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Dexamethasone-loaded thermo-sensitive hydrogel attenuates
osteoarthritis by protecting cartilage and providing effective pain
relief
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Background: We utilized the destabilization of medial meniscus (DMM)-induced mice to illustrate the
osteoarthritis (OA) suppressing and pain-relieving effects of a novel prolonged-release intra-articular (IA)-
dexamethasone-loaded thermo-sensitive hydrogel (DLTH).

Methods: The effects of temperature and pH on DITH formation and iz vitro DLTH release profile were
assessed. C57BL/6] mice were randomly divided into three groups: Ctrl group, Model group and DLTH
group. The DLTH group received joint injections of 10 pL DLTH (1 mg/kg) into the right knee once a
week from week 2 to week 11. We performed micro-computed tomography (Micro-CT) and histological
analyses of safranin O-fast green, hematoxylin and eosin, and tartrate-resistant acid phosphatase in knee
joints. We also carried out immunohistochemical (IHC) staining for matrix metalloproteinase-9 (MMP-9),
MMP-13, and a disintegrin and metalloproteinase with thrombospondin motifs-5 (ADAMTS-5) in cartilage
and Ki-67 in synovia. Pain behavioral testing was carried out in all mice. The serum content of prostaglandin
E2 (PGE2) and real-time polymerase chain reaction (PCR) of inflammatory cytokines and pain-related
factors in dorsal root ganglia (DRGs) were evaluated.

Results: It took 20 minutes to form DLTH at pH 7.0 and 37 °C. The cumulative release profiles of
dexamethasone (Dex) from DITH at 37 °C revealed a rapid release in the first 24 h and a sustained slow
release for 7 days. In vive study illustrated that DUTH attenuated OA bone destruction and ameliorated
synovitis and progression of OA in DMM-induced mice. The chondroprotective effects of DLTH were
mediated by decreased expressions of MMP-9, MMP-13, and ADAMTS-5. The results showed that IA-
DLTH exerted pain-relieving effects in OA mice. Upregulation of nociceptive response time (NRT) and
downregulations of serum PGE2, inflammatory factors, and pain-related mediators in DRGs of mice in the
DLTH group were recorded.

Conclusions: Data presented in this study elucidated that DUTH exhibited a long and lasting Dex release
and it is a potential sustainable drug delivery system (DDS) to treat OA locally. IA-DLTH injection exerted
chondroprotective and pain-relieving effects in DMM-induced arthritis. The involvement of MMP-9,
MMP-13, ADAMTS-5, and inflammatory and pain-related factors, may account for the suppression of OA
progression and pain.
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Introduction

Osteoarthritis (OA) is one of the most prevalent chronic
degenerative arthritic diseases. The major pathological
abnormalities of OA include cartilage degeneration,
remodeling of subchondral bone, and synovial inflammation;
these abnormalities may be primarily responsible for
the structural damages of OA (1). A disturbance in the
equilibrium between anabolism and catabolism of cartilage
in OA has also been established, particularly an increase
in catabolism (2). Pain is another hallmark of knee OA,
mainly due to cartilage destruction and subchondral bone
remodeling. Although OA-induced pain often affects joints,
widespread sensitization has also been reported in many
patients (3).

The most common arthritis interventions involve oral
anti-inflammatory drugs, intra-articular (IA) medications
and surgical treatments. Multiple lines of evidence have
supported a crucial role for glucocorticoids (GCs) in
OA treatment, and IA injection of GCs is the mainstay
of OA management. With a potency of approximately
20 times greater than naturally-occurring hydrocortisone,
dexamethasone (Dex) remains widely recommended as a
significant complementary medication in OA treatment (4,5).
Huebner ez al. have reported that administration of IA Dex
is chondroprotective in a rabbit model of OA (6). Since the
systemic administration of Dex occasionally causes allergies
or toxic adverse effects, the application of IA Dex injection
is the preferred choice of local administration because of its
unique advantages. For example, IA injection can increase
bioavailability, decrease off-target effects, and reduce overall
drug costs. However, IA injection still presents the issue of
rapid clearance of therapeutic medications (7). Lymphatic
drainage and rapid diffusion from synovial capillaries have
significantly shortened the drug’s remains in the joint cavity.
Moreover, IA medications are usually in free form, leading
to the rapid escape from the joint cavity into the systematic
circulation and patients needing frequent IA injections that
can occasionally cause side effects. Therefore, improvements
for IA injections are urgently needed.

Hence, using chitosan-glycerin-borax as a carrier, a
novel prolonged-release IA formulation of dexamethasone-
loaded thermo-sensitive hydrogel (DLTH) was developed.
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As an in situ drug delivery system (DDS), this in situ
forming hydrogel is applied as a solution that undergoes
gelation in the joint cavity due to changes in temperature
or pH (8). The hydrogel responds to temperature and the
initial liquid formulation flows easily and fills the target
site of any shape. The liquid formulation can be kept
at room temperature before IA injection but undergoes
gelation when the temperature reaches 37 °C (normal body
temperature). The soft and wetting surface of the gel has an
excellent affinity to tissues and reduced stimulation to the
surrounding joint cavity, which implies that the thermally-
responsive hydrogel has preferable biocompatibility. The
thermally-responsive hydrogel-DLTH remains liquid at
room temperature but turns into a gel station at 37 °C in
about 20 min (9). Utilization of DLTH provides enhanced
medication retention time in the joint cavity, achieves high
and sustained drug concentration at the desired site, and
eliminates potential adverse effects with low-frequency
therapy. These factors lead to improved therapeutic indices
and fewer adverse effect risks of Dex (10). DLTH may
provide a promising treatment of arthritis.

Destabilization of medial meniscus (DMM) is one of
the most widely used surgically induced OA models. In
this study, we utilized DMM-induced mice to illustrate the
OA suppressing and pain-relieving effects of IA-DLTH in
studies of OA progression and OA-related pain research.
In doing so, we uncovered the underlying mechanisms of
the thermally-responsive hydrogel in OA suppression and
effective pain relief.

We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-684).

Methods
Preparation of DLTH

Preparation of DLUTH was shown in Figure 1. To yield a final
volume proportion of glycerin:chitosan at 3:10, chitosan
was dissolved in 1% acetic acid and the appropriate amount
of glycerin was added. To achieve a final concentration of
2.5 mg/mL Dex at pH=7, a borax solution and Dex were
mixed with the glycerin:chitosan mixture prepared above. To
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Figure 1 Profile of DLTH. (A) Flowchart of the preparation of DLTH. (B) The morphology of chitosan blank hydrogels at different
temperatures (a,b), and photographs of DLTH in a soluble state at room temperature and in the gel state at 37 °C (c,d). (C) Effects of
temperature and pH on DLTH formation. (D) In vitro release of DTH in PBS at 37 °C. All data were expressed as mean + SEM. DLTH,
dexamethasone-loaded thermo-sensitive hydrogel; PBS, phosphate-buffered solution; SEM, standard error of the mean.

obtain an injectable thermo-sensitive chitosan-glycerol-borax DLTH formation time and in vitro DLTH release
hydrogel, the freshly prepared final DLTH mixture was evaluation

bathed in 37 °C water for 20 minutes (Figure 14). A flowable Six tubes of the freshly prepared final DLTH solution were
liquid was observed at room temperature and a semi-solid gel formulated according to the method described above. To
state was observed at 37 °C (Figure 1B) (11). obtain an injectable DLTH, six tubes (5 mL) of DLTH
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solution were bathed in a constant temperature water bath
at 32, 34, 36, 37, 38, and 40 °C, respectively. To obtain
DLTH, five tubes (5 mL) of DLTH solution were formed,
ranging from pH 6.7 to pH 7.1, in 37 °C water baths. No
flowable fluid is a sign of successful gel formation, and the
time required for DUTH formation was recorded. All assays
were repeated at least three times.

Successfully prepared DLTH (5 mL) and 15 mL of
phosphate-buffered solution (PBS, pH 7.4, as the release
medium) were added to the upper part of the gel. The
DLTH with PBS buffer was placed in a constant temperature
shaker at 37 °C. At specific ime points (1, 3, 6, 12, 24, 48, 72,
96, 120, 144, 168, 192, 216 and 240 h), 5 mL of the buffer
sample was removed, and another 5 mL of fresh-release
medium was added to maintain a constant volume. The
released samples were analyzed by UV spectrophotometry at
242 nm, and the 2 vitro cumulative release was calculated.

Animals and induction of the mouse DMM OA model

Eighteen male C57BL/6]J mice aged 10 weeks were
purchased from Shanghai SLAC Laboratory Animal
Company (Shanghai, China). Ethical approval was obtained
from the Animal Ethical Committee of Shanghai Ninth
People’s Hospital (approval number: HKDL [2015] 16).
Adult mice were fed with food and water ad libitum, and
the in vivo experiments were in accordance with the Code
of Practice for the Housing and Care of Animals Used in
Scientific Procedures and the ARRIVE (Animals in Research:
Reporting In Vivo Experiments) guidelines (12,13). The mice
were randomly divided into three groups: Ctrl group, Model
group, and DITH group. Experimental OA was established
by destabilization of the medial meniscus (DMM) surgery:
mice in the Model group and DLTH group received DMM
of the right knee, whereas those in the Ctrl group underwent
sham operations (14). The DLTH group was subjected to
joint injections of 10 uL. DITH (1 mg/kg Dex per mouse)
into the right knee once a week from week 2 to week 11,
while the Ctrl and Model groups were given an equal volume
of saline into the same knee (Figure 2A).

Pain bebavioral testing

The latency of hot plate nociception assessed thermal
hyperalgesia. Before the assessment, the mice were allowed
to acclimate for more than 20 minutes. Each mouse was
then placed on a metal-hot plate (Columbus Instruments)
set at 55 °C and observed for no more than 45 seconds.

© Annals of Translational Medicine. All rights reserved.
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The withdrawal of any paw was regarded as a nociceptive
response, and the nociceptive response time (NRT) was
recorded (15). Each animal was tested at least three times,
and the average NRT was calculated. All behavioral pain tests
were conducted in the morning every other week for more
than 12 weeks.

Micro-computed tomography (Micro-CT) scanning

At the end of week 12, all mice were anesthetized with
sodium pentobarbital intraperitoneally (40 mg/kg) and
then sacrificed by cervical dislocation. The knee joints of all
groups were dissected and fixed in 4% paraformaldehyde.
The mouse samples were scanned with Micro-CT (Siemens
Co., Knoxville, Tennessee, USA), which was performed
at the following parameters: voltage of 70 kV, an electric
current of 114 pA, and resolution of 10 um per pixel. Three-
dimensional structures were analyzed, including bone volume
(BV), bone volume/total tissue volume (BV/TV), trabecular
number (Th.N), trabecular thickness (Tb.Th), and trabecular
separation (Tb.Sp).

Histological analyses

Knee joint specimens were decalcified in 10% EDTA and
then embedded in paraffin. For microstructure observation,
S-pm-thick sagittal sections were prepared and stained with
safranin O-fast green (S&F), hematoxylin and eosin (H&E),
and tartrate-resistant acid phosphatase (TRAP). Osteoclast
and osteoblast activity in the knee joint was assessed with
TRAP and H&E staining to detect the bone destruction of
the joint (16). Articular cartilage degradation and destruction
were quantified using Osteoarthritis Research Society
International (OARSI) score, with a total score of 24. Higher
scores indicated more severe destruction of cartilage (17).

The synovial histological analyses were also accomplished
as previously described (18,19). Hyperplasia was scored from
0 to 3 as follows: a score of 0 denoted normal cell structure,
and a score of 3 suggested severe synovial hyperplasia.
Synovial inflammation was scored on a scale from 0 to 3,
where 0 signified no evidence of inflammation or synovial
lining cell hyperplasia, and 3 indicated severe synovial
inflammation with articular cartilage damage.

We also performed immunohistochemical IHC) staining
for matrix metalloproteinase-9 (MMP-9), MMP-13, a
disintegrin and metalloproteinase with thrombospondin
motifs-5 (ADAMTS-5) and Ki-67 (Abcam, United Kingdomy;
dilution 1:100). The percentage of positively stained and
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Figure 2 H&E and immunohistochemical staining of DUTH treatment in DMM-induced osteoarthritis. (A) Schematic of the experimental study
design. Three groups of male C57BL/6] mice were studied: Ctrl group, Model group and DLTH group. Mice in the Model and DLTH groups
received DMM surgery on the right hind knees at 10 weeks of age, while mice in the Ctrl group underwent sham operations in the same knee. Mice in
the DLTH group were subjected to joint injection of 10 pL. DLTH (1 mg/kg Dex per mouse) into the right knee once a week from week 2 to week 11,
while mice in the Ctrl and Model groups were given an equal volume of saline in the same knee. The timelines for DMM surgery, IA-DLITH injection,
and behavioral pain testing are shown. (B) Histological analyses of synovial joints in DT H-treated OA mice. Representative photographs of mice knee
joints stained with H&E were displayed. Scale bar, 200 pm (upper panel) and 100 pm (lower panel). Black boxes represented the magnification area in
the corresponding figure below. (C) Ki-67 staining of synovia in DITH-treated OA mice. Representative photographs of mice knee joints stained with
Ki-67 are shown. Scale bar, 200 pm (upper panel) and 100 pm (lower panel). Black boxes represented the magnification area in the corresponding
figure below. (D) Quantification of hyperplasia and synovial inflammation using semiquantitative histology scoring system; Ki-67 positive cells in
the synovia are displayed. All data were expressed as mean + SEM. *P<0.05; **P<0.001; ***P<0.0001. Ctrl, control; DUTH, dexamethasone-loaded
thermo-sensitive hydrogel; DMM, destabilization of the medial meniscus; H&E, hematoxylin and eosin; IA, intra-articular; OA, osteoarthritis; SEM,
standard error of the mean.
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Table 1 Sequences of specific primers used in RT-qPCR
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Sequences

Primers

Forward Reverse
B-actin 5'-GTGACGTTGACATCCGTAAAGA-3' 5'-GCCGGACTCATCGTACTCC-3'
IL-1B 5'-GAAATGCCACCTTTTGACAGTG-3' 5'-TGGATGCTCTCATCAGGACAG-3'
IL-6 5'-CTGCAAGAGACTTCCATCCAG-3' 5'-AGTGGTATAGACAGGTCTGTTGG-3'
IL-17 5'-GGCCCTCAGACTACCTCAAC-3' 5'-TCTCGACCCTGAAAGTGAAGG-3'
TNF-a 5'-CAGGCGGTGCCTATGTCTC-3' 5'-CGATCACCCCGAAGTTCAGTAG-3'
COX-2 5'-TTCCAATCCATGTCAAAACCGT-3' 5'-AGTCCGGGTACAGTCACACTT-3'
EP1 5'-CTTAACCTGAGCCTAGCGGAT-3' 5'-ATGTGCCATTATCGCCTGTTG-3'
EP2 5'-CAGCTCGGTGATGTTCTCGG-3' 5'-GAGCACCAATTCCGTTACCAG-3'
EP3 5'-CCGGAGCACTCTGCTGAAG-3' 5'-CCCCACTAAGTCGGTGAGC-3'
EP4 5'-CCATTCCCGCAGTGATGTTCA-3' 5'-TGCGCGACTTGCACAATACTA-3'
NGF 5'-CCAGTGAAATTAGGCTCCCTG-3' 5'-CCTTGGCAAAACCTTTATTGGG-3'
TRPV1 5'-CCCGGAAGACAGATAGCCTGA-3' 5'-TTCAATGGCAATGTGTAATGCTG-3'
Nav 1.3 5'-CAGACCATGTGCCTTATTGTGT-3' 5'-CCGCGATCTGGAGGTTGTT-3'
Nav 1.7 5'-TGGATTCCCTTCGTTCACAGA-3' 5'-GTCGCAGATACATCCTCTTGTTT-3'
BDNF 5'-TCATACTTCGGTTGCATGAAGG-3' 5'-AGACCTCTCGAACCTGCCC-3'
NPY 5'-ATGCTAGGTAACAAGCGAATGG-3' 5'-TGTCGCAGAGCGGAGTAGTAT-3'

RT-gPCR, real-time quantitative polymerase chain reaction; NGF, nerve growth factor; TRPV1, transient receptor potential vanilloid 1;
BDNF, brain-derived neurotrophic factor; NPY, Neuropeptide VY; IL-1B, interleukin-1p3; PGE receptor subtype 1; EP1, TNF-a, tumor necrosis

factor-a; COX-2, cyclo-oxygenase 2.

total chondrocytes in the articular cartilage per specimen was
calculated as previously described (20). Expression levels of
MMP-9, MMP-13, and ADAMTS-5 in the entire articular
cartilage, and Ki-67 expression in synovia, were calculated by
two blinded independent observers. Images were obtained
with a Zeiss Axio Imager light microscope.

Real-time quantitative polymerase chain reaction (RT-
qPCR)

At the end of 12 weeks, the L4-L6 dorsal root ganglions
(DRGs) of all mice were collected and minced in TRIzol
Reagent (Ambion, Shanghai, China) for total RNA
extraction. Total RNA was reverse transcripted using a
cDNA Reverse Transcription Kit (Takara Bio, Tokyo,
Japan) following the manufacturer’s protocol. RT-qPCR was
conducted using a 7500 Real-Time PCR System (Thermo
Fisher Scientific) with specific primers. Gene expression
values were normalized to B-actin, and quantifications of

© Annals of Translational Medicine. All rights reserved.
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gene expressions were calculated adopting the 2 method.

All analyses were repeated three times. See Table 1.

Enzyme-linked immunosorbent assay (ELISA) detection of
serum prostaglandin E2 (PGE2)

"To obtain plasma, blood was sampled from mice eyes and
centrifuged at 3,600 rpm for 10 minutes. Serum levels
of PGE2 were measured using commercial ELISA kits
(Elabscience, Wuhan, China). A microplate reader-generated
optical density (OD) values at 450 nm. All experiments were
conducted in duplicate and serum contents were calculated
by reference to standard curves.

Statistical analysis

All statistical analyses were obtained from more than three
experiments and performed using SPSS20.0 software. All
data are shown as mean = standard error of the mean (SEM).

Ann Transl Med 2021;9(14):1120 | https://dx.doi.org/10.21037/atm-21-684



Annals of Translational Medicine, Vol 9, No 14 July 2021

Comparison significance tests were conducted via one-
way ANOVA followed by Turkey multiple test or Student’s
t-test. P values less than 0.05 were considered statistically
significant.

Results
Effects of temperature and pH on DLTH formation

The Dex-loaded chitosan gel formed a semisolid-state when
the temperature reached 32 °C, with higher temperatures
reducing the gelation time. It took 20 minutes to form a
semi-solid gel at 37 °C, indicating that in the joint cavity, the
DLTH gel could be formed in 20 minutes.

The Dex-loaded chitosan gel was formed in a near-
neutral environment, ranging from pH 6.7 to pH 7.1. In the
pH range of 6.7 to 7.1, the gel formation time decreased as
the system’s pH increased. The turbidity of the gel system
at pH 7.1 was relatively high, and filaments of precipitates
were occasionally observed. Therefore, DLTH in this study
was conducted at pH 7.0. See Figure 1C.

In vitro Dex release from DLTH

To determine the iz vitro Dex release from DLTH, the
cumulative release (%) of DITH was measured at various
time points. Figure 1C displays the cumulative release
profiles of Dex from DLTH at 37 °C, reflecting a sustained
slow release for 7 days. About 80% of Dex was released
from DLTH in the first 7 days and there was almost no
release in the following 3 days. The release profiles of
DLTH exhibited a rapid release in the first 24 h and a
prolonged release for 168 h (Figure 1D).

DLTH ameliorates synovitis in OA mice

There was no mouse death throughout the entire
experiment. Histological observations and semiquantitative
scores of OA, in terms of synovial hyperplasia and synovial
inflammation, were significantly more obvious in the Model
group. DMM surgery resulted in increased thickness of the
synovial membrane, while DICTH protected against synovial
hyperplasia and inflammation in OA mice (Figure 2B). There
was no sign of inflammatory activity in the Ctrl group.
Synovial cell proliferation was increased in the inflamed
synovia as determined by immunohistochemistry of the
nuclear marker Ki-67. The expression of proliferation-specific
Ki-67 antigen in the synovial membrane was increased in
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the Model group compared with that in the Ctrl group.
However, following treatment with IA-DLTH injection,
there were significantly decreased expression levels of Ki-67
in synovial lining cells in the DETH group compared with
those in the Model group (Figure 2C). Thus, there may be a
positive correlation between immunohistochemistry results
and the degree of synovitis. See Figure 2D.

DLTH attenuated OA bone destruction

As shown in Figure 3, DMM surgery-induced elevated
bone resorption in the subchondral bone, as displayed by
advanced osteolysis. However, the results signified that
DLTH therapy largely reduced bone loss. Statistically,
sagittal views of the joints demonstrated that BV in
the Model group was clearly down-regulated but was
remarkably restored after DLUTH joint injection. The
parameters of micro-CT, involving BV/TV, Tb.N, Tb.Th,
and Tb.Sp, also revealed that DUTH markedly ameliorated
bone destruction in vive. See Figure 3.

As shown by TRAP and H&E staining in the trabecular
bone region, IA-DLTH suppressed DMM-induced
generation of osteoclasts and increased the formation of
osteoblasts. Compared with the Ctrl group, mice in the OA
Model group demonstrated significantly higher osteoclast
counts and notably lower formation of osteoblasts.
Treatment with DLTH restrained osteoclast numbers
and improved osteoblast formation in this model, thereby
attenuating OA progression. See Figure 4.

DLTH slowed OA progression by protecting cartilage in
DMM-induced mice

H&E and S&F staining revealed the loss of chondrocytes
and degeneration of the cartilage layer in DMM-induced
mice. However, in DLTH-treated DMM mice, the
decreased thickness of cartilage was largely inhibited,
evidenced by prominently decreased OARSI scores. These
results suggested that DLUTH might slow the progression of
OA by protecting cartilage. See Figure 5.

Expressions of MMP-9, MMP-13 and ADAMTS-5
mediated the chondroprotective effects of DLTH in DMM-

induced mice

Expressions of MMP-9, MMP-13 and ADAMTS-5 in the
Model group were highly upregulated by DMM surgery,

whereas DLTH inhibited catabolic marker gene expressions

Ann Transl Med 2021;9(14):1120 | https://dx.doi.org/10.21037/atm-21-684
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Figure 3 Micro-CT analysis of DLTH-treated OA mice induced by DMM surgery. (A) Three-dimensional Micro-CT images of frontal views
of knee joints following DITH treatment and the medial compartment of the subchondral bone of the sagittal views are shown. Scale bar:
1 mm. (B) Quantitative analyses of BV, BV/TV, Tb.N, Tb.Sp, and Tb. Th are also displayed. All data were expressed as mean + SEM. *P<0.05;
**P<0.01. BV, bone volume, BV/TV; bone volume/total tissue volume; DLTH, dexamethasone-loaded thermo-sensitive hydrogel; DMM,

destabilization of the medial meniscus; Micro-CT, micro-computed tomography; OA, osteoarthritis; SEM, standard error of the mean.

in the cartilage of DMM-induced mice. These findings
suggested that DIT'H exerted potent suppressive effects in
the catabolic responses of OA cartilage. See Figure 6.

Joint injection of DLTH exerts pain-relieving effects in
0A mice

To assess the pain-reducing effects of DLTH, the hot
plate method was performed in all groups. We found
that IA-DLTH exerted analgesic actions in terms of

© Annals of Translational Medicine. All rights reserved.

the NRT. Compared with the Ctrl group, the NRT of
the Model group was considerably decreased. However,
following 10 weeks of DLTH treatment, the NRT of
OA mice in the DLUTH group gradually increased as
evidenced by a markedly longer paw flick response time.
This enhancement of NRT indicated an increased pain
threshold. Therefore, we concluded that reduced NRTs
were exhibited in OA mice; however, DLTH exerted
pain-relieving effects in terms of thermal nociceptive
pain. See Figure 74.
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Figure 4 Staining analyses of DLTH treatment in DMM-induced osteoarthritis in mice. Osteoclasts and osteoblasts in subchondral
bone regions were stained with TRAP (A) and H&E (B) staining, respectively. Scale bar: 200 pm (upper panel) and 100 pm (lower panel).
Black boxes represented the magnification area in the corresponding figure below. (C) Quantitative analyses of osteoclasts and osteoblasts
counts. Black arrows indicate osteoclasts. All data were expressed as mean + SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. DLTH,
dexamethasone-loaded thermo-sensitive hydrogel; DMM, destabilization of the medial meniscus; H&E, hematoxylin and eosin; SEM,
standard error of the mean; TRAP, tartrate resistant acid phosphatase.

IA-DLTH depresses serumm PGE2 and expressions of pain- groups were 95.84+14.98 pg/mL, 334.88+38.21 pg/mL,
related mediators in DRGs and 89.83+39.55 pg/mL, respectively (Figure 7B). The

diminished production of blood serum PGE2 with TA-
ELISA detected the serum levels of PGE2 in all mice. DLTH therapy demonstrated that DLTH administration
Serum PGE2 concentrations of the Ctrl, Model, and DLTH might mitigate OA pain, consistent with the results of the
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Figure 5 S&F and H&E staining of DUTH treatment in DMM-induced osteoarthritis. (A,B) H&E and S&F staining of knee joint medial
compartment cartilage and subchondral bone in DMM-induced mice. Scale bar: 200 pm (upper panel) and 100 pm (lower panel). Black boxes

represented the magnification area in the corresponding figure below. (C) Quantitative analyses of OARSI scores of all groups. All data were expressed
as mean = SEM. *P<0.01; ***P<0.0001. DLTH, dexamethasone-loaded thermo-sensitive hydrogel; DMM, destabilization of the medial meniscus;
H&E, hematoxylin and eosin; OARSI, Osteoarthritis Research Society International; SEM, standard error of the mean; S&F, safranin O-fast green.

pain behavior tests.

Analyses of the expressions of pro-inflammatory genes
[e.g., interleukin-1B (IL-1PB), IL-6, IL-17, tumor necrosis
factor-a (TNF-a), cyclo-oxygenase 2 (COX-2), PGE
receptor subtype 1 (EP1), EP2, EP3, and EP4] in dissected
DRGs were also determined (Figure 7C). Elevated mRNA
expressions of IL-1p, IL-6, IL-17, TNF-a, COX-2, EPI,
EP2, EP3, and EP4 were observed in the Model group;
however, but IA-DITH suppressed secretions of the above
inflammatory mediators.

Moreover, pain-related key factors, like nerve growth
factor (NGF), transient receptor potential vanilloid 1
(TRPV1), voltage-gated sodium (Nav)1.3, Navl.7, brain-

© Annals of Translational Medicine. All rights reserved.

derived neurotrophic factor (BDNF), and Neuropeptide
Y (NPY), were also analyzed. Remarkable upregulations
of these factors were observed in the Model group, while
DLTH therapy decreased the mRNA levels of the above-
mentioned pain-related mediators. Therefore, DLTH
treatment exerted pain-relieving effects by reducing pro-
inflammatory genes and pain-related key factor expressions
in OA DRGs.

Discussion

The major pathological abnormalities in OA include
cartilage degeneration, remodeling of subchondral bone,
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and synovial membrane inflammation (synovitis). Although
the degree of inflammation in OA is remarkably less than
that in rheumatoid arthritis, synovitis is now considered
an important feature of OA that adversely affects whole
joint function (21-23). Evidence-based medicine has
demonstrated that acute or chronic synovitis in varying
degrees was observed in OA patients (24). In the present
study, we noted significant synovial hyperplasia and synovial
inflammation in the Model group and found that DLUTH
protected against synovitis in OA mice.

"To determine the possible cause of synovitis, we performed
proliferative marker Ki-67 immunohistochemistry in
synovial tissues. Ki-67 is widely used to identify proliferating
cells in diseased synovia, including in hyperplastic synovial
membranes. Pessler er 4/. quantified a strong association of

© Annals of Translational Medicine. All rights reserved.

Ki-67 expression with a histological degree of synovitis and
reported that increased Ki-67 positive cells were found in OA
synovial specimens in comparison with histologically normal
synovial tissues (25). These results are following those of the
present study. We observed increased expression of Ki-67 in
synovial linings in the Model group and fewer Ki-67 positive
cells in DLTH-treated OA mice. Taken together, these
findings demonstrated that DLTH ameliorated synovitis in
OA mice. It is believed that cartilage and bone degeneration,
along with new bone formation and synovitis, lead to OA’s
progression and clinical symptoms (26).

Bone loss, which is another typical characteristic of OA,
is correlated with the increased remodeling of subchondral
bone. Multiple lines of evidence have demonstrated
increased osteoclast activity and declined osteoblast

Ann Transl Med 2021;9(14):1120 | https://dx.doi.org/10.21037/atm-21-684
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counts in OA, leading to an imbalance of bone formation
and resorption, and eventually a prominent reduction in
subchondral bone thickness. Reduced subchondral bone
thickness has been reported to be relevant to cartilage
destruction (20,27,28). Our study observed prominent
bone loss in knee joints and subchondral bone, promoted
osteolysis, significantly higher osteoclast counts, and
notably lower formation of osteoblasts in the Model group.
Meanwhile, decreased bone loss, suppressed osteoclast
generation, and increased osteoblast formation were
noted following DLTH treatment. These results signified
that DITH therapy greatly reduced the severity of bone
destruction in OA.

OA is widely recognized as a degenerative disease with
a prominent debilitating cartilage disorder. For decades,
preclinical and clinical studies have primarily focused
on articular cartilage degeneration. It has been reported
that relatively low amounts of active MMPs are found in
healthy cartilage, and thus, their contributions to aggrecan
cleavage seem to be limited. However, a hallmark of OA,
is cartilage proteoglycan degradation mediated by MMPs
and ADAMTSs. Expressions of MMPs and ADAMTSs are
both elevated in OA cartilage and activities of both MMPs
and ADAMTSs are positively associated with cartilage
degradation (29,30). Matrix-degrading enzymes secreted
by chondrocytes (e.g., MMPs and ADAMTSs) degrade the
extracellular matrix (ECM) of cartilage; these degraded
ECM fragments further induce synovial inflammation and
inflammatory factor generation, eventually resulting in
cartilage damage and OA progression (31). In the ECM of
OA cartilage, MMP-13 is the main degrading enzyme for
collagen, and ADAMTS-5 is the major degrading proteinase
for aggrecan (32,33). For example, the increased importance
of MMP-13 was demonstrated by the observation that
MMP-13 overexpression in mouse cartilage resulted
in proteoglycans degradation as detected by safranin O
staining loss (29). Also, in ADAMTS-5 knock-out mice, a
remarkable reduction in articular cartilage destruction in
terms of proteoglycan release was found compared to wild-
type mice (34).

We selected MMP-9, MMP-13, and ADAMTS-5 as
our study targets among these matrix-degrading enzymes
because they are widely acknowledged to play vital roles in
OA. Following our animal experimental arthritis studies,
S&F and H&E staining suggested cartilage reduction and
destruction in the Model group, but IA-DLTH markedly
reduced cartilage pathology, as analyzed by OARSI
scores. Elevated expressions of MMP-9, MMP-13, and
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ADAMTS-5 were all observed in the cartilage of DMM-
induced mice, whereas DILT'H restrained these elevations,
thereby reducing cartilage destruction. Hence, IA-DLTH
may attenuate OA progression by exerting protective effects
on cartilage.

Clinically, the most remarkable and disabling symptom of
OA is pain (35). In our study, DLTH treatment was shown
to be a promising approach for OA pain. NRT is a common
indicator that reflects pain sensitivity to thermal stimuli. OA
mice displayed reduced latency of hot plate nociception;
however, the NRT values of the DLTH group were
markedly elevated, demonstrating that OA mice exhibited
pain behavior and joint injection of DITH exerted pain-
relieving effects. Furthermore, in arthritis conditions, PGE2
is a well-known contributor to inflammatory pain. High
levels of PGE2 are considered to induce pain and cartilage
degeneration in OA (36). In our study, serum PGE2 in the
Model group was notably increased, while a considerable
decrease was observed in the DLTH group, which suggests
that treatment with IA-DLTH eased OA arthritis pain to
some degree.

Accumulating data has demonstrated that OA pain
may be nociceptive, inflammatory, and neuropathic
concomitantly. Arthritis pain, mediated by numerous factors
responsible for both degradative and nociceptive pathways,
is relevant to OA progression. Local inflammation in OA
joints with the release of pro-inflammatory mediators offers
a secondary contribution to pain mechanisms. Neurogenic
inflammation is partly responsible for joint damage, and
neuropathic pain receptors have been found in joints (37,38).
Injuries to joint cartilage and synovia influence peripheral
afferents and DRGs, which sensitizes symptomatic pain
perception via the interplay between neuropathic pathways
and OA-damaged tissues. Several spinal cord pathways
transmit joint nociceptive input, and inflammation
potentially reduces the threshold for nociceptive stimuli.
Since all of these triggers are processed via DRGs, our
study targets OA pain (36).

Pro-inflammatory factors (e.g., IL-1B, TNF-a, IL-6,
IL-17 and PGE2) induce synthesis of cartilage-degrading
proteases also contribute to the development of OA-
associated pain (36,39,40). Pain-related cytokines (e.g.,
TNF-a, IL-1B and IL-6) are all involved in nociceptive
pain in DRGs. IL-1f8 and TNF-a have been shown to
enhance the production of PGE2, and elevated PGE2 and
TNF-a levels coincide with other inflammatory cytokines
in arthritis pain responses (41). Induced by inflammatory
stimuli, COX-2 is activated and becomes a key source of
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PGE?2 in locations of inflammation. The generation of
PGE2 predominates in inflamed sites wherever COX-2 is
active (42).

PGE2 exerts its physiological effects via EP1, EP2,
EP3, and EP4 receptors. Among these, EP4 is the
primary mediator that participates in OA pain symptom
generation (43). Decreased pain and hypersensitivity were
observed in rodents administered an EP4 prostaglandin
receptor antagonist. Furthermore, Ettinger ez /. found
NGF activation increased PGE2 levels in a dose-dependent
manner (44). NGF plays an implicated but crucial role
in persistent inflammatory pain conditions and may be
responsible for nociception and proalgesic effects. The pain
models of Hefti’s study confirmed pain sensation reduction
via NGF inhibition, and other researchers have verified that
the suppression of NGF or its receptors resulted in chronic
inflammatory pain remission (45,46). Although NGF
alone is barely an inflammatory agent; however, working
synergistically with other pro-inflammatory mediators
worsens chronic neuropathic pain (47).

Like TRPV1, Navl.3, and Navl.7, Ion channel genes
have also been explored in pain conduction. TRPV1
is synthesized in DRGs and is correlated to chronic
inflammatory pain and peripheral neuropathy. Li er al.
suggested that lower glial activity induced by inflammation
or neuropathic pain was observed in TRPV1 receptor-
knockout mice (48). The generation of NGF enhances
TRPV1-induced nociception and IL-1B was reported to
mediate pain hypersensitivity via TRPV1 activation (49).
Moreover, Navl.3 and Navl.7 are both promising targets
in pain research, as upregulated expressions of Navl.3 and
Navl.7 play implicit roles in neuropathic pain (50). Also,
BDNPF levels were correlated with pain in knee OA (51).
Cruz Duarte er al. suggested that through the direct
or indirect regulation of NGF, PGE2 induced BDNF
expression in DRGs, thereby contributing to neuropathic
and inflammatory pain genesis (52). In our study, gene
expressions of IL-1B, IL-6, IL-17, TNF-a, COX-2,
EP1, EP2, EP3, EP4, NGF, TRPVI, Navl.3, Navl.7,
BDNEF, and NYP were all notably elevated in DMM-
induced DRGs, whereas OA mice receiving DUTH joint
injection exhibited lower mRNA expressions of all the
genes mentioned above. Taken together, these observations
indicate that DLTH therapy relieved OA pain via
modulation of inflammation and pain conduction processes.

DLTH enhances Dex retention time in the joint cavity,
achieves high and sustained Dex concentration at the
desired site, and eliminates potential adverse effects due

© Annals of Translational Medicine. All rights reserved.
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to low-frequency therapy. All of these lead to improved
therapeutic indices and fewer adverse effect risks of Dex.
Thus, the resulting DDS efficiently delivers entrapped
drugs over an extended period.

However, some limitations of our study have been
proposed. Firstly, the pH used to form the gel in the release
experiments should have been set to the average pH in
the joint (pH=7.0). Our following research will adopt the
average pH in the joint in the release experiments, to better
improve DLITH application. Secondly, it is acknowledged
that different actions of Dex occur in different stages of OA.
GCs are one of the most widely used IA therapies in OA
and are the standard IA management option for treating
knee pain when nonpharmacological therapy, non-steroidal
anti-inflammatory drugs (NSAIDS), or analgesics are not
effective (53). IA administration of GCs is acknowledged
to be a relatively effective, safe, adjunct conservative
management. IA administration of GCs is recommended
in cases of moderate to severe OA when patients fail to
respond to NSAIDS (54). The American guidelines for
treating knee OA recommend IA GCs for short-term
pain relief and IA GCs combined with oral medication for
better outcomes (55). In our following research, we shall
pay attention to the different stages of OA. Thirdly, there
are possible differences in the profiles of thermo-sensitive
hydrogel between in vitro and in vive. For example, there
might be a rapid escape of a small amount of free-form
Dex before gelation due to lymphatic drainage and rapid
diffusion from synovial capillaries. Fourthly, hydrogels,
liposomes, and nanoparticles have been considered as drug
carriers that achieve a prolonged release over extended
period. DDS consisting of biodegradable or biologically
eliminable materials is required to avoid DDS material
accumulation, which can decrease chances of inflammation
or other adverse effects. Although chitosan is an ideal
thermal sensitive DDS candidate for OA due to its non-
toxicity, biocompatibility, biodegradability and bacterial
resistance, we still observed very small soft lumps on the
surface of joints after the mice were sacrificed (56,57).
Further exploration will be conducted on the improvement
and degradation of the DLTH IA injection.

Collectively, the data presented in this study showed
that IA-DLTH injections exerted chondroprotective and
pain-relieving effects in DMM-induced arthritis. The
involvement of MMP-9, MMP-13, ADAMTS-5, and
inflammatory and pain-related factors may account for
the suppression of OA progression and pain. This newly
developed DLTH may represent a promising sustainable
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delivery system for cartilage protection and pain relief in
the treatment of OA.

Conclusions

IA-DLTH injection exerted chondroprotective and
pain-relieving effects in DMM-induced arthritis. The
involvement of MMP-9, MMP-13, ADAMTS-5, and
inflammatory and pain-related factors may account for the
suppression of OA progression and pain. We optimized
the dosage form of clinically used Dex, and this newly
developed DLTH may represent a promising sustainable
delivery system for cartilage protection and pain relief in
the treatment of OA.
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