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Introduction: Rapamycin has been considered as a potential treatment for osteoarthritis
(OA). Drug carriers fabricated from liposomes can prolong the effects of drugs and reduce
side effects of drugs. Low-intensity pulsed ultrasound (LIPUS) has been found to possess
anti-OA effects.

Materials and Methods: The anti-osteoarthritic effects of liposome-encapsulated rapamy-
cin (L-rapa) combined with LIPUS were examined by culture of normal and OA chondro-
cytes in alginate beads and further validated in OA prone Dunkin-Hartley guinea pigs.
Results: L-rapa with LIPUS largely up-regulated aggrecan and type II collagen mRNA in
human OA chondrocytes (HOACs). L-rapa with LIPUS caused significant enhancement in
proteoglycan and type II collagen production in HOACs. Large decreases in both MMP-13
and IL-6 proteins were found in the HOACs exposed to L-rapa with LIPUS. Intra-articular
injection of 40 uL L-rapa at both 5 pM and 50 uM twice a week combined with LIPUS thrice
a week for 8 weeks significantly increased GAGs and type II collagen in the cartilage of
knee. Results on OARSI score showed that intra-articular injection of 5 uM L-rapa with
LIPUS displayed the greatest anti-OA effects. Immunohistochemistry revealed that L-rapa
with or without LIPUS predominantly reduced MMP-13 in vivo. The values of complete
blood count and serum biochemical examinations remained in the normal ranges after the
injections with or without LIPUS. These data indicated that intra-articular injection of L-rapa
collaborated with LIPUS is not only effective against OA but a safe OA therapy.
Conclusion: Taken together, L-rapa combined with LIPUS possessed the most consistently
and effectively anabolic and anti-catabolic effects in HOACs and the spontaneous OA guinea
pigs. This study evidently revealed that liposome-encapsulation collaborated with LIPUS is
able to reduce the effective dose and administration frequency of rapamycin and further
stably reinforce its therapeutic actions against OA.

Keywords: liposome-encapsulation, rapamycin, osteoarthritis, low-intensity pulsed

ultrasound, OA prone Dunkin-Hartley guinea pigs

Introduction

Osteoarthritis (OA) is a crucial degenerative joint disease in humans. OA is the most
prevalent degenerative joint disease and globally a leading cause of disability linked with
an increasing socioeconomic burden due to the elderly population. OA may affect one or
several moveable joints, such as the knee and hip joints as well as small joints like joints
in the hand.'” The long-standing challenge in OA pharmacological treatments is that the
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effective disease-modifying therapy is unavailable while com-
monly-used pharmacological interventions only manage pain
and inflammation." Due to the complexity of etiopathogenesis
and subsequent clinical course of OA,* a single treatment is
not likely to be effective and hence following and promising
approaches should center on dealing with both symptoms and
structural changes.*® Oral and injectable pharmacological
agents are available for OA patients. However, investigations
show that most OA patients have persistent pain regardless of
taking their prescribed pharmacological therapies.” Therefore,
it is urgently important and necessary to develop and validate
more efficacious pharmacological, physical and synergistic
therapies for alleviation of symptoms and modification of
structural changes in OA.

Rapamycin, a macrolide lactone, has been shown to
possess anti-bacterial, anti-fungal, anti-tumor and immu-
nosuppressive activities.” The potential therapeutic effects
of rapamycin are mammalian target of rapamycin
(mTOR), a serine/threonine-protein kinase that impor-
tantly regulates many cellular processes such as growth,
proliferation, and protein synthesis.* '® Recent studies
revealed that both pharmacological inhibition and genetic
deletion of mTOR reduced the severity of OA in preclini-
cal mouse models.®!°'? However, it has been shown that
mTOR possesses a negative feedback suppression on
PI3K/Akt pathway so the inhibition of mTOR may lead
to elevated activity of the PI3K/Akt/nuclear factor (NF)-
kB pathway.® This may enhance MMP production by
chondrocytes. The possible side effects found in mTOR
inhibitors may limit their use whereas reports also demon-
strated that preventive and management measures during
treatment course by combined therapies may resolve the
issue.® Liposomes have the distinctive feature in which
they are biocompatible, biodegradable, non-toxic, inert
and non-immunogenic lipids. The unique structures of
liposomes are characterized by their aqueous compart-
ments surrounded by one or more lipid bilayers, resem-
bling the cell lipid membranes. With these advantages,
liposomes can encapsulate and solubilize both hydrophilic
and hydrophobic compounds and have ability to enhance
stability via encapsulation of drug, improve pharmacoki-
netic effects and therapeutic index of drugs and reduce the
toxicity.> > We have successfully fabricated beta-blocker
and the
encapsulated propranolol exhibited significant anabolic

propranolol-loaded  liposomes liposomes-
effects on proliferation and differentiation in human osteo-
blastic cells in vitro and the prepared liposomes-

encapsulated propranolol further enhanced tibial and

spinal microarchitecture volumes in OVX rats in vivo.'®!’

Anti-OA actions of pure and liposome-encapsulated rapa-
mycin (L-rapa) were thus extensively assessed and evalu-
ated as studies similarly have investigated and fabricated
various intra-articular injective liposomal dosage forms to
encapsulate NSAIDs with HA or other enhancers for
effective treatment and management of arthritis.'®'®
Among the alternative physical therapies, therapeutic ultra-
sound has been found to possess beneficial effects against OA-
like reduction in pain and improvement of physical function of
joints.'**° Low-intensity pulsed ultrasound (LIPUS), in parti-
cular, has been shown to attenuate the regression of cartilage
and essentially, has significant inhibitory actions on MMP-13
mRNA expression and proteins in vivo on the rabbit OA
models.”' > LIPUS is thus selected as an auxiliary therapy
for rapamycin of different dosage forms in the current study.
The histopathological findings of Dunkin-Hartley guinea pig
as an OA model system are similar to those in the human
disease. Moreover, OA in the guinea pigs and humans are
both age-associated and subject to the OA risk factors shared
in common with humans like body weight, mechanical load,
and high bone turnover. Spontancous knee OA Dunkin-
Hartley guinea pigs have thus been considered an OA animal
model corresponding to human non-traumatic idiopathic
osteoarthritis”**’

tially ameliorated anti-OA effects of L-rapa in collaboration

and were used to further verify the poten-

with LIPUS in vivo in the current study. Therefore, herein we
extensively investigated and examined the potential synergic
anti-osteoarthritic effects of L-rapa in collaboration with
LIPUS in human OA/normal chondrocytes and the sponta-
neous knee OA Dunkin-Hartley guinea pigs.

Materials and Methods

Materials

Cholesterol, octadecylamine, 1, 2-distearoyl, L-o-
phosphatidylcholine (DSPC, MW: 790.15 Da) and safranin
O-Fast Green were obtained from Sigma (St. Louis, MO,
USA). Rapamycin was acquired from Biovision (Milpitas,
CA, USA). BrdU Cell Proliferation Kit was from Merck
(Burlington, MA, USA).
Measurement Kit was from Amsbio (Abingdon, UK). Type

Millipore Proteoglycan
I collagen detection kit was obtained from Chondrex
(Redmond, WA, USA). TRIZOL Reagent was from
Invitrogen (Carlsbad, CA, USA). Reverse transcription
Advantage RT-for-PCR Kit was from Takara (Kusatsu,
Shiga, Japan). SYBR® Green Realtime PCR Master Mix was
from Bio-Rad (Hercules, CA, USA). MMP-13 ELISA kit and
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horseradish peroxidase-diaminobenzidine detection immuno-
histochemistry kit were acquired from Abcam (Cambridge,
UK). IL-6 ELISA kit was from R&D system (Minneapolis,
MN, USA). C2C (type II collagen cleavage) ELISA kit was
obtained from IBEX (Cumberland, MD, USA). CTX-II
(C-terminal telopeptide of type II collagen) ELISA kit was
from Lifespan Biosciences (Seattle, WA, USA).

Fabrication of DSPC

Liposome-Encapsulated Rapamycin

The liposomes were prepared based on the evaporation
sonication method with some modification.'® In brief, the
phospholipids used for the liposome production were
a mixture of DSPC and cholesterol in addition of octade-
cylamine (OCT). The powder form of DSPC, cholesterol
and OCT was dissolved in methanol chloroform (1:1, v/v)
and then the materials of liposomes were added to round
bottom flasks. An equal volume of rapamycin solution was
added and gently inverted with the mixture. The flask was
placed in laminar flow hood and air dry for 24 h and a thin
layer of film was formed. Nitrogen gas was then applied to
remove any residues of organic solvent. Rehydration of the
thin film containing rapamycin with deionized water was
then carried out, followed by 20 minutes of sonication.'®

Encapsulation Efficiency and in vitro Drug

Release

The prepared rapamycin-loaded liposomes were separated
from the free rapamycin using a Sephadex G-50 minicol-
umn centrifugation technique as we previously reported.'®
The filtrate was then incubated with 0.25% Triton X-100 in
68 °C water bath for 5 minutes for complete release of the
drug from the liposomes. For analysis of in vitro release of
rapamycin from liposomes, at each scheduled time interval
filtered rapamycin-loaded liposomes were transferred to
a centrifuge tube and refilled with equal volume of PBS.
The aliquots were filtered and diluted with 0.25% Triton
X-100 tube and then placed in 37°C water bath and at
a shaking rate of 40 rpm.'® The amount of encapsulated
rapamycin was quantitated by high-performance liquid
chromatography (Shimadzu LC-20AD prominence liquid
chromatograph with Shimadzu SIL-10AD VP auto-injector
and Shimadzu SPD-M10A VP diode array detector)
(Shimadzu, Kyoto, Japan) based on the previous method
with some modification.”®*’ A reverse phase C18 column
(5 um, 100 A, 250 x 4.6 mm) was used (Phenomenex,
Torrance, CA USA). The mobile phase was 700 mL/L

acetonitrile in H,O and the flow rate was at 1 mL/min.
The release of rapamycin from rapamycin-loaded lipo-
somes was measured using the following formula: In vitro
release (%) = [(total amount of rapamycin — residue of
rapamycin)/total amount of rapamycin] x100%.*°

Cell Culture Using Alginate Beads and

LIPUS Treatment in vitro

Human Chondrocytes — Osteoarthritis (HOACs, adult,
4020A-05A) derived from the cartilage of a 56-year-old
Caucasian male osteoarthritis patient were obtained from
Cell Applications Inc. (San Diego, CA, USA). These dis-
eased chondrocytes were cryopreserved at first passage and
can be cultured and propagated to fifth passage. Normal
human chondrocytes were acquired from Lonza (CC-2550,
Walkersville, MD, USA). These cells were isolated from
the cartilage of the knee (Lonza) and used for comparison
of the HOACs.?'*? Human OA and normal chondrocytes
from the third passage were trypsinized, centrifuged and re-
suspended for the culture in alginate beads. The chondro-
cytes were cultured in alginate beads using the classical

methods 3335

reported previously. Chondrocytes at
a density of 1 x 10° were centrifuged and the cell pellets
were resuspended in alginate solution containing 1.2%
alginate. The cell-alginate drops were released into 102 mM
CaCl, solution and washed by 0.9% NaCl solution.
Alginate beads were cultured in DMEM/Ham’s F-12 med-
ium (1:1) at 37°C in a humidified incubator with 5%
C0,.**** All the procedures were sterilely performed. The
chondrocyte beads were treated with LIPUS based on our
previous study. The schematic diagram of LIPUS treatment
is shown in Figure 1A.>® LIPUS was produced by an
Intelect Mobile Ultrasound machine (Chattanooga Group,
Intelect Legend, TN, USA) designed for treating musculos-
keletal, neurological and soft tissue disorders. The LIPUS
treatment (10 cm? sound head, frequency 1.0 MHz, duty
cycle 20% and intensity 0.5 W/cm?) started prior to the cells
embedded in the beads for 48 h and was performed for 20
min/day at each other day. The alginate beads containing
chondrocytes were incubated with L-rapa or pure rapamy-
cin for 7 days with or without LIPUS treatment. The in vitro
experiments were categorized into eight groups based on
the treatment as below: Group A: control; Group B: 20 nM
pure rapamycin; Group C: 20 nM L-rapa; Group D: 20 nM
L-rapa + LIPUS; Group E: 2 nM pure rapamycin; Group F:
2 nM L-rapa; Group G: 2 nM L-rapa + LIPUS; Group H:
LIPUS alone.
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Figure | (A) LIPUS was transmitted through a 15-cm water layer between the ultrasonic transducer and the bottom of culture plates. TEM image of prepared L-rapa
showed an average of 135.17£28.3 nm at magnification 50,000x and 100,000x in (B) and (C), respectively (scale bar = 200 nm in both (B) and (C)). (D) In vitro release

profile of rapamycin from rapamycin-loaded liposomes (N=3).

Determination of Effects of L-Rapa and
LIPUS on Human Normal and OA

Chondrocyte Proliferation

The effects of L-rapa in the presence or absence of LIPUS on
proliferation of human normal and OA chondrocytes were
assessed by BrdU assay (Millipore). Alginate beads were dis-
solved in 55 mM sodium citrate and cell pellets were prepared
using Spin Fix Procedure for suspension cells suggested by the
manufacturer’s instructions. Briefly, the cells in alginate beads
were incubated with BrdU labeling solution for 2 h, fixed at
room temperature for 30 min, and then treated with anti-BrdU
IgG (peroxidase conjugate) for 30 min. The absorbance was
measured at dual wavelength of 450/550 nm on a plate reader
(Bio-Rad). The proteoglycan, type II collagen, MMP-13 and
IL-6 protein productions of each experimental group were
normalized by the respective amount of DNA synthesis deter-
mined by BrdU assay.

Quantification of mMRNA Expression of
Aggrecan, Type Il Collagen MMP-13 and
IL-6

Quantification of mRNA for aggrecan, type II collagen, MMP-
13 and IL-6 in HOACs was carried out by real-time RT-PCR.
The alginate beads were dissolved in a dissociation solution
containing 55 mM sodium citrate. Trizol (Invitrogen) was
added to the cell pellet after dissolving and gently centrifuge.
The extraction was performed according to the manufacturer’s
instructions. The concentration of RNA was measured using
the NanoDrop spectrophotometer (Wilmington, DE, USA).
For reverse transcription, RNA (1 pg) was treated with
DNase-I (Invitrogen) and Moloney murine leukemia virus
reverse transcriptase containing 5X reaction buffer, OligodT,
dNTP and RNase inhibitor were incubated at 42 °C for 1h on
a PCR thermal cycler (Takara). Human MMP-13 primers for
real-time PCR were designed using the Primer3 program.’’
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Sequences of aggrecan, type II collagen, MMP-13 and IL-6
primers for real-time RT-PCR are shown in Table 1.3%%
Quantification of the target cDNA was accomplished using
SYBR™ Green Realtime PCR Master Mix (Bio-Rad) in the
presence of human aggrecan, type II collagen, MMP-13 and
IL-6 primers on CFX Connect Real-Time PCR Detection
System (Bio-Rad). Relative quantitation of the genes was
normalized based on GAPDH content using the AACt

method. **

Measurement of Proteoglycan and Type lI
Collagen Produced by Human Normal

and OA Chondrocytes

The proteoglycan synthesized by human normal and OA
chondrocytes exposed to pure/liposomal rapamycin with or
without LIPUS was quantified by colorimetric DMMB assay
(Amsbio). The alginate beads were treated with 55 mM
sodium citrate and centrifuged at 1500 rpm for 5 min. The
supernatant was removed and then digested with papain
solution (1.0 mL of 20 mM sodium phosphate buffer (pH
6.8) containing | mM EDTA, 2 mM dithiothreitol and 300 pg
papain) before the DMMB detection according to the manu-
facturer’s instructions. The sulfated glycosaminoglycans,
including chondroitin 4 and 6 sulfates produced by the chon-
drocytes were detected by the DMMB kit.

Type II collagen produced by human normal and OA
chondrocytes was measured by collagen II ELISA kit
(Chondrex) according to the manufacturer’s instructions.
Briefly, the capture antibody was added to each well and
incubated at 4°C overnight. The samples and standards
were incubated with detection antibody at room tempera-
ture for 2 hours. After 3 washes, samples and standards
were incubated with streptavidin peroxidase for 1 hour.
The color reaction was carried out by adding o-phenyle-
nediamine and urea hydrogen peroxide and incubating
for 30 min. The reaction was terminated by the addition
of sulfuric acid. The optical density (OD) values were
determined at 490 nm on a microplate reader (Bio-Rad).

Table | The Sequences of Real-Time PCR Primers

Determination of MMP-13 and IL-6

Proteins Produced by HOACs

Production of human MMP-13 and IL-6 proteins by the
HOAC:s exposed to pure/liposomal rapamycin with or with-
out LIPUS was assessed using the commercial ELISA kits
according to the manufacturer’s instructions. Standards and
cell culture supernatant of each group were incubated with
human MMP13 antibodies overnight at 4°C or human IL-6
antibodies for 2 hours at room temperature. For assessment
of MMP13 proteins, the wells were then incubated with
biotinylated MMP13 Detection Antibody for 1 hour at
room temperature after 4 washes, followed by 45 min incu-
bation with HRP-Streptavidin solution for 1 hour. For deter-
mination of IL-6 proteins, the wells were incubated with
HRP conjugate for 2 hours at room temperature. Color
reaction was initiated by adding TMB reagent and stop
solution was added to terminate the reaction. The OD values
were measured at 450 nm on a microplate reader (Bio-Rad).

Experimental Animals and the Treatments
The animal (spontaneous OA Dunkin-Hartley guinea pigs)
use protocol has been reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC).
The approval number is TACUC 106130. The animal experi-
ments performed in this study were based on the Guideline
for the Care and Use of Laboratory Animals amended by
Council of Agriculture Executive Yuan Taiwan (No.
1070043010A on June 22, 2018). The guinea pigs were
raised in a temperature controlled room (22~24-C) and main-
tained on a cycle of 12 hours light and 12 hours dark in
a laboratory animal center under artificial lighting. The ani-
mal center was certificated by Association for Assessment
and Accreditation of Laboratory Animal Care International
(AAALAC). Food and water were provided ad libitum
throughout the experiment. The stock solution (50 mM in
DMSO) and dilution of pure rapamycin with phosphate-
buffered saline (PBS) was performed as previously
shown.'! Forty uL pure rapamycin or L-rapa diluted with

Forward (5'-3') Reverse (5'-3")
Aggrecan ACAGCTGGGGACATTAGTGG GTGGAATGCAGAGGTGGTTT
Type Il collagen CAACACTGCCAACGTCCAGAT TCTTGCAGTGGTAGGTGATGTTCT
MMP13 CTTCCCAACCGTATTGATGCT CTGGTTTCCTGAGAACAGGAG
IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
GAPDH TGTTGCCATCAATGACCCCTT CTCCACGACGTACTCAGCG
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PBS to a concentration of 50 uM or 5 uM or the same volume
of PBS was injected into right knees twice a week (once
every 3 days) for 8 weeks. LIPUS produced by a Mobile
Ultrasound machine (Intelect) was applied to the guinea pigs
as follows: on—off ratio of 20%, frequency of 3 MHz, irradia-
tion intensity of 0.1 W/cm2, irradiation time of 20 min and
treatment head 1 cm in diameter. Similar procedures were
performed in sham LIPUS (sLIPUS) except the LIPUS dose
was 0. LIPUS or sLIPUS was performed after sedation by
Zoletil® (20 mg/kg, i.m.). Fifty-six 6 months old male spon-
taneous OA Dunkin-Hartley guinea pigs were received pure/
liposomal rapamycin with LIPUS or sLIPUS for 8 weeks. All
the right knees received the intra-articular injection of PBS,
pure rapamycin or L-rapa with LIPUS or sLIPUS; the left
knees were used as contralateral control. LIPUS was applied
to the guinea pigs in Groups E, F, G and H thrice a week
(once every other day) for 8 weeks. The spontaneous OA
Dunkin-Hartley guinea pigs were randomly and assigned to
eight groups: Group A: control (spontaneous knee OA gui-
nea pigs with intra-articular injection of PBS) + sLIPUS;
Group B: the spontaneous knee OA with intra-articular injec-
tion of 50 uM pure rapamycin + sLIPUS; Group C: the
spontaneous knee OA with intra-articular injection of 50
UM L-rapa + sLIPUS; Group D: the spontaneous knee OA
with intra-articular injection of 5 uM L-rapa+ sLIPUS;
Group E: the spontaneous knee OA with intra-articular injec-
tion of 50 uM pure rapamycin + LIPUS; Group F: the
spontaneous knee OA with intra-articular injection of 50
UM L-rapa + LIPUS; Group G: the spontaneous knee OA
with intra-articular injection of 5 uM L-rapa + LIPUS; Group
H: spontaneous knee OA guinea pigs with intra-articular
injection of PBS + LIPUS.

Histology and Immunohistochemistry

in vivo

The guinea pigs were euthanized by an overdose of CO,. The
proximal tibiae were then collected and fixed with 10% neutral
buffered formalin. The samples were decalcified by 10% for-
mic acid. Subsequently, 5-pum sections in the coronary plane of
the epiphyses were carefully cut. Glycosaminoglycans
(GAGs) were stained with safranin O-Fast Green (1% safranin
O counterstained with 0.75% hematoxylin and then 1% Fast
Green; Sigma) and quantified using Image-Pro Plus 5.1 soft-
ware (Media Cybernetics, Rockville, MD, USA). The ratio of
relative density of the red-stained area to the total area (den-
sity/total area) was measured. Microscopic scoring recom-
mended by Osteoarthritis Research Society International

(OARS]) for histological assessment in guinea pigs was then
calculated®” to assess the protective effects of the treatments
and the improvement in the cartilage of knee.

For type II collagen and MMP-13 IHC staining, the
endogenous peroxidase in tissues was firstly blocked by
3% H,0, and the samples were digested by a mixture of
2.5% hyaluronidase and 1 mg/mL Pronase at 37°C for 1
h for epitope retrieval. The sections were blocked with
fetal bovine serum for 1 h and incubated with type II
collagen (Proteintech, Rosemont, IL, USA) or MMP-13
primary antibodies (Abcam) at 37°C for 4 h. Subsequently,
the horseradish peroxidase-diaminobenzidine detection
immunohistochemistry kit (Abcam) was applied. The sec-
tions were counterstained with hematoxylin. For type II
collagen, the ratio of relative density of the brown-stained
area to the total area (density/total area) was measured and
quantified using Image-Pro Plus 5.1 software. For MMP-
13, Image-Pro Plus 5.1 software was used to quantitate the
data by defining the immunostaining of positive cells
normalized with total cells (positive stain cell rate).

Determination of C2C and CTX-ll in the

Sera

Type 1I collagen biomarkers, serum C2C and CTX-II in the
guinea pigs were assessed by commercial ELISA kits. For
analysis of serum C2C, the samples were diluted one-half
according to the manufacturers’ protocol (IBEX). Levels of
serum CTX-II in the guinea pigs were determined by
a sandwich ELISA (Lifespan Biosciences) to detect degrada-
tion products of C-terminal telopeptides of type II collagen in
the sera according to the manufacturer’s instructions.

Examination of Complete Cell Count and

Serum Biochemistry

Serum samples of guinea pigs were harvested and sent to
Union Clinical Laboratories (UCL, Taipei, Taiwan) for
complete cell count including the measurement of neutro-
phil segment, lymphocyte, monocyte, eosinophil, basophil,
WBC and RBC, and analyses of serum biochemistry
including AST (aspartate aminotransferase), ALT (alanine
aminotransferase), BUN (blood urea nitrogen), creatinine,
and electrolytes sodium, potassium, calcium, inorganic
phosphorous as well as chloride.

Statistical Analysis
Each in vitro experiment was repeated at least three times and
data were pooled from the repeated experiments. Results are
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expressed as means * standard error of mean (SEM). Statistical
comparisons were conducted by one-way analysis of variance
(one-way ANOVA) followed by the Tukey-Kramer multiple
comparisons test on GraphPad InStat 3 Software (San Diego,
Calif., USA) to determine the existence of significant differ-

ences (P<0.05) between the experimental groups.*>*°

Results
Observations of L-Rapa by TEM

The TEM images of liposomes-encapsulated rapamycin
prepared in this study are shown in Figure 1. The TEM
images were taken at magnification of 50,000x and
100,000%. The rapamycin-loaded liposomes presented
with quite consistent, well-dispersed, and spherical shape
with an average diameter of 135.17428.3 nm by measuring
the mean diameter of liposome from these TEM images
(Figure 1B and C). The characteristics and size of rapa-
mycin-loaded liposomes were similar with our previous
findings.'®

Encapsulation Efficiency and in vitro Drug

Release

A standard curve of rapamycin with a sensitivity range of
25-5000 ng/mL and R?= 0.9998 was established by high-
performance liquid chromatography (HPLC) (Shimadzu
LC-20AD prominence liquid chromatograph) (data not
shown). The encapsulation efficiency of liposomes-
encapsulated rapamycin was approximately 77.94 +
8.5%. The in vitro release of rapamycin from rapamycin-
loaded liposomes presented with a relatively gradual and
steady pattern within 72 hours. Rapamycin release rate
from rapamycin-loaded liposomes was about 16% from 0
to 6 hours. The release from rapamycin-loaded liposomes
was around 35% after 24 hours and reached to approxi-
mately 60% and 85% after 48 and 72-hour incubation,
respectively (Figure 1D).

Effects of Pure and L-Rapa in the
Presence or Absence of LIPUS on Human
OA and Normal Chondrocyte
Proliferation

The effects of pure rapamycin and L-rapa with or without
LIPUS on human chondrocyte proliferation were assessed
by BrdU assay (Millipore). As a result, pure rapamycin at

the high concentration (20 nM) reduced human normal
chondrocyte proliferation (Figure 2A). L-rapa in the

presence or absence of LIPUS did not cause any effects
on DNA synthesis in human normal or OA chondrocytes
cultured in alginate beads (Figure 2A and B). These data
indicated that L-rapa with or without LIPUS does not
significantly influence cell proliferation of human normal
or OA chondrocytes cultured in alginate beads.

L-Rapa in Combination with LIPUS
Increased Proteoglycan and Type |l
Collagen Produced by Human Normal
Chondrocytes

L-rapa at the low (2 nM) and high (20 nM) concentration
combined with LIPUS significantly increased both proteo-
glycan and type II collagen production in human normal
beads.
concentration L-rapa alone also significantly increased

chondrocytes cultured in alginate Low-
type II collagen produced by human normal chondrocytes

(Figure 2C and D).

Regulations of L-Rapa in the Presence or
Absence of LIPUS on mRNA for
Aggrecan, Type Il Collagen, MMP-13 and
IL-6

The effects of pure rapamycin and L-rapa with or without
LIPUS on aggrecan, type II collagen, MMP-13 and IL-6
mRNA expression in HOACs were further examined by

RT-PCR. As a high-
concentration L-rapa combined with LIPUS significantly

real-time result, and low-
up-regulated aggrecan mRNA expression by approxi-
mately 2.1- and 2.4-folds, respectively (Figure 3A).
L-rapa in the presence or absence of LIPUS significantly
elevated type II collagen mRNA in HOACs. L-rapa at the
high concentration alone and at the low concentration
combined with LIPUS showed the greatest stimulatory
effects on type II collagen mRNA expression by around
3.5- and 3.7-folds, respectively (Figure 3B). An over 90%
decrease of MMP-13 mRNA expression was found in the
HOAC s exposed to low-concentration L-rapa in combina-
tion with LIPUS. High-concentration L-rapa collaborated
with LIPUS also caused around 75% decreases in MMP-
13 mRNA expression. Meanwhile, L-rapa at the high or
low concentration alone also exhibited about 70% and
88% inhibition on MMP-13 mRNA in the HOACs, respec-
tively (Figure 3C). On the other hand, pure rapamycin and
L-rapa in the presence or absence of LIPUS inhibited
mRNA for IL-6 by approximately 54-70% while in
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Figure 2 (A) Pure rapamycin at 20 nM decreased human normal chondrocyte proliferation by about 15% while (B) pure rapamycin and L-rapa with or without LIPUS did
not cause significant effects on HOAC proliferation. (C) L-rapa at 20 nM and 2 nM in collaboration with LIPUS approximately doubled proteoglycan production in human
normal chondrocytes cultured in alginate beads. (D) L-rapa at 2 nM alone and in combination with LIPUS increased type Il collagen production by around |.7-folds in human
normal chondrocytes cultured in alginate beads (PG: proteoglycan; **P<0.01; ***P<0.001; by one-way ANOVA, N=5).

particular, L-rapa at both high and low concentrations
combined with LIPUS caused the largest decreases in IL-
6 mRNA in HOACs by 70% and 64%, respectively
(Figure 3D).

Effects of L-Rapa in Combination with
LIPUS on Proteoglycan, Type Il Collagen,
MMP-13 and IL-6 Production in HOACs

L-rapa at the low concentration (2 nM) combined with
LIPUS significantly increased both proteoglycan and type

II collagen synthesis in HOACs cultured in alginate beads.
At the high concentration (20 nM), L-rapa alone and in
cooperation with LIPUS significantly enhanced proteogly-
can produced by HOACs. However, L-rapa at the high or
low concentration alone was unable to significantly
increase type II collagen production in HOACs cultured
in alginate beads (Figure 4A and B). The effects of L-rapa
in the presence or absence of LIPUS on MMP-13 and IL-6
production were verified by commercial human MMP-13
(Abcam) and IL-6 (R&D system) ELISA kits. Treatments
with L-rapa at the high and low concentrations in
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Figure 3 (A) L-rapa at 20 nM and 2 nM combined with LIPUS caused 2.|-fold and 2.4-fold increases in aggrecan mRNA expression in HOACs, respectively. (B) Pure
rapamycin and L-rapa with or without LIPUS significantly increased type Il collagen mRNA expression by about 2.5~3.7-folds in HOACs. (C) Pure rapamycin and L-rapa with
or without LIPUS, and LIPUS alone largely suppressed MMP-13 mRNA expression and (D) IL-6 mRNA expression was reduced by pure rapamycin and L-rapa in the
presence or absence of LIPUS in HOACs (*P<0.05; **P<0.01; ***P<0.00| by one-way ANOVA, N=5).

collaboration with LIPUS led to about 70% and 74%
decreases in MMP-13 proteins produced by HOACS,
respectively. High- and low-concentration L-rapa alone
also caused reductions in MMP-13 production by around
45% and 56%, respectively. Pure rapamycin at the high
concentration also had significantly inhibitory effects on
MMP-13 production in HOACs in vitro (Figure 4C).
These data are principally in accordance with the MMP-
13 mRNA data obtained by real-time RT-PCR. On the
other hand, L-rapa at both 2 nM and 20 nM collaborated
with LIPUS significantly suppressed the production of IL-

6 in HOACs whereas treatment with L-rapa at the high or
low concentration, or pure rapamycin alone did not cause
significant decreases in IL-6 production (Figure 4D),
implicating that both liposome-encapsulation and LIPUS
are essential for inhibition of IL-6 production in HOACs.

Measurement of Animal Weight

The weight of guinea pigs was measured at the beginning and
end of the experiment (Figure 5). At the two time points, the
mean body weight did not show statistically significant dif-
ference among groups. The end weight in each group was
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Figure 4 (A) L-rapa at 20 nM and 2 nM combined with LIPUS significantly enhanced proteoglycan production in HOACs. (B) L-rapa at 2 nM collaborated with LIPUS
enhanced type Il collagen production by nearly 3-folds in HOACs. (C) Treatment with pure rapamycin and L-rapa in the presence or absence of LIPUS, and LIIPUS alone
inhibited MMP-13 proteins and (D) L-rapa at 2 nM and 20 nM in the presence of LIPUS significantly suppressed IL-6 protein production in HOACs (*P<0.05, **P<0.01,

*#¥P<0.001; by one-way ANOVA, N=5).

principally increased and significant enhancement in the end
weight was found in Groups A, C, D and G compared to the
start weight (Figure 5). During the 8-week administration
period, no clinical signs of pain, salivation or abnormal
behavior were found. Meanwhile, no significant changes in
respiratory, physical responses to stimulation or neurological
signs were observed in guinea pigs of all groups.

Histological and Immunohistochemical
Staining

The representative histological appearance of safranin
O-stained GAGs (relative density of the red-stained area to

the total area) in articular cartilage is represented in Figure 6.
Significant enhancement in GAGs was found in the groups
treated with intra-articular injection of 40 pL of both high-
dose (50 uM) and low-dose (5 pM) L-rapa twice a week
combined with LIPUS thrice a week as well as low-dose
L-rapa with sLIPUS (Figure 6D, F and G) compared to the
GAGs in control (Figure 6A), indicating that GAGs-
increasing effects were principally exerted by L-rapa com-
bined with LIPUS in vivo. Furthermore, the OARSI score in
the control (Group A: PBS + sLIPUS) group was the highest
among experimental groups (7.08 + 0.84) as the score was
significantly decreased in low-dose L-rapa with LIPUS (3.38
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Figure 5 The average weight of guinea pigs in 8 administrative groups measured at
the start and end of experiment. The comparisons in the same group at the two
different time points were analyzed by Student’s t-test. Eight-group comparisons at
identical time point were performed using one-way ANOVA. No significant differ-
ence was found among experimental groups at the respective time point. At the end
of experiment, significant increases in average weight were found in Groups A, C,
D and G compared to the respective start weight (*P<0.05, **P<0.01; by Student’s
t-test, Group A: n=5, Groups B~G: n=8, Group H: n=3).

+ 0.59; P<0.01), and L-rapa at the high dose (3.56 + 0.82;
P<0.05) or low dose with sLIPUS (3.71 + 0.76; P<0.05)
groups, implicating chondrocyte-protective and cartilage-
ameliorating activities possessed by these treatments. Intra-
articular injective pure rapamycin with LIPUS or sLIPUS
could not display protective actions in the cartilage of spon-
taneous OA (Table 2).

The representative appearance of the immunohisto-
chemically stained type II collagen (relative density of the
brown-stained area to the total area) and MMP-13 (positive
brown-stained cell rate) in the articular cartilage of knee is
presented in Figures 7 and 8, respectively. Similar to the data
of in vivo GAGs, L-rapa at the high and low doses together
with LIPUS, and low-dose L-rapa with sLIPUS significantly
increased type II collagen intensity in the cartilage
(Figure 7D, F and G) compared to control (Figure 7A).
Pure rapamycin with LIPUS or sLIPUS was unable to sig-
nificantly enhance the amount of GAGs or type II collagen
in the cartilage (Figures 6B, E and 7B, E), suggesting that
both liposome-encapsulation and LIPUS are highly crucial
for low-dose rapamycin to exert anabolic effects on ECM in
the cartilage of knee. L-rapa at high-dose with sLIPUS or

PBS with LIPUS did not cause significant increases in
GAGs or type II collagen, implicating that both liposome-
encapsulation and LIPUS are essential for ECM-stimulating
effects in the cartilage of knee when high-dose rapamycin
and reduced administration frequency are applied (Figures
6C, H and 7C, H). Meanwhile, intra-articular injective
L-rapa at both doses with LIPUS or sLIPUS largely and
significantly reduced MMP-13 intensity stained by IHC in
the cartilage of knee (Figure 8C, D, F and G) compared to
control (Figure 8A). Pure rapamycin together with LIPUS
moderately decreased MMP-13 intensity but pure rapamycin
with sLIPUS or PBS with LIPUS could not display signifi-
cant suppression in MMP-13, suggesting that without lipo-
some-encapsulation, combination of high-dose rapamycin
with LIPUS is necessary when lower administration fre-
quency of both therapies is used (Figure 8B, E and H).
The safranin O-stained GAG data and immunohistochemical
findings on type II collagen and MMP-13 are principally
consistent with those found in HOACs in vitro and further
ascertained that the greatest anabolic and anti-catabolic
activities against OA in vivo were possessed by L-rapa
together with LIPUS.

Changes in Serum C2C and CTX-Il Level

Serum C2C and CTX-II in each experimental group of
spontaneous OA Dunkin-Hartley guinea pig were measured
by commercial ELISA. As a result, serum C2C in the groups
of L-rapa at the high and low doses collaborated with LIPUS
was significantly decreased (Figure 9A). Pure rapamycin or
L-rapa with or without LIPUS did not cause any significant
changes on serum CTX-II between the experimental groups
(Figure 9B).

Effects on Complete Cell Count and

Serum Biochemistry

Effects of intra-articular injection of pure rapamycin and
L-rapa twice a week in the presence of LIPUS or sLIPUS
thrice a week on complete cell count and serum biochem-
istry were further examined and evaluated. As a result, the
values of complete cell count including neutrophil segment,
lymphocyte, monocyte, eosinophil, basophil, WBC and
RBC in all the administration groups were in the normal
ranges of male guinea pigs*’ (Table 3). For serum biochem-
istry, the levels of AST, ALT, BUN, creatinine and electro-
lytes sodium, potassium, calcium, inorganic phosphorous as
well as chloride in all experimental groups were also in the
normal range*”*® (Table 4).
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Figure 6 Six-month-old spontaneous OA Dunkin-Hartley guinea pigs were administered with pure rapamycin or L-rapa with LIPUS or sLIPUS for 8 weeks. GAGs in the
cartilage of knee stained by safranin O-Fast Green and quantified using Image-Pro Plus 5.1 software. The GAGs in each experimental group were showed at 12.5 and 100
magnificence (A-H). () Intra-articular injection of 50 uM and 5 pM L-rapa combined with LIPUS thrice a week, and 5 pM L-rapa with sLIPUS (Groups D, F and G)
significantly increased the content of GAGs compared to control (Group A: PBS + sLIPUS). 50 uM and 5 pM L-rapa with LIPUS showed the greatest GAGs-stimulating
actions and nearly doubled GAGs density compared to that in control (L-rapa: liposomes-encapsulated rapamycin; LIPUS: low-intensity pulsed ultrasound; sLIPUS: sham
LIPUS; *P<0.05; **P<0.01; by one-way ANOVA, Group A: n=5, Groups B~G: n=8, Group H: n=3).
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Table 2 OARSI Score Displayed That Intra-Articular Injection of 5 pM L-Rapa Combined with LIPUS (Group G) Has the Greatest
Improvement in the Cartilage of Knee While Injection of 50 uM and 5 pM L-Rapa with sLIPUS (Groups C and D) Also Showed
Protective Effects in the Cartilage of Spontaneous OA Guinea Pigs Compared to Control (Group A: PBS + sLIPUS)

A: PBS + B: 50 pM Pure C: 50 uM D: 5 uM E: 50 uM Pure F: 50 yM G: 5 M H: PBS +
sLIPUS Rapamycin + L-Rapa + L-rapa + Rapamycin + L-Rapa + L-Rapa + LIPUS
sLIPUS sLIPUS sLIPUS LIPUS LIPUS LIPUS
Articular cartilage 1.79 £ 0.33 1.77 £ 0.31 0.92 £ 0.30 0.79 £ 0.21 1.04 £ 0.21 .21 £0.27 0.98 £ 0.27 1.61 £ 0.42
structure
Proteoglycan 2.06 +0.28 1.69 £0.22 1.46 £ 0.29 1.08 £ 0.21 1.60 £ 0.29 1.00 £ 021% | 0.92 +0.18* 1.56 £ 0.27
content
Cellularity 1.77 £ 0.28 1.21 £0.22 0.63 £ 0.27* 0.92 £0.28 0.92 £ 0.25 0.77 £ 0.17 0.73 £ 0.21 1.00 £ 0.26
Tidemark integrity | 0.94 + 0.06 0.88 +0.13 0.38 £ 0.13* 0.56 £ 0.13 0.69 +0.12 0.75 £ 0.11 044 +0.13 0.33 £ 0.21
Additional features | 0.52 + 0.13 040 £ 0.12 0.19 + 0.09 0.40 £ 0.12 0.40 £ 0.12 033 £0.12 029 +0.11 0.45 + 0.21
osteophyte
Mean 7.08 + 0.84 5.88 £ 0.73 3.56 + 0.82* 371 £0.76% | 4.63 08I 4.06 + 0.62 3.38 £ 0.59%* | 4.95 + 0.8I

Notes: All value presented as mean * standard error (SE); L-rapa: liposomes-encapsulated rapamycin; LIPUS: low-intensity pulsed ultrasound; sLIPUS: sham LIPUS (%%
*#Pp<0.05; **P<0.01, by one-way ANOVA compared to the respective value of Group A (control), Group A: n=5, Groups B~G: n=8, Group H: n=3).

Discussion

OA is a highly prevalent joint disease in humans and related
to epic medical and economic burden. This skeletomuscular
disorder is characterized by its complicated pathogenesis,
unclear molecular mechanisms as well as multiple risk fac-
tors such as aging, obesity, sport injury, inflammation and
genetic factors.*>>° Autophagy has been found to play an
essential role in cartilage deterioration in aging and OA.”’
Rapamycin, a macrolide agent and mTOR inhibitor, is able to
increase autophagy and prevent OA-like gene expression
changes in human chondrocytes in vitro, revealing that the
mTOR inhibitor is a potential treatment against OA.>>
However, the negative feedback suppression on PI3K/Akt
pathway caused by mTOR inhibitors may increase MMPs by
chondrocytes. LIPUS is a physical therapy able to reduce the
MMP production in OA. Moreover, due to the etiologic and
pathological complexity of OA, single treatment is unlikely
to be effective. We hence dedicated to prolonging and
strengthening the pharmacological effects of rapamycin by
liposome-encapsulation and combination with LIPUS to
accomplish a collaborated therapy with steadily effective
activities against OA. Liposome-encapsulation has been
applied to enhance the therapeutic effects of drugs or poten-
tial compounds in vivo and in vitro in our previous
studies! 61753

quency of administration when combined with the transder-

as it was shown to further decrease the fre-

mal delivery like iontophoresis.'” Meanwhile, a slower and
steady in vitro release profile of L-rapa within 72 hours was

found in the current study. This is reasonable for hydrophobic
rapamycin encapsulated in liposomes with lipid bilayers. The
slow and steady-release L-rapa in combination with LIPUS
was therefore developed and established to efficiently treat
OA. The combination of liposomes-encapsulated chemical
compound with physical ultrasound is sensibly helpful for
prolonging the therapeutic effects, decreasing frequency and
dose of treatments and improving the anti-OA activities.
Previous investigation has shown that in ATDC5 chon-
drogenic cell line, 24~72 h treatment with rapamycin did
not affect the cell proliferation.”® Yan et al showed that
rapamycin at the low concentration of 1 nM did not affect
mice chondrocyte proliferation but at higher concentra-
tions of 10 and 50 nM, rapamycin caused inhibition in
murine chondrocyte proliferation.” In the current study,
7-day exposure of pure rapamycin to human normal chon-
drocytes caused slight and significant suppression on cell
proliferation, which is consistent with the results found by
Yan et al.>> We also found that L-rapa at 50 nM or 5 nM
with or without LIPUS did not lead to cell proliferative
inhibition in human normal chondrocytes or HOACs, sug-
gesting that liposome-encapsulation is able to reduce the
cytotoxicity of rapamycin. It should be noted that these
previous reports did not apply alginate or agarose beads to
encapsulate chondrocytes and thus the original phenotype
of chondrocytes may not be maintained.>> Moreover, it has
been shown that OA chondrocytes do not proliferate when
encapsulated in scaffolding materials like alginate beads
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Figure 7 Intra-articular injection of L-rapa at 5 pM and 50 uM in collaboration with
LIPUS enhanced type Il collagen intensity stained by IHC in the cartilage of knee in
spontaneous OA Dunkin-Hartley guinea pigs by approximately 1.8- and 2.8-folds
compared to control (I) (Group A: PBS + sLIPUS). IHC intensity of type Il collagen
was quantified by Image-Pro plus 5.1 and the images were showed at 12.5 magnifi-
cence (A-H) (*P<0.05; **P<0.01; ***P<0.001; by one-way ANOVA, Group A: n=5,
Groups B~G: n=8, Group H: n=3).

but the cells are still able to exert synthetic activities.*
This is probably why in the current study pure rapamycin
slightly inhibited normal chondrocyte proliferation but did
not affect that of HOACs in alginate beads.

In the current study L-rapa at low-concentration (2 nM)
collaborated with LIPUS displayed the greatest proteoglycan
and type II collagen production-enhancing as well as the
strongest MMP-13- and IL-6-reducing effects in HOACs
(Figure 4). This is consistent with our in vivo data that the
intra-articular injective 40 puL of low-dose (5 uM) L-rapa
with LIPUS exerted greatest and most consistent GAGs and
type II collagen production-promoting and MMP-13-
decreasing actions in the cartilage of knee in spontaneous
OA guinea pigs (Figures 6G, 7G and 8G). At high-
concentration (20 nM) together with LIPUS also signifi-
cantly increased proteoglycan production and reduced
MMP-13 in HOACs. Accordantly, high-dose 50 uM L-rapa
with LIPUS also increased GAGs and reduced MMP-13 in
the cartilage of knee in spontaneous OA guinea pigs
(Figures 6F and 8F). These results strongly demonstrated
that both liposome-encapsulation and LIPUS enable rapamy-
cin to more effectively display anti-OA effects in HOACs
and spontaneous OA knee of guinea pigs. Specifically, the
reduced level of MMP-13 protein reached to the largest when
HOACs and the cartilage of spontaneous OA exposed to
L-rapa at the either concentration/dose in collaboration with
LIPUS, indicating that for L-rapa LIPUS has potent auxiliary
actions on MMP-13 reduction. Studies have also showed that
LIPUS is effective to reduce MMP-13 in OA chondrocytes
in vitro and on animal OA models in vivo.”' ** Our data are
coherent with these previous findings. Also, previous study
showed that the inhibition of mTOR may result in elevated
activity of the PI3K/Akt/nuclear factor (NF)-kB pathway,®
which possibly enhance MMP production by chondrocytes.
Interestingly, high-dose pure rapamycin alone did not sig-
nificantly inhibit MMP-13 production in vivo (Figure 8B and
I). The suppression on MMP-13 production was amplified
and significant through liposome-encapsulation and LIPUS,
suggesting that drug modification by liposome and LIPUS
are capable of alleviating the undesirable effects of rapamy-
cin on MMP-13 inhibition.

Previous investigation has shown that rapamycin inhib-
ited mRNA expression of type I collagen in human skin
fibroblasts.’® TGF-pl-induced type III collagen and fibro-
nectin in lung fibroblasts were inhibited by rapamycin’’
while in human urethral scar tissue fibroblasts, collagen
content was reduced by rapamycin. However, in OA
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Figure 8 Intra-articular injection of L-rapa at 5 pM and 50 uM with LIPUS or
sLIPUS significantly and largely reduced MMP-13 stained by IHC in the cartilage of
knee in spontaneous OA Dunkin-Hartley guinea pigs (l). L-rapa at 50 pM and 5 uM
in combination with LIPUS exhibited the strongest inhibition on MMP-13 produc-
tion in the cartilage by around 55.2% and 47.3%, respectively (Groups F and G). The
intensity of IHC was measured by Image-Pro plus 5.1 and the IHC images of MMP-
I3 were showed at 12.5 magnificence (A-H) (**P<0.01, ***P<0.001; by one-way
ANOVA, Group A: n=5, Groups B~G: n=8, Group H: n=3).

chondrocytes cultivated within a collagen type 1 hydrogel,
treatment with 25 nM rapamycin for 14 days increased
aggrecan and type II collagen gene expression, suggesting

that inhibition in mTOR pathway may reduce the degradation
of ECM components in OA status.’® Compared to the pre-
vious report, in the current study liposome-encapsulation
combined with LIPUS is able to decrease the effective con-
centration (20 nM and 2 nM vs 25 nM) and shorten the
treatment time (7 days vs 14 days) of rapamycin that
increases aggrecan/proteoglycan and type II collagen in OA
chondrocytes. On the spontaneous OA guinea pig model,
steady increases in GAGs and type II collagen were also
observed when intra-articular injection of low-dose L-rapa
(40 pL of 5 uM) twice a week with or without LIPUS thrice
a week was administered for 8 weeks (Figure 6D, G and 7D,
G). Pure rapamycin at 20 nM or 2 nM, on the other hand, did
not show proteoglycan- or type II collagen-stimulating
effects in normal human chondrocytes or HOACs in alginate
beads in vitro (Figures 2C, D and 4A, B). Intra-articular
injection of pure rapamycin with or without LIPUS was
unable to cause significant anabolic effects on GAGs,
OARSI score or type II collagen in the cartilage of sponta-
neous OA guinea pigs. Also, intra-articular injection of 50
pM pure rapamycin with sLIPUS was unable to inhibit
MMP-13 in vivo. These further verified the proposal that
liposome-encapsulation collaborated with LIPUS is capable
of reinforcing the anabolic effects of rapamycin on GAGs
and type II collagen production as well as anti-catabolic
actions on MMP-13 suppression in OA status. We also
found that even though the mRNA expression of type II
collagen was increased by nearly 2.7~3.1 folds in some
groups in vitro (Figure 3B), the protein level of type II
collagen was not significantly enhanced in HOACs
(Figure 4B). This implicated that the production of type II
collagen is harder than that of proteoglycan in OA status
in vitro. Liposome-encapsulation in combination with
LIPUS further successfully reduced the effectively type 11
collagen-increasing concentration of rapamycin to 2 nM in
HOACSs. Moreover, by liposome-encapsulation and LIPUS,
the most potent type II collagen-stimulating dose for rapa-
mycin was decreased to 5 uM (40 pL) in the spontaneous OA
cartilage of guinea pigs (Figure 7G), indicating that LIPUS
steadily and consistently possesses synergistic actions on
type II collagen synthesis in vitro and in vivo. Previously,
intra-articular injection of 10 uL of 10 uM rapamycin twice
a week for 8 weeks showed therapeutic effects against OA in
mice while daily intraperitoneal injections of rapamycin at
1 mg/kg body weight/dose for 10 weeks reduced severity of
experimental OA on mice model.'">* Compared to the rapa-
mycin dose and administration frequency adopted on murine
models in these previous studies, in our study an
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Figure 9 (A) L-rapa at 5 uM and 50 pM cooperated with LIPUS reduced serum C2C level in spontaneous OA Dunkin-Hartley guinea pigs. (B) Pure rapamycin and L-rapa
with or without LIPUS did not significantly affect serum CPX-Il level in the guinea pigs (*P<0.05, by one-way ANOVA; Group A: n=5, Groups B~G: n=8, Group H: n=3).

approximately 5~13-fold reduction in the dose of rapamycin
by body weight was successfully attained.''° Moreover,
dosing frequency of rapamycin was decreased by 3/4~2/3
compared to those in previous work.''® On the other hand,
compared to the anti-OA results previously acquired by

treatment with LIPUS alone in the guinea pigs,’® via colla-
boration with L-rapa, the LIPUS administration frequency
was successfully decreased by 2/5 and duration of LIPUS
administration was also shortened by around 1/2~2/3. The
reduced administration frequency and duration of LIPUS

Table 3 The Values of Complete Blood Count Were Within the Reference Range*’ After Administration with Intra-Articular
Injection of Pure Rapamycin or L-Rapa Twice a Week with LIPUS or sLIPUS Thrice a Week, or PBS with LIPUS for 8 Weeks in
Spontaneous OA Dunkin-Hartley Guinea Pigs (Group A: n=5, Groups B~G: n=8, Group H: n=3)

Neutrophil Seg. Lymphocyte Monocyte Eosinophil Basophil WBC (10°/ RBC (104
(%) (%) (%) (%) (%) nL) nL)
A: PBS + sLIPUS 48.57 + 6.59 43.76 + 7.40 6.13 £ 134 1.26 + 0.09 0.26 + 0.07 6.33 + 0.67 529 £0.10
B: 50 uM Rapamycin + 56.77 £ 474 35.75 £ 5.09 5.48 + 0.94 1.53 + 0.24 047 £ 0.21 572 £ 0.61 5.27 £ 0.07
sLIPUS
C: 50 pM L-rapa + sLIPUS 52.85 + 1.56 38.71 £ 1.80 6.78 £ 0.34 1.33 £ 0.24 0.34 £ 0.10 524 + 0.37 535 +0.15
D: 5 uM L-rapa + sLIPUS 54.24 + 4.54 37.89 £ 4.04 6.79 £ 0.69 0.74 £ 0.26 0.34 £ 0.13 5.79 £ 0.46 531 £022
E: 50 uM Rapamycin 46.55 + 3.25 46.76 + 3.43 5.43 £ 0.69 085+ 0.17 041 £ 0.10 548 + 0.38 5.26 £ 0.25
+LIPUS
F: 50 uM 50.46 + 3.33 4244 + 341 5.33 £ 033 1.43 + 0.41 0.34 + 0.04 6.13 £ 091 541 £0.11
L-rapa
+LIPUS
G: 5 uM L-rapa 50.65 + 3.11 42.17 £ 292 6.12 £ 0.46 0.78 £ 0.16 0.28 + 0.08 527 + 0.51 5.09 £ 0.11
+LIPUS
H: PBS 58.17 £ 2.72 34.47 £ 4.09 6.23 %+ 1.18 0.63 + 0.15 0.50 + 0.25 8.07 + 1.97 5.73 £ 0.24
+LIPUS
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Table 4 The Values of Serum Biochemical Examination Were Within the Reference Range*"*® After Administration with Intra-
Articular Injection of Pure Rapamycin or L-Rapa Twice a Week with LIPUS or sLIPUS Thrice a Week, or PBS with LIPUS in

Spontaneous OA Dunkin-Hartley Guinea Pigs (Group A: n=5, Groups B~G: n=8, Group H: n=3)

AST ALT BUN Creatinin | Na K Ca Cl P
(VL) (U/L) (mgl/dL) (mg/dL) (mgl/dL) (mg/dL) | (mg/dL) (mg/dL) (mg/dL)
A: PBS + sLIPUS 162.4 + 984+1039 | 176+1.23 | 049 +0.05 | 1382+049 | 57+1.08 | 108+0.30 | 102.8+0.58 | 4.5+0.37
56.80
B: 50 pM Rapamycin + sLIPUS | 126 + 37.33 72 £ 17.05 17.1 £0.79 | 0.51 £0.02 | 137 £0.69 46+0.16 | 102£0.15 | 101 £0.92 4+0.17
C: 50 pM L-rapa + sLIPUS 124 + 44.03 60 £ 11.63 164+1.14 | 047 £0.04 | 136+ 1.18 45+0.13 | 102+£027 | 102 £ 1.34 4+ 046
D: 5 puM L-rapa + sLIPUS 94 + 1337 71 £ 15.66 173+£0.82 | 046 £0.02 | 138 +£0.46 45%0.13 | 103+£0.14 | 102 £0.58 4+022
E: 50 uM Rapamycin 82 + 9.6l 54 £ 6.15 184+095 | 053 +0.02 | 137 £ 0.61 50+046 | 103+0.09 | 102 +0.7I 4+042
+LIPUS
F: 50 uM 73 £9.74 47 + 491 167 £0.62 | 043 £0.03 | 138 £0.63 44+008 | 106 £0.13 | 103 +0.67 4021
L-rapa
+LIPUS
G: 5 uM L-rapa 145 + 28.55 77 £ 16.85 167 +0.56 | 052 +0.04 | 137+ .13 50+060 | 102+0.14 [ 103 £0.92 5+052
+LIPUS
H: PBS 152.7 6832995 | 21.1£1.99 | 047 £0.05 | 137.7+033 | 56+080 | 109+£0.32 | 103 £ 1.16 47+0.82
+LIPUS 38.68

(thrice a week for 8 weeks) in the current study is more
appropriate for practically clinical therapy in the clinic or
hospital. These pharmacological and physical therapeutic
improvements strongly support that liposome-encapsulation
together with LIPUS are crucially helpful for administration
with rapamycin at lower dose (by body weight), and dosing
frequency, to stably and evidently exhibit its therapeutic
actions against OA.

IL-6 has been shown to be associated with pain, OA
progression and OA-related depression in several animal
61763 50 the inhibition of IL-6 has been

found to be beneficial for pain management in OA.%' The

and clinical studies

results in the present work showed that pure rapamycin and
L-rapa at the high and low concentrations decreased IL-6
mRNA as the combination of L-rapa with LIPUS further
reinforced the inhibitory actions on IL-6 mRNA in HOACs.
Interestingly, IL-6 protein production was significantly sup-
pressed by low- and high-concentration L-rapa collaborated
with LIPUS whereas the inhibitory effects of pure rapamy-
cin or L-rapa alone on IL-6 production seemed to be miti-
gated (Figure 4D). The possible reason could be that the
synthesis of IL-6 is regulated by other cytokines such as
TNF-a and IL-1B in vitro®*®* and the accumulating influ-
ences are rationally more obvious at the protein level of
cytokine. Therefore, a stronger suppressive action exerted

by L-rapa together with LIPUS was essential for significant
reduction in IL-6 synthesis in HOACs (Figure 4D).
Combined with the findings on MMP-13, the current
study for the first time showed that the anti-catabolic actions
of LIPUS together with L-rapa in HOACs are principally
resulted from the suppression of MMP-13 and IL-6.

It has been shown that the level of serum C2C is posi-
tively linked with cartilage structure degeneration of the
medial tibial plateau in guinea pigs.’® The results in our
study also revealed that serum C2C was significantly
dropped in intra-articular injection of 40 pL of 5 uM and
50 uM L-rapa with LIPUS groups (Figure 9A) while in the 2
groups, both GAGs and type II collagen in the cartilage of
knee were increased (Figures 61 and 7I). The previous and
current data evidently support that serum C2C may be
a valuable biomarker for monitoring ECM status of the
cartilage in the progression of OA in Dunkin-Hartley guinea
pigs. Serum CTX-II in guinea pigs reflected a profile most
compatible with type II collagen turnover in the growth plate
cartilage, being highest at 3 weeks of age but rapidly declin-
ing by 4 months,®” which is quite in accordance with the data
found in current study. This suggested that serum CPX-II
may not be appropriate for the biomarkers of diagnosis or
monitoring the restoration of spontaneous OA in Dunkin-
Hartley guinea pigs.
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Inhibition of mTOR has been found to lead to age-
delaying effects and an increase in autophagy.68 The com-
bined therapies of rapamycin with other medications have
also been considered and investigated for reduction of oxi-
dative stress, deceleration of aging and increase of
lifespan.®” Moreover, the autophagy-enhancing effects of
rapamycin have been verified.® Thus, in the current study
for the first time L-rapa was combined with the physical
therapy LIPUS to develop and establish of a more effica-
cious therapy for the aging and degenerative OA. As
a result, compared to previous data, the effective concentra-
tion/dose and frequency of administration of rapamycin
were successfully reduced and the anti-osteoarthritic effects
of rapamycin were further stably reinforced by liposome-
encapsulation in collaboration with LIPUS in vitro and
in vivo. Low-concentration/low-dose L-rapa combined
with LIPUS displayed the strongest proteoglycan/GAGs
and type II collagen production-promoting as well as
MMP-13-reducing effects in HOACs and spontaneous OA
Dunkin-Hartley guinea pigs. The novel anti-OA actions
exerted by the low-concentration/low-dose L-rapa combined
with LIPUS demonstrated that cooperation of liposome-
encapsulation with LIPUS is able to evidently strengthen
the anti-osteoarthritic effects of rapamycin. L-rapa at 2 nM
collaborated with LIPUS in vitro and intra-articular injection
of 5 uM L-rapa with LIPUS in vivo showed the most
consistently anabolic and anti-catabolic anti-OA actions.
A combined treatment composed of liposomal mTOR inhi-
bitor rapamycin and physical therapeutic ultrasound with
augmented anti-OA effects, lower effective dose and
decreased administration frequency was successfully devel-
oped and established in the current study. The current com-
bined therapy comprising L-rapa and LIPUS is potentially
a promising treatment against OA. Further clarification of
whether the stronger inhibition in mTOR pathway is
involved in the augmented anti-osteoarthritic effects may
be helpful for practical verification of the combined therapy.
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