < 0.01, ***P < 0.001 (derived via one-way ANOVA); MIA vs control. (E) MitoSOX fluorescence imaging of human chondrocytes expressing
Ad/LacZ and Ad/sh-pééshc. (F) Quantification of MitoSOX fluorescence. (G) Schematic diagram of pééshc-related pathway.

Abbreviation: ROS, reactive oxygen species.

adenovirus encoding an shRNA targeting p66shc (Ad/ inhibited by downregulation of p66shc with Ad/sh-

sh-p66shc). MitoSOX fluorescence

intensity gre

atly p66shc (Figure 3E and F). Thus, downregulation of

increased in MIA-treated cells, and the intensity was p66shc attenuated MIA-induced ROS production in
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human chondrocytes (Figure 3G). These results suggest
that p66shc may be related to human OA.

Inhibition of p66shc by
Nanoparticles-Delivered siRNA
Ameliorates Pain Behavior, Cartilage
Damage, and Inflammation in the Knee
Joints of MIA-Induced OA Rats

Next, we explored the therapeutic potential of p66shc siRNA
in the MIA-induced OA model. For the efficient delivery of
p66she siRNA into joints, we used poly(lactic-co-glycolic
acid) PLGA copolymers, which are biodegradable and bio-
compatible with humans, and have been approved by the
FDA.*° p66shc-siRNA-loaded PLGA NPs (p66shc
si PLGA NPs) were prepared by sonication, using the dou-
ble emulsion (water-in-oil-in-water [W/O/W]) method to
encapsulate hydrophilic siRNA (Figure 1A). The scanning
electron microscopy showed that the particles were spheroids
(Figure 1B). The average size and zeta potential were 183.7.8
+ 72.21 nm and 41.1 = 4.81 mV, respectively (Figure 1C
and D). siRNA release assay of nanoparticles at pH 7.4 was
conducted in a PBS buffer, as the model of biological body
fluids. It was found from the Figure 1E that the cumulative
siRNA release of 96.4% was within 48 hr.

Subsequently, we delivered the single-dose PLGA NPs
containing 0.2 pmol/20uL of either p66shc siRNA or
scrambled siRNA into the each knee joint of MIA-
treated rats (Figure 4A), and the rats were subjected to
the von Frey filament test and CatWalk analysis. Injection
of 20 uL MIA (2 mg) induced mechanical allodynia of the
ipsilateral paw compared with saline-treated controls.
However, injection of p66shc si PLGA NP alleviated
mechanical allodynia in rats treated with MIA for up to
21 days after MIA injection (Figure 4B). The print area is
the surface area of a complete print, and the standing
phase is the duration of paw contact with the glass plate
(in seconds). The print areas of the ipsilateral paws of
MIA-injected rats were reduced, but they recovered after
p66shc si PLGA NP injection (Figure 4C); a similar result
was observed for the standing phase duration of the ipsi-
lateral paw (Figure 4D). We also compared the pathologi-
cal changes in MIA-injected joints between animals
treated with p66shc si PLGA NPs and those treated with
control NPs.
si PLGA NPs attenuated proteoglycan loss 3 weeks after
MIA injection (Figure 4E). Cartilage thickness and the
number of chondrocytes were also reduced after MIA

Safranin-O stain showed that p66shc

injection in animals that received control NP injections.
However, these pathologies were attenuated by the p66shc
si PLGA NP injections (Figure 4E and F). In addition,
micro-CT revealed that destruction of the bony surface
was attenuated by p66shc si PLGA NP injections at
weeks 2 and 4 (Figure 4G).

MIA has recently been known to evoke acute inflam-
mation, followed by degenerative cartilage changes and
joint pain.*® Therefore, we explored whether MIA injec-
tions induced an inflammatory response that could be
reversed by p66shc si PLGA NPs. MIA clearly increased
the expression levels of inflammatory genes, including
those encoding tumor necrosis factor (TNF)-a, interleukin
(IL)-1B, and cyclooxygenase 2 (COX2) (Figure 4H-J).
However, the expression levels of all inflammatory cyto-
kines were markedly decreased in the p66shc si PLGA NP
group. Together, these findings suggest that p66shc inhibi-
tion attenuates pain behaviors, cartilage damage and the
expression of inflammatory cytokines in the arthritic knee
joints of MIA-induced animal models.

Discussion
Here, we investigated the involvement of p66shc during car-
tilage degeneration in OA. A role for p66shc during cartilage
degeneration was suggested by the immunohistochemical ana-
lysis of tissues from OA patients. Moreover, p66shc-mediated
ROS production triggered mitochondrial dysfunction in
human chondrocytes, which was prevented by the application
of an adenoviral vector encoding shRNA-p66shc. Finally, by
injecting p66shc-RNAi-loaded NPs into the knee joints of rats
with MIA-induced OA, we investigated the therapeutic poten-
tial of p66shc inhibition in OA. We used an MIA-induced
cartilage damage model, which induces rapid pain-like
responses in the cartilage and has become the standard for
exploring OA-mediated joint disruption in both rats and mice.
The morphological changes observed in articular cartilage and
bone resemble those observed during human OA.*® Although
traumatic OA models, induced by meniscus or anterior cruci-
ate ligament resection, are also commonly used, the MIA
model is more appropriate for exploring the changes caused
by mitochondrial pathology and ROS production. In addition,
we found that the evoked pain persisted significantly after
MIA administration.

p66she plays a key role in the oxidative stress related
to kidney, cardiovascular, and lung disease.'®"® p66shc
deletion (p66shc ") in mice is associated with resistance
to oxidative stress and a reduction in p53-dependent apop-
tosis. p66shc ~ mice do not develop emphysema after
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Figure 4 Pé6shc deficiency attenuates pain behavior, cartilage damage, and inflammation in MIA-induced OA animal model knee joints.

Notes: (A) Schematic of protocol for injecting p66shc siRNA encapsulated in poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) (p66shc si_PLGA NPs) into rats
with MIA-induced OA. PLGA NPs containing scrambled siRNA or p66shc si_PLGA NPs were delivered to the knee using a Hamilton syringe. (B) Rats were subjected
to behavioral testing using Von Frey filaments (n = 7-8 per group). **P < 0.01 (C) Paw print areas of the legs with MIA-injected knees, as assessed by CatWalk
analysis. (D) The percentage (ipsi-/contra-lateral single standing) of ipsilateral paw single standing was measured in MIA-injected rats treated with pé6éshc si_PLGA
NPs. (E) Safranin-O and Fast Green staining of knee joints from rats treated with MIA for 3 weeks. (Scale bar = 50 um) The intensity of Safranin O staining is
proportional to the proteoglycan content in the cartilage tissue. (F) Hematoxylin staining of paraffin-embedded sections of the knee joint. (Scale bar = 50 pm) (G)
Representative transverse CT images of tibial subchondral bony destruction (arrowheads) at 3 weeks after injection with pé6shc si_PLGA NPs. (H=J]) Expression
levels of tumor necrosis factor (TNF)-a (H), interleukin (IL)-1B (I), and cyclooxygenase 2 (COX2) (J) by qRT-PCR. Total mRNA was isolated from rat knee cartilage.
Scale bar = 50 ym.

Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles.
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chronic exposure to smoke,*'

and p66shc deficiency pro-
longs lifespan, decreasing cytoplasmic ROS levels by acti-
vating NADPH oxidase (Nox). However, later studies
found that p66shc was also present in mitochondria and
bound to cytochrome C to form H,0,.*? Mitochondrial
p66shc levels are increased by protein kinase Cp
(PKCp), and ROS induced by p66shc are involved in p53-
mediated apoptosis, ischemic heart disease, and autoim-
mune suppression. Recent studies have shown that p66shc
phosphorylates Racl, an enzyme that interacts with Nox in
vascular endothelial cells, resulting in increased ROS
levels.** However, p66shc disrupts mitochondrial function
via its CYCS (cytochrome c, somatic) binding domain,
impairing ATP production, activating AMP-activated pro-
tein kinase (AMPK) and enhancing autophagic flux.*

ROS are generated by the Nox family of enzyme
complexes, which catalyze the transfer of electrons from
NADPH to molecular oxygen, generating 0,.***® Thus,
p66Shc deficiency reduced the activation of the PHOX
complex, decreasing superoxide production.*” Because
mitochondrial dysfunction is induced by oxidative
damage, correlations between the levels of oxidative
damage and the levels of p66shc and Nox protein expres-
sion should be examined in OA experimental models.

p66shc mediates oxidative stress in aging and cardio-
vascular diseases, but the role played by this protein in
musculoskeletal disorders remains unclear. Few studies
have evaluated the pathogenic effects of p66shc after
mtROS generation. This study is the first to reveal the
role played by p66shc in articular cartilage degeneration.
We explored whether OA was associated with p66shc-
mediated mitochondrial dysfunction, and revealed that
excessive oxidative stress induces cartilage destruction
via p66shc phosphorylation.

Furthermore, we applied siRNA PLGA NPs that inhib-
ited p66shc phosphorylation-induced ROS production, mito-
chondrial dysfunction and, ultimately, cartilage degeneration.
The double emulsion process (water-in-oil-in-water) was
used in our experiment, and the inner core of water was for
encapsulating hydrophilic siRNA. In in-vivo application,
release duration may be shorter than 48 hr in our in-vitro
experiment with a PBS buffer.*® After siRNA is released
from nanoparticles, there can be several barriers such as
cleavage by enzymes in serum or cytoplasm. Although
there can be less obstacles for intra-articular delivery in the
knee joint, further investigation about siRNA modification

will be needed to ensure gene silencing efficacy.

In conclusion, we first investigated the involvement of
p66she during cartilage degeneration in OA. By injecting
p66shc-RNAi-loaded NPs into the knee joints of rats with
MIA-induced OA, mitochondrial dysfunction-induced car-
tilage damage was significantly decreased. Therefore, we
expect p66shc siRNA PLGA nanoparticles represent
a promising novel therapy for OA.
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