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ARTICLE INFO ABSTRACT

Keywords: Background: Memantine, which is an FDA-proven drug for the treatment of dementia, exerts its function by
Chondrocyte senescence blocking the function of NMDA (N-methyl-D-aspartate) receptor, a calcium-permeable ion channel that reduces
Memantine

cytotoxic calcium overload. Chondrocyte senescence is a crucial cellular event that contributes to articular

x;;(];c:mdni cartilage degeneration during osteoarthritis (OA) development. To date, the effects of memantine and its
receptor
Osteoarthrigs downstream NMDA receptor on chondrocyte senescence and OA have been rarely reported.

Methods: The protein levels of NMDA receptor and its agonistic ligand, glutamate, were compared between
normal and OA chondrocytes. The quantity of intracellular calcium ions and the level of mitochondrial damage
were evaluated using specific fluorescent probes and transmission electron microscopy (TEM), respectively.
Chondrocyte senescence was evaluated by senescence-associated p-galactosidase (SA-B-Gal) staining and
p16™%42 analysis. The function of NMDA receptor in chondrocyte senescence and OA was tested via agonists
activation and gene knockdown experiments. The therapeutic effects of memantine on OA were examined both in
vitro and in vivo. Additionally, to verify the findings from animal samples, a propensity score-matched cohort
study was conducted using data from a United Kingdom primary care database (i.e., IQVIA Medical Research
Database [IMRD]) to compare the risk of OA-related joint replacement involved in memantine initiators versus
active comparators (i.e., acetylcholinesterase [AchE] initiators) in patients with dementia.

Results: The protein expression of NMDA receptor and the secretion of glutamate were both significantly
increased in OA chondrocytes. NMDA receptor activation was found to stimulate chondrocyte calcium overload,
which further led to mitochondrial fragmentation and chondrocyte senescence. Blocking the NMDA receptor
with memantine and N-methyl-D-aspartate receptor subunit 1(NR1, the gene encoding NMDA receptor)
knockdown resulted in reduced calcium influx, mitochondrial fragmentation, as well as cellular senescence in OA
chondrocytes. Intra-articular injection of memantine in OA mice also exhibited protective effects against carti-
lage degeneration. Moreover, in the 1:5 propensity score-matched cohort study consisting of 6218 patients (n =
1435 in the memantine cohort; n = 4783 in the AchE cohort), the memantine initiator was associated with a
lower risk of OA-related joint replacement than AchE initiators (Hazard ratio = 0.56, 95 % confidence interval:
0.34 to 0.99).

Conclusion: NMDA receptor plays an important role in inflammatory-induced cytotoxic calcium overload in
chondrocytes, while memantine can effectively block the NMDA receptor to reduce chondrocyte senescence and
retard the development of OA.

* Corresponding author. Department of Orthopaedics, Xiangya Hospital, Central South University, 87 Xiangya Road, Changsha, Hunan, 410008, China.

** Corresponding author. Department of Orthopaedics, Xiangya Hospital, Central South University, 87 Xiangya Road, Changsha, Hunan, 410008, China.

**% Corresponding author. Health Management Center, Xiangya Hospital, Central South University, 87 Xiangya Road, Changsha, Hunan, 410008, China.
E-mail addresses: znxywn@csu.edu.cn (N. Wang), lihui1988@csu.edu.cn (H. Li), weij1988@csu.edu.cn (J. Wei).

https://doi.org/10.1016/j.jot.2024.08.007

Received 15 July 2023; Received in revised form 22 June 2024; Accepted 6 August 2024

2214-031X/© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Speaking Orthopaedic Society. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:znxywn@csu.edu.cn
mailto:lihui1988@csu.edu.cn
mailto:weij1988@csu.edu.cn
www.sciencedirect.com/science/journal/2214031X
https://www.journals.elsevier.com/journal-of-orthopaedic-translation
https://doi.org/10.1016/j.jot.2024.08.007
https://doi.org/10.1016/j.jot.2024.08.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jot.2024.08.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Q. Cheng et al.

Journal of Orthopaedic Translation 48 (2024) 204-216

The translational potential of this article: As a clinically licensed drug used for the treatment of dementia, mem-
antine has shown promising therapeutic effects on OA. Mechanistically, it functions by blocking NMDA receptor
from mediating chondrocyte senescence. The protective effects of memantine against OA were verified not only
by in vivo and in vitro experiments but also via a propensity score-matched human cohort study. These findings
presented robust evidence for repurposing memantine for the treatment of OA.

1. Introduction

Osteoarthritis (OA) is the most common age-related joint disease and
the leading cause of disability in elderly adults. Unfortunately, there is
currently a lack of effective therapeutic approaches to cure this disease
due to the fact that the underlying mechanism of OA is still unclarified.
Cartilage degradation is considered the major hallmark of OA [1]. As the
only cell type in articular cartilage, homeostasis between the catabolic
and anabolic metabolism of chondrocytes is crucial for cartilage health,
and chondrocyte senescence has emerged to be one of the core cellular
events that can disturb such homeostasis. Senescent chondrocytes not
only present cellular functional disorder but also exhibit a
senescence-associated secretory phenotype (SASP) that contains
cartilage-digesting enzymes and inflammatory cytokines, which can
result in cartilage degradation [2]. Recently, it was reported that se-
nescent chondrocytes were significantly increased in human OA
degenerative cartilage compared with that in preserved cartilage [3],
suggesting a strong correlation between chondrocyte senescence and OA
severity [4]. A growing body of evidence has shown that targeting se-
nescent chondrocytes in the mouse joint can attenuate OA progression
[5]. Thus, revealing the causes of chondrocyte senescence and seeking
targeted drugs is an important research direction with potential thera-
peutic application value.

Memantine is an FDA-approved medication for the treatment of
neurodegenerative disorders such as Alzheimer’s disease [6]. An
increasing number of studies have shown that memantine also possesses
the potential to be used in treating intracerebral hemorrhage, brain
metastases, inflammatory disease, etc., implying a broad prospect of
repurposing memantine in many other clinical scenarios. Memantine, as
an N-methyl-d-aspartate (NMDA) receptor modulator/agonist, primar-
ily exerts its function by blocking the NMDA receptor and eliciting the
excessive influx of calcium ions [7]. Mitochondria are the main organ-
elle for intracellular calcium homeostasis. Excessive calcium ions in the
cytoplasm will be transported to the inner mitochondrial membrane by
the calcium uniporter, which can disrupt the mitochondrial membrane
potential, ultimately leading to mitochondrial dysfunction and cellular
senescence [8]. Previous research has revealed that calcium overload
can significantly induce the expression of matrix metalloproteinases
(MMPs) and inflammatory cytokines in chondrocytes [9]. Meanwhile,
articular chondrocytes were also reported to express NMDA receptor
[10]. However, the role of NMDA receptor in chondrocyte calcium
overload still warrants elucidation, and evidence regarding the effects of
memantine on OA needs to be further strengthened [11].

In this study, we found that the expression level of NMDA receptor
correlates with the severity of OA cartilage degradation. Inflammatory
cytokines and NMDA receptor agonists can induce calcium overload,
mitochondrial fragmentation, as well as chondrocyte senescence, while
NMDA receptor knockdown or memantine use can inhibit such effects
and eventually enhance the anabolic metabolism of chondrocytes.
Moreover, the chondroprotective action of memantine was further
verified in surgically-induced OA mice and via a population-based
cohort study. Overall, our findings present new evidence for repurpos-
ing memantine for the treatment of OA.
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2. Materials and methods
2.1. Reagents and antibodies

The memantine and glutamate were purchased from Sigma-Aldrich
(Saint Louis, USA). The N-Methyl-D-aspartic acid (NMDA) was pur-
chased from Selleck (Shanghai, China). The recombinant mouse tumor
necrosis factor-a (TNF-a) protein was obtained from Peprotech
(Shanghai, China). Collagenase Type II was obtained from Bioforxx
(Beijing, China). The fetal bovine serum (FBS), Dulbecco’s Modified
Eagle Medium (DMEM/F12), and Lipofectamine RNAiMax Transfection
Reagent were purchased from Thermo Fisher Scientific (Dreieich, Ger-
many). Small interfering RNAs (siRNAs; specifically, siNC: SC-36869
and siNR1: SC-36082) were obtained from Santa Cruz Biotechnologies
(CA, USA). The Senescence-Associated p-Galactosidase (SA-p-Gal)
Staining kit, Hoechst 33342 staining kit, Fluo-4 AM fluorescence probe,
Mito-Tracker Red CMXRos fluorescence probe and JC-1 fluorescence
staining kit were obtained from Beyotime (Shanghai, China). Besides,
the following antibodies were used in this study: anti-Collagen II
(28459-1-AP) and anti-MMP13 (18165-1-AP) from Proteintech Group
(Wuhan, China); anti-NMDAR1 (ab193310) from Abcam (Cambridge,
USA); anti-P16™%42 (s¢-1661) and anti-GAPDH (sc-32233) from Santa
Cruz Biotechnologies (CA, USA).

2.2. Culture of primary articular chondrocytes

With approval from the ethics committee of Xiangya Hospital, Cen-
tral South University (Approval number: 202110186), human OA car-
tilages were obtained from patients who underwent total knee
arthroplasty (n = 3; aged 66 + 3.03 years). Preserved and damaged
cartilages were first distinguished by Outerbridge scoring and then
harvested. To obtain primary human chondrocytes, the cartilage was cut
into pieces and incubated with pronase (2 mg/mL) in DMEM/F12
without serum at 37 °C for 1 h, and further digested with collagenase P
(3.6 mg/mL) in DMEM/F12 with 5 % serum at 37 °C overnight.

The primary murine articular chondrocytes were extracted following
our previous protocol [12]. Briefly, the cartilage tissue was collected
from postnatal day 3-4 C57BL/6 mice, and the cartilage samples were
then incubated in 0.1 % collagenase 2 solution overnight. The chon-
drocytes were cultured in DMEM/F12 medium (Gibco, USA) containing
10 % FBS (Gibco, USA) supplemented with 1 % penicillin/streptomycin
antibiotics (Gibco, USA).

2.3. Chondrocytes treatment and siRNAs transfection

The primary murine chondrocytes were cultured in the presence of
10 ng/mL TNF-a to mimic OA circumstance. Two agonists of the NMDA
receptor, namely glutamate (500 pM) and NMDA (100 pM), were used to
treat the chondrocytes to activate the NMDA receptor in vitro. Then, the
chondrocytes were cultured in the medium with memantine (10 pM)
and TNF-a (10 ng/mL) and in the medium with TNF-a (10 ng/mL) alone,
respectively. A control sample of chondrocytes cultured without mem-
antine and TNF-a was also evaluated for comparison purpose.

The siRNAs targeting NR1 (si-NR1), i.e., the gene encoding NMDA
receptor, was used in this study, with a scrambled siRNA (si-NC) as the
negative control. Briefly, the chondrocytes at 50-60 % confluence were
transfected with siRNAs using the Lipofectamine RNAIMAX reagent as
described previously [3]. After 12 h of incubation, the transfection
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medium was replaced with growth medium. The transfected cells were
then used for other analyses.

2.4. Senescence-associated f galactosidase staining (SA-p-gal staining)

Chondrocyte senescence was evaluated using a SA-p-gal staining kit
(Beyotime, China) according to the manufacturer’s instructions. The
percentage of SA-f-gal-positive chondrocytes was calculated and
analyzed in randomly selected fields from three repeated experiments
under an optical microscope (Nikon, Japan).

2.5. JC-1 staining

To measure the mitochondrial membrane potential, we utilized the
JC-1 staining kit (Beyotime, China) to label with hochest 33342
(Beyotime, China) in the dark at 37 °C for 20 min. The images were
acquired with laser scanning confocal microscopy (CSU-W1, Nikon,
Japan). The red fluorescence intensity (excitation 525 and emission
590) represented JC-1 aggregates, while the green fluorescence intensity
(excitation 90 and emission 530) represented JC-1 monomers. The red
fluorescence and green fluorescence were analyzed using the semi-
automated morphometric tool Image J 1.53 t software.

2.6. Measurement of intracellular Ca®*

The chondrocytes were incubated in a 2 pM Fluo-4 AM Ca2* fluo-
rescent probe (Beyotime, China) for 30 min at 37 °C and 5 % CO. Then,
the fluorescence from Fluo-4 AM (excitation 485 nm, emission 525 nm)
was recorded within 5 min under a fluorescence microscope (Zeiss,
Germany).

2.7. Analysis of mitochondrial morphology

To determine mitochondrial fragmentation in the chondrocytes, the
Mito-Tracker Red chloromethyl-X-rosamine (CMXRos) staining kit
(Beyotime, China) was used to label mitochondria, at an excitation of
579 nm and an emission of 599 nm, according to the manufacturer’s
instructions. The images were captured using a confocal microscopy
(Zeiss, Germany), and the mitochondrial morphology was evaluated and
analyzed using the semi-automated morphometric tool MiNA of Fiji
software.

2.8. Transmission electron microscopy (TEM)

The mouse chondrocytes were fixed in 2.5 % glutaraldehyde over-
night, and further fixed in 2 % osmium tetroxide for 1 h and stained with
2 % uranyl acetate for 1 h. After dehydration in a series of acetone, the
samples were embedded in araldite and cut into semi-thin sections,
which were stained with toluidine blue to locate cell position for
observation under TEM (Hitachi, Tokyo, Japan). Two pathologists were
engaged to evaluate the mitochondrial morphology of each sample
independently and blindly, and the mitochondrial number, perimeter
and area of each sample were counted as described previously [13].

2.9. Immunostaining

For immunofluorescence staining (IF), the chondrocytes were rinsed
with PBS first, and fixed in 4 % paraformaldehyde and permeated in 0.1
% Triton X-100 for 10 min. Then, the chondrocytes were blocked with 5
% bovine serum albumin for 1 h at 37 °C, and were further rinsed with
PBS and incubated with primary antibodies in a humid chamber at 4 °C
overnight. Subsequently, the chondrocytes were rinsed and incubated
with the Alexa Fluo-488 anti-rabbit or Alexa Fluor 594 anti-mouse
conjugated second antibodies at room temperature for 1 h, and were
labeled with DAPI for 5 min. The fluorescence intensity was measured
using Image J software 2.1 (Bethesda, USA).
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For immunohistochemistry (IHC), the rehydrated slices were treated
using an immunohistochemical kit (Zhongshan Jingiao, China), and the
primary antibodies, i.e., MMP13 (1:200), COL2A1 (1:200) and P16™¥43
(1:100), were used for investigation. On the next day, the slices were
rinsed with PBS and incubated in the biotinylated secondary antibody
for 1 h. Then, the slices were further incubated with horseradish
peroxidase-conjugated streptavidin for 0.5 h and visualized by the
Vector NovaRED™ peroxidase substrate. Thereafter, counterstaining
was conducted using Hematoxylin (Vector Labs, USA), and semi-
quantification was conducted using Pro Plus 6.0 software (Media Cy-
bernetics, USA).

2.10. Animal experiment

All animal experiments were approved by the medical ethical com-
mittee of Xiangya Hospital of Central South University (2022020438,
Changsha, China), and were performed in compliance with the Guide-
lines for Care and Use of Laboratory Animals of the National Institutes of
Health. To establish mouse OA models, the destabilization of medial
meniscus (DMM) surgery was performed on C57BL/6 mice [14]. Briefly,
the DMM model was created via transection of anterior medial menis-
cotibial ligament using a microsurgical knife. Complete disruption of
ligament was visually confirmed by manually displacing the medial
meniscus with fine forceps. Then, sham surgery, which consists of skin
incision and medial capsulotomy only, was performed on the right knees
of a separate group of mice, followed by capsule and skin closure as
described above. Another group of DMM mice were injected with 100
pM Mem from 3 days after the DMM surgery following a protocol of
twice per week, 10 pL per joint [15,16]. In order to investigate the
analgesic effects of memantine, we further adopted an OA-related joint
pain model [17,18]. Male Sprague Dawley rats (Charles River, UK)
weighting 180-220 g were used. Rats were briefly anaesthetised with
isoflurane. Joint damage was induced by a single intra-articular injec-
tion of monosodium iodoacetate (MIA, 2 mg/40 pL; Sigma, UK) of the
right knee. Control animals received a single injection of saline (40 pL)
into the right knee. Three separate measures of pain behaviour were
assessed: change in hind limb weight distribution, hot plate behavior
and hind paw mechanical withdrawal thresholds, which provide a
comprehensive monitoring of pain assessment.

2.11. Von Frey test

We employed the electronic von Frey test (IITC, USA) to assess the
response to mechanical stimulation on the right hind paws of all rats on
days O, 3,7, 10, 14, 17, 21, 25, and 28 [19]. Before testing, the rats were
placed in an organic glass chamber (8 cm x 16 cm x 9 cm) for 30 min.
After zeroing the instrument, pressure was applied to the rat’s paws from
the bottom using a 0.8 mm fiber-tipped filament. When the rat lifts its
paw, it indicates that it has sensed the applied pressure, and the
maximum force applied to the tip of the device was automatically
recorded through a manageable force transducer, with the paw with-
drawal threshold displayed on the screen. The force needed to retract the
hind paw was recorded three times at 5-min stimulation intervals. Von
Frey test was performed during the light cycle by the same researcher
who was blinded to the treatments.

2.12. Hot plate test

The Hargreaves method was used to measure the thermal pain
threshold of the hind paw using the Plantar Test (Ugo Basile, Italy).
Before testing, untrained animals were domesticated in acrylic com-
partments (8 cm x 16 cm X 9 cm) on a uniform glass surface for up to 30
min. Guide the infrared light source onto the surface of the right paw of
all rats on days 0, 3, 7, 10, 14, 17, 21, 25, and 28, maintaining a tem-
perature of 52 °C, and immediately remove any paw pads after licking
them, while recording the time spent on the hot plate (reaction time).
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Record each hind paw retraction during a test with a minimum 5-min
interval between each stimulus. To avoid tissue damage, the
maximum allowed stimulation latency is 30 s. Hot plate test was per-
formed during the light cycle by the same researcher who was blinded to
the treatments.

2.13. Weight-bearing measurement

Weight-bearing was evaluated using an incapacitance tester (IITC,
USA) that included a dual-channel weight mean value [19]. After
zeroing the instrument, the rats were attentively positioned in a plastic
chamber. The force applied by an individual hind limb was averaged
over more than a 5-s time. The individual data point was the average of 3
measurements. The percentage of weight borne by the handled (ipsi-
lateral) hind limb was calculated utilizing the following equation:
(Weight on Right Leg/Weight on Right Leg and Left Leg) x 100. A value
of 50 % represents an equal weight distribution across ipsilateral and
contralateral hindlimbs, while a value of less than 50 % suggests a
reduction in weight borne on the ipsilateral hind limb. Rats were
assessed on days 0, 3, 7, 10, 14, 17, 21, 25 and 28 after injection. Each
session involved three distinct trials with a minimum 5-min interval
between them. Weight-bearing measurement was performed during the
light cycle by the same researcher who was blinded to the treatments.

2.14. Histology (safranin O/fast green staining)

The paraffin-embedded mouse knee joint samples were sectioned at a
thickness of 5 pm, and safranin O/fast green staining was then per-
formed as previously described [20]. To evaluate the severity of carti-
lage degradation, three experienced researchers were engaged to review
and score the slices independently and blindly based on a
semi-quantitative histopathological scoring system recommended by the
Osteoarthritis Research Society International (OARSI) on a scale of 0-6.

2.15. Population-based cohort study

2.15.1. Data source

We used data from IQVIA Medical Research Database (IMRD),
incorporating data from The Health Improvement Network (THIN), a
Cegedim database from general practitioners (GPs) in the United
Kingdom, as the basis of investigation in this study. The IMRD contains
anonymized medical records from 839 general practices, covering
approximately 19 million patients. For the THIN database, a previous
study has demonstrated its validity in clinical and epidemiological
research. The scientific review committee for IMRD and the institutional
review board at Xiangya Hospital approved this study with a waiver of
informed consent (21SRC056, 2018091077).

2.15.2. Study design and cohort definition

A 1: 5 propensity score (PS)-matched cohort study was conducted to
compare the risk of joint replacement between patients initiating
memantine and those initiating active comparators (acetylcholines-
terase [AChE]). All the participants included in this study were aged
40-90 years old and diagnosed with OA and dementia, and had at least
one year of active enrolment with general practice from January 2000 to
December 2019. The initiators of memantine or AChE were identified
based on the first record of prescription after the diagnosis of both OA
and dementia. The date of the first prescription of either memantine or
AChE was regarded as the index date. Subjects were excluded if they had
been prescribed with comparators during the 1-year timeframe before
the index date, or had a history of joint replacement before the index
date, or had missing information on body mass index (BMI), smoking
status, drinking status, or Townsend deprivation index (i.e., socioeco-
nomic deprivation index) before the index date.
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2.15.3. Evaluation of outcome and covariates

The outcome of this study was incident joint replacement during 5-
year follow-up. Joint replacement was identified by Read codes [21].

The covariates of socio-demographic and anthropometric charac-
teristics (i.e., age, sex, BMI, and socioeconomic deprivation index) and
lifestyle factors (i.e., smoking status and alcohol use) were evaluated
using the nearest available data prior to the index date. Comorbidities
and medication use were evaluated at any time before the index date.
Healthcare utilization (i.e., number of hospitalizations, general practice
visits and specialist referrals) was evaluated during the 1-year timeframe
before the index date.

2.16. Statistical analysis

For the population-based cohort study, the person-years of follow-up
for each subject were calculated as the timeframe from the index date to
the earliest occurrence of the followings: incident joint replacement,
disenrollment from a GP practice, age of 90 years, death, end of the
study (December 31,2019), or end of 5-year follow-up. The rate of
incident joint replacement was calculated for each cohort, and the cu-
mulative incidence curves of joint replacement were plotted accord-
ingly. The rate difference (RD) and its 95 % confidence interval (CI)
between the two comparison groups were also calculated. Moreover, a
Cox proportional hazard model was performed to obtain the hazard ratio
(HR) and its 95 % CI of the joint replacement accounting for the
competing risk of death.

Other statistical analyses were performed using Prism 10 (GraphPad
Software, USA). Quantitative results were presented as mean + Stan-
dard Error for the Sample Mean (SEM). Student’s t test and one-way or
two-way analysis of variance (ANOVA) were used for comparison be-
tween two and multiple groups, respectively. Statistical significance was
set at p < 0.05. Other statistical details, including the value and defi-
nition of n, error bars and significance thresholds, can be found in
Figure Legends.

3. Results
3.1. NMDA receptor is upregulated and activated in OA chondrocytes

The expression level of NMDA receptor was first compared between
normal and OA chondrocytes using samples from both mice and human
donors. As shown in Fig. 1A and B, the articular chondrocytes from the
DMM mouse knee exhibited a significantly higher protein level of NMDA
receptor. Similar results were observed in human samples: the damaged
cartilage from human donors also showed an elevated NMDA receptor
level compared with the preserved cartilage (Fig. 1C and D). Moreover,
an in vitro OA-like chondrocyte model was established using TNF-a
stimulated murine primary chondrocytes. It was confirmed that the in-
flammatory environment of OA can not only elevate the protein level of
NMDA receptor but also stimulate the secretion of its agonist glutamate,
leading to increased calcium ion influx (Fig. 1E-H). Consequently, the
level of mitochondrial fragmentation and mitochondrial membrane
potential, as well as chondrocyte senescence were all elevated in TNF-a
stimulated chondrocytes group (Fig. 1I-N).

3.2. NMDA receptor activation induces calcium overload and
mitochondrial dysfunction, and further promotes chondrocyte senescence
and OA phenotypes

Two agonists of the NMDA receptor, namely glutamate and NMDA,
were used to examine the role of NMDA receptor in OA, and a large
number of calcium ions were observed in the chondrocytes cultured
with both agonists (Fig. 2A). Mitochondria are usually long and tubular
in shape, with branched or unbranched cristae, acting as the major
organelle that is susceptible to calcium overload. We then observed the
mitochondrial morphology and membrane potential under confocal



Q. Cheng et al.

NMDA Receptor Col2a1

Sham

DMM

DAPI

D E

NMDA receptor

The Fluorescence intensity of

C x
g 259 sk E 507w ctrl
© B = TNF-a
= 504 g 40
NMDA Z 20 - £
Receptor a E
2 1.5+ g 30
%5 D
5 1.0 £ 20+
GAPDH | o m— H £
- ©
£ 0.5 5 104
2 50
Preserved Damaged ° E]
g 0.0- = o4
= Preserved Damaged Day 1
F NMDA Receptor Fluo-4 AM G H
Ctrl Ctrl b3
<
5 507 * % < 44
Z = E
7] 'S
c . 404
g8 ) 5 34
£g g
Lo g 8% T E
100 pm (-4 2-
§ g 20 g
- v
2s g
s S K]
2 £ 14
= 10 =
Q <
'.E U
=
T o 0-
Ctrl TNF-a =
| mito-tracker K
F 2000 * % . 50+
£ — 8
o .
£ 1500 - g 40
«
% . g 30
F 10007 3, 8
£ -
& s 20
s g
= 2 10
[ e
£ 3
£ s o
Ctrl  TNF-a
L M N s
37 SA-B-Gal = 60
o
> e ‘_‘;
c 2 ) o 7
oG & Y &
Q¢ 24 ol t 404
g | i g 40
3= a 4 s
2% 5
« 8 re 8
° a 14 o o 20-
oo
g8 =t = %
&3 w o §
0- Ctrl TNF-a 2 o-
Ctrl  TNF-a .

208

Journal of Orthopaedic Translation 48 (2024) 204-216

*
—

[}
ujm
DMM

Sham

* %
%k % —

Day 2 Day 3

Ctrl TNF-a

Ctrl  TNF-a

* %

Ctrl  TNF-a

(caption on next page)



Q. Cheng et al. Journal of Orthopaedic Translation 48 (2024) 204-216

Figure 1. OA progression accompanied by highly expressed and activated levels of NMDA receptor that led to mitochondrial fragmentation and chondrocyte
senescence. (A-B) Immunostaining and semi-quantification of the expression levels of NMDA receptor (Red) and Col2al(Green) in destabilization of the medial
meniscus (DMM) surgery-induced mouse OA knee joint; Blue = nucleus, scale bars = 100 pm, n = 5, data are presented as mean + SEM and Student’s t test was used
(*p < 0.05). (C-D) The expression level of NMDA receptor in preserved and damaged cartilages from OA patients as revealed by Western blotting and analysis. Data
are presented as mean + SEM and Student’s t test was used (N = 3, **p < 0.01). (E) The secretion of glutamate from TNF-« stimulated primary mouse chondrocytes.
Data are presented as mean + SEM and Student’s t test was used (N = 3, **p < 0.01). (F-H) Immunostaining and semi-quantification of the NMDA receptor level (N
= 6, scale bars = 100 pm) and calcium level (N = 4, scale bars = 10 pm) in TNF-a stimulated primary mouse chondrocytes. Data are presented as mean + SEM and
Student’s t test was used (**p < 0.01). (I) Representative confocal images of mitochondrial morphology by mito-tracker (scale bar = 10 pm, the white boxed regions
are further enlarged) and mitochondrial membrane potential by JC-1 (scale bar = 100 pm), TNF-a stimulated primary mouse chondrocytes were used (N = 3). (J-K)
Semi-quantified measurements of mitochondrial number per cell and mean branches per network in control and TNF-a stimulated primary mouse chondrocytes. Data
are presented as mean + SEM and Student’s t test was used (N = 3, **p < 0.01). (L) Semi-quantification of mitochondrial membrane potential detected by JC-1
fluorescent probe. The ratio of JC-1 aggregates (red) and JC-1 monomer (green) was calculated by Image J. Data were presented as the mean + SEM. Statistical
analysis was performed using Student’s t test (N = 3, **p < 0.01). (M and N) The SA-B-Gal staining (scale bar = 100 pm) in control and TNF-a stimulated primary
mouse chondrocytes; The ratio of SA-p-Gal positive chondrocytes were analyzed, data are presented as mean + SEM and Student’s t test was performed (N = 3, **p
< 0.01).

microscope and found severe mitochondrial fragmentation and low damage level based on mitochondrial morphology detection. The
membrane potential in agonist-treated groups (Fig. 2B and C). There- Mito-Tracker Red CMXRos staining showed that TNF-a disturbed the
after, the generation of senescent phenotype after agonists treatment mitochondrial network (Fig. 4B), manifested as increased mitochondrial
was confirmed by SA-B-gal positive staining (Fig. 2D). Additionally, the staining dots (Fig. 4G) and decreased mitochondrial branches (Fig. 4H).
protein levels of type II collagen (COL2A1) and matrix metal- Besides, the mitochondrial ultrastructure was also detected by TEM
loproteinase 13 (MMP13) were detected in each group to reflect the OA- (Fig. 4C), and the semi-quantification results confirmed an increased
related phenotypic changes. In response to glutamate/NMDA activation, number of mitochondria (Fig. 4I) but reduced mitochondrial perimeter
downregulation of COL2A1 (Fig. 2F) and upregulation of MMP13 (Fig. 4J) and area (Fig. 4K) in the TNF-a group compared with the
(Fig. 2E) were both identified in glutamate/NMDA-treated groups. control group. Surprisingly, memantine exhibited promising therapeutic
In summary, above results revealed that NMDA receptor agonists effects in maintaining normal mitochondrial membrane potential
(NMDA and glutamate) can promote chondrocyte senescence and ECM (Fig. 4D and L).
degradation, and such effects in OA may be exerted partially via in- The balance between anabolic and catabolic metabolism of chon-
duction of calcium overload and mitochondrial dysfunction. drocytes has been recognized as the driving factor of the cartilage

degeneration of OA, and chondrocyte senescence is the core cellular
event in disturbing the balance [23]. In this study, IF staining and
Western blotting was employed to detect the levels of COL2A1 and
MMP13, the most representative cartilage anabolic and catabolic
markers, respectively [23,24]. The results confirmed that memantine
can inhibit the expression of the cartilage matrix degeneration marker,
MMP13, but increase the expression of COL2A1 (Fig. 4N-Q). SA-B-gal
staining showed that memantine can reverse the chondrocyte senes-
cence level induced by TNF-a (Fig. 4E and M). Overall, these findings
suggest that memantine has a great potential for the treatment of OA.

3.3. NMDA receptor knockdown reduces chondrocyte senescence and
OA-like phenotypes by alleviating calcium overload and mitochondrial
damage

By exposing chondrocytes to TNF-a treatment, with or without
concomitant knockdown of NMDA receptor, we further verified the role
of NMDA receptor in OA. Specifically, siRNAs were used to knockdown
the NMDA receptor in both primary normal mouse chondrocytes and
TNF-a stimulated mouse chondrocytes, and the efficiency of gene
knockdown was examined by RT-PCR (Supp. Fig. 1). The results showed
that TNF-a can stimulate calcium overload and mitochondrial dysfunc-
tion, while knockdown of NR1, the gene encoding NMDA receptor, can
effectively inhibit such effects (Fig. 3A-G).

Meanwhile, we found that silencing NMDA receptor resulted in a
lowered percentage of senescent chondrocytes after TNF-a treatment for o ) oo - .
72 h (Fig. 3H and ). Besides, the level of MMP13 was reduced while the trefated with intra-articular injection of memantine (5 mg/kg) or s.ahne
level of COL2A1 was elevated after NMDA receptor knockdown in TNF-a twice per wee?k .for 8 weeks. The O.ABSI score based on the safranin O/
treated chondrocytes (Fig. 3J-L). These findings suggest that NMDA fast green staining of mouse knee joint were used to evaluate the knee

receptor is involved in promoting chondrocyte senescence and OA-like _]omF damage leVEI, among varlous groups. .It was found that. adm1n1s.-
phenotypes via induction of calcium overload and mitochondrial tration of memantine achieved significant improvement against carti-
damage lage degradation (Fig. SA and B). As for the evaluation of chondrocyte

3.5. Memantine protects against OA in vivo

To further examine the therapeutic effects of memantine on OA
progression, we established mouse OA models by performing the DMM
surgery on 12-week-old male C57BL/6J mice, which were further

senescence, the protein level of P16™%42 was detected [5], and the re-

sults showed that the articular cartilage from DMM mouse knee joint

3.4. Memantine stabilizes mitochondrial function and attenuates exhibited an increased positive staining rate of chondrocytes, which was

chondrocyte senescence and OA-like phenotypes by inhibiting NMDA effectively inhibited by memantine (Fig. 5C and D). Moreover, IHC

receptor-mediated calcium overload staining revealed a significantly elevated level of MMP13 and a reduced

level of COL2A1 in the DMM mouse knee joint, which were both greatly

To determine whether memantine is cytotoxic, the chondrocytes reversed in the memantine administration group (Fig. SE-H). What's

were treated with a series of memantine dosages (0, 5, 10, 25, 50, and more, we investigated the analgesic potential of memantine in the

100 uM), and the cell viability was measured after 3 days. According to monosodium iodoacetate (MIA) rat model of OA pain. Results showed

both previous research [22] and our results, the dosage of 10 uM that pain behaviors were partially eliminated by memantine interven-

memantine was selected for the subsequent experiments (Supp. Fig. 2). tion (Supp. Figs. 4A-E). These results confirmed our previous findings in
Then, to evaluate whether memantine can attenuate the development of vitro.

OA, we constructed in vitro OA-like chondrocyte models using TNF-a
with or without memantine. Inflammatory environment (TNF-a) stim-
ulates the calcium flux in chondrocytes that can be largely reversed by
memantine (Fig. 4A and F). Thereafter, we analyzed the mitochondrial

209



Q. Cheng et al. Journal of Orthopaedic Translation 48 (2024) 204-216

A o
=
©
>
w
)
< = 3
o c
= S5
= £
o
<
100 um L]
(%]
Q
]
55
=
g 52
8 g2
= ]
2 E 2
€ £
=
Ctrl NMDA Glu
k%
C £ s —_—
*
8 2 E
O c
38
T E
- o E
[¢) 9 9
= Qo 3
=11}
E £
v 3
L &=
=
Ctrl NMDA Glu
"
Ctrl NMDA Gly @ % 100
p v 95
) P a® so
= . <@
8 ~ “w<g eo
7 ¢ P i w O
< e.9
< o2 40
\ B ox
f €8 =20
3 5 v o
Tooum woum o | e o
Ctrl NMDA Glu
E 15 * %
> P
2o k% a
z 2 ]
s 10
o0 £ s -
-
S g
s E 3
v
< 5
o
B
Ctrl NMDA Glu
>
]
- 53
-
N €0
0 %
el
S $ 9
E >
v
. - S
oo S

Ctrl NMDA Glu

Figure 2. NMDA receptor agonists induce calcium overload and mitochondrial fragmentation, and further promote chondrocyte senescence and OA-like phenotypes.
(A) The Fluo-4 AM probe was used to determine the calcium level induced by NMDA and Glu treated primary mouse chondrocytes (Scale bar = 100 pm). Data are
presented as mean + SEM, statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 9-17, **p < 0.01). (B) Representative confocal
images of the chondrocytes mitochondria revealed by mito-tracker immunofluorescent staining (Scale bar = 5 pm). Semi-quantification of mitochondrial branches
was conducted through Image J software; one-way ANOVA/post-hoc Bonferroni test was used to compare the difference between groups, data are presented as mean
+ SEM (N = 5, *p < 0.05). (C) Mitochondrial membrane potential was detected by JC-1 staining (Scale bar = 100 pm). The ratio of JC-1 aggregates (red) and JC-1
monomer (green) was calculated by Image J. Data were presented as the mean + SEM. Statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni
test (N = 3, *p < 0.05, **p < 0.01). (D) The SA-p-Gal staining (Scale bar = 100 pm) was used to determine senescent chondrocytes. SA-p-Gal staining positive cells
were semi-quantified by Image J. Data are presented as mean + SEM, and one-way ANOVA/post-hoc Bonferroni test was used (N = 5, *p < 0.05). (E-F) Immu-
nofluorescent staining and semi-quantitative analysis of MMP13 and COL2A1 in primary mouse chondrocytes stimulated by NMDA and Glu (Scale bar = 100 pm).
Data are presented as mean = SEM and statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 5, *p < 0.05; **p < 0.01). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Figure 3. Knock down of NMDA receptor ameliorates chondrocyte senescence and OA-like phenotypes. (A and D) Effect of silencing NMDA receptor (si-NR1) on the
calcium level induced by TNF-a stimulated primary mouse chondrocytes (Scale bar = 10 pm). Data are presented as mean + SEM and statistical analysis was
performed using one-way ANOVA/post-hoc Bonferroni test (N = 3, *p < 0.05; **p < 0.01). (B and E-F) Representative confocal images of the mitochondrial network
(Scale bar = 10 pm) and the quantified measurements of mitochondrial fragmentation (Individual counts) and mean branches per network in different groups. Data
are presented as mean + SEM and statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 5, *p < 0.05; **p < 0.01). (C and G)
Mitochondrial membrane potential was detected by JC-1 staining (Scale bar = 100 pm). The ratio of JC-1 aggregates (red) and JC-1 monomer (green) was calculated
by Image J. Data were presented as the mean + SEM. Statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 3, *p < 0.05, **p <
0.01). (H and I) The SA-B-Gal staining (Scale bar = 100 pm) was used to determine senescent chondrocytes. The ratio of SA-f-Gal staining positive cells were semi-
quantified by Image J. Data are presented as mean + SEM, and one-way ANOVA/post-hoc Bonferroni test was used (N = 5, **p < 0.01). (J, K and L) Detection and
semi-quantitative analysis of MMP13 and COL2A1 by Western blotting. Data are presented as mean + SEM and statistical analysis was performed using one-way
ANOVA/post-hoc Bonferroni test (N = 3, *p < 0.05; **p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

3.6. Memantine initiation is associated with a lower risk of joint
replacement in patients with OA and dementia

The flow chart illustrating the participants selection process and the
baseline characteristics of each propensity score-matched cohort is
shown in Supp. Fig. 3. After propensity score matching, 6218 patients (n
= 1435 in memantine cohort; n = 4783 in AChE cohort) were eventually
included in our analyses. The memantine cohort had a mean age of 81.5
(SD: 5.5) years and a female proportion of 59.8 %, whereas the AChE
cohort had a mean age of 81.0 (SD: 5.8) years and a female proportion of
63.1 %. Overall, the characteristics were well-balanced in the propensity
score-matched cohorts, with all standardized differences <0.1. The
memantine initiator was found to associate with a lower risk of joint
replacement than AChE initiators (Fig. 5I). As shown in Supp. Tables 1
and 14, cases of joint replacement were reported among 1435 mem-
antine users (5.1 per 1000 person-years) and 76 cases were reported
among 4783 AChE users (9.7 per 1000 person-years). The RD and HR of
joint replacement for memantine versus AchE were —4.5 (95 % CI: —8.2
to —0.9) per 1000 person-years and 0.56 (95 % CI: 0.32 to 0.98),
respectively. The results from sensitivity analysis (i.e., excluding sub-
jects who had joint replacement within 3 months after the index date)
did not differ substantially (Supp. Table 2)

4. Discussions

In the past few decades, enormous efforts have been devoted to
elucidating the mechanisms of cartilage degeneration in OA, but no
effective disease-modifying drugs have been developed yet to treat this
disease [25]. As an FDA-approved drug for the treatment of dementia,
memantine exerts its therapeutic effects by blocking the function of its
downstream NMDA receptor in the central nervous system (CNS) [26].
However, little knowledge is known regarding the effects of memantine
on articular cartilage [11]. In this study, we revealed that the expression
level of NMDA receptor was increased in OA cartilage, and that the in-
flammatory microenvironment within articular joint can stimulate cal-
cium overload and the subsequent OA-related phenotypic changes via
the NMDA receptor. On the other hand, administration of memantine
can effectively block the calcium influx mediated by NMDA receptor and
reverse chondrocyte senescence and OA progression both in vitro and in
vivo. Furthermore, our large population-based cohort study yielded
clinical evidence that memantine use is associated with a lowered risk of
knee or hip OA-related joint replacement in patients with dementia.
Considering that the process of traditional drug development is
time-consuming and highly costly, this study offers a strong rationale for
repurposing memantine for the treatment of OA.

Notably, Zhao et al. proved that memantine can ameliorate the
cartilage matrix catabolic effects induced by advance glycation end
products (AGEs) on chondrocytes. The authors believed that the thera-
peutic effects of memantine on OA depends on its anti-inflammatory
capacity, which is independent of the NMDA receptor [11,27]. How-
ever, earlier studies have already shown that glutamate and the
involvement of NMDA receptor play an important role in chondrocyte
apoptosis and OA development [28,29]. For instance, inhibiting the
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NMDA receptor via its blocker MK801, can restore the changes in
circadian clock genes and reduce the expression of MMP13 in chon-
drocytes [30]. Therefore, whether memantine exerts its chon-
droprotective effects by blocking the NMDA receptor is worth
clarification. As a family member of the calcium permeable ion channel,
NMDA receptor activation can induce a high level of calcium influx to
cause long-term potentiation of synaptic transmission in CNS [7,31].
Our study proved that the NMDA receptor in chondrocytes can be
activated by inflammatory cytokines. Despite not utilizing patch clamp
techniques to measure membrane electrical activity, our results still
affirm the occurrence of calcium overload and the subsequent mito-
chondrial damage, which eventually promote chondrocyte senescence
as well as OA development. These processes can be retarded by NMDA
receptor knockdown or memantine use. This finding is consistent with
the Lee et al.,, who demonstrated that intra-articular MgSO4 injection
inhibited NMDA receptor and suppressed OA cartilage degeneration
[28]. Besides, since peripheral nerve tissue is also involved in OA, we
cannot rule out the possibility that memantine may alleviate OA through
regulating peripheral nervous system within the joint.

Interestingly, NMDA receptor also plays a crucial role in the devel-
opment and chronification of pain, and its antagonists have recently
surfaced as a pharmacological pain management strategy, especially in
dealing with neuropathic pain [32]. Pain is the dominant symptom and
the major driver of clinical decision making and health service use for
OA patients. Apart from peripheral nociceptive pain mechanisms,
neuropathic pain or central pain mechanisms also seem to take effect in
a large proportion of patients with OA [33]. Therefore, the analgesia
function of NMDA receptor antagonists in OA has drawn wide attention.
Lee et al. applied MgSOj4 to suppress NMDA receptor, which resulted in a
significant improvement of synovitis, mechanical allodynia and thermal
hyperalgesia in the OA + MgSO4 group compared with the OA group
[28]. Plant species including Chenopodium ambrosioides L. (Amar-
anthaceae) were used as NMDA antagonists to treat OA pain in another
study, which yielded results that were consistent with those obtained by
Lee et al. [34]. Moreover, NMDA receptor activation in peripheral and
central nervous systems is the main cause of sensitization and chron-
ification of OA pain [35,36]. Thus, there is extensive evidence to support
that drug repurposing of memantine can not only prevent cartilage
degeneration but also help with OA pain management.

Our study provides a comprehensive understanding of the efficacy
and underlying mechanism of memantine in OA treatment, but the
safety of memantine in the treatment of OA still needs further explora-
tion. Specifically, several serious adverse events such as congestive heart
failure, acute renal failure, Stevens Johnson syndrome, etc. should be
closely monitored [37]. Besides, since OA has been traditionally char-
acterized as a wear and tear disease, the role of NMDA receptor in me-
chanical loading is also a topic of interest. Calcium-permeable ion
channel proteins such as transient potential receptor vanillin 4 channel
(TRPV4) and Piezo are important mechanosensors in chondrocytes that
can convert mechanical signals into biochemical signals [38]. Salter
et al. proved that the NMDA receptor antagonists inhibited the hyper-
polarization response of normal chondrocytes to mechanical stimulation
[101, suggesting that NMDA receptor may be also involved in the
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Figure 4. Memantine attenuates chondrocyte senescence and OA-like phenotypes induced by TNF-a. (A and F) Effect of memantine on the calcium level induced by
TNF-a stimulated primary mouse chondrocytes (Scale bar = 100 pm). Data are presented as mean + SEM and statistical analysis was performed using one-way
ANOVA/post-hoc Tukey test (N = 5, **p < 0.01). (B and G-H) Representative confocal images of the mitochondrial network (Scale bar = 10 pm) and the quanti-
fied measurements of mitochondrial fragmentation (Individual counts) and mean branches per network in different groups. Data are presented as mean + SEM and
statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 5, **p < 0.01). (C and I-K) Representative TEM images of the mitochondrial
morphology and the quantified measurements of mitochondrial number and size in primary mouse chondrocytes (Scale bar = 1 pm). Data are presented as mean +
SEM and statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 5, **p < 0.01). (D and L) Mitochondrial membrane potential was
detected by JC-1 staining (Scale bar = 100 pm). The ratio of JC-1 aggregates (red) and JC-1 monomer (green) was calculated by Image J. Data were presented as the
mean + SEM. Statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 3, *p < 0.05, **p < 0.01). (E and M) The SA-f-Gal staining
(Scale bar = 100 pm) was used to determine senescent chondrocytes. The ratio of SA-p-Gal staining positive cells were semi-quantified by Image J. Data are presented
as mean + SEM, and one-way ANOVA/post-hoc Bonferroni test was used (N = 3, **p < 0.01). (N-Q) Detection of MMP13 and COL2A]1 treated by memantine or not
in TNF-a stimulated primary mouse chondrocytes by Western blotting and immunostaining. Semi-quantification was based on immunostaining results, data are
presented as mean + SEM and statistical analysis was performed using one-way ANOVA/post-hoc Bonferroni test (N = 5, *p < 0.05, **p < 0.01, **p < 0.001). (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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