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The extracellular matrix apparatuses containing collagen and proteoglycan (aggrecan) are important
factors for maintaining the integrity of cartilage. Collagen type II, the main component of total cartilage,
is mainly degraded by matrix metalloproteinase13 (MMP-13), which is an important molecule responsi-
ble for joint damage in Osteoarthritis (OA). Donepezil (DP), a potent and selective acetylcholinesterase
inhibitor, is a medication approved by the US Food and Drug Administration and used in the alleviation
of dementia in Alzheimer’s disease (AD). In this study, we found that DP treatment prevented the
degradation of collagen type II induced by TNF-o.. Mechanistically, DP treatment leads to the inhibition
of the transcriptional activity of interferon response factor-1 (IRF-1), thereby prevents the induction of
MMP-13. These findings suggest the potential therapeutic effects of DP in OA.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Osteoarthritis (OA) is one of the most common forms of arthri-
tis. Studies have reported that inflammation plays a pivotal role in
the development and progression of OA. The extracellular matrix
apparatuses containing collagen and proteoglycan (aggrecan) are
important factors for maintaining the integrity of cartilage. Among
them, collagen type II is the main component of total cartilage,
which is essentially unique to cartilaginous tissues [1]. Collagen
type Il is mainly degraded by matrix metalloproteinasel3
(MMP13), which is an important molecule responsible for joint
damage in OA [2]. Secretion of pro-inflammatory cytokines such
as TNF-a and IL-1B in OA stimulates the expression of MMPs.
Notably, interferon response factor-1 (IRF-1), a transcriptional
factor induced by interferons, proinflammatory cytokines, and
other stimuli has been shown to mediate the expression of MMPs
[3]. Exploring potential pharmacological targets for inhibition of
type II collagen breakdown and its upstream molecules has been
considered as important strategy for OA treatment.

Donepezil (DP), a potent and selective acetylcholinesterase
inhibitor new class of acetylcholinesterase inhibitor, is the second
drug approved by FDA for treatment of mild to moderate
Alzheimer’s diseases (AD) [4,5]. DP has been shown to provide
neuroprotection by exerting its anti-inflammatory effects through
inhibiting the production of interleukin-18 (IL-1B), IL-6, IL-18 and
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monocyte chemoattractant protein 1 (MCP-1), and suppressing
microglial activation which was independent of acetylcholine
and its receptor [6,7]. In addition, DP also could increase the IL-4
level and expression and reverse the AD-related down-regulation
of the IL-4/MCP-1 axis [8]. The findings of anti-inflammatory
properties imply that DP might have a potential therapeutic effect
in OA. In this study, we reported that DP is able to suppress the
degradation of type II collagen in human chondrocytes.
Mechanistically, DP treatment leads to inhibition of the transcrip-
tional activity of IRF-1, thereby prevents the induction of MMP-13.

2. Materials and methods
2.1. Human cartilage samples

Human subject researches were approved by the ethics com-
mittee of Third Military Medical University. All of the participants
have signed the written informed consent. Studies were guided by
the World Medical Association Declaration of Helsinki Ethical
Principles for Medical Research Involving Human Subjects. Briefly,
normal specimens of knee joint cartilage were obtained from
patients with femoral neck fractures who were undergoing femoral
head replacement surgeries. The isolated chondrocytes were cul-
tured in an incubator with 5% CO, at 37 °C and in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (P/S). Normal human chon-
drocytes were pretreated with or without DP at the concentrations
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of 10 or 20 uM for 24 h, followed by incubated with TNF-o (10 ng/
ml) for another 24 h.

2.2. Western blot analysis

Western blot analysis was performed to determine the expres-
sion of proteins in this study. Briefly, proteins were extracted from
cultured cells by using cell lysis buffer (Cell signaling, USA). Then
samples were loaded on 10% gradient sodium dodecyl sulfatepoly-
acrylamide gels (SDS-PAGE). Separated proteins were transferred
onto a PVDF membrane (Bio-Rad, USA). The membranes were
blocked by 5% non-fat milk. Afterward, the membranes were incu-
bated with primary antibodies overnight at 4 °C. After 3 times
washes with TBST buffer, the membranes were incubated with
anti-mouse-HRP and goat anti-rabbit-HRP for 30 min respectively
at room temperature (RT) [9]. B-actin was used as internal control.
The bands were quantified with the image ] software.

2.3. RNA isolation and real-time PCR

Total RNA from cultured cells was isolated using Trizol (Invit-
rogen, USA) following the manufacturer’s instructions. 2 pg of
the total RNA was used for first-strand ¢cDNA by using Super-
Script Il reverse transcriptase, oligo(dT), and random primers
(Invitrogen). Real-time PCR was carried out using TaqgMan gene
expression assays (Applied Biosystems, USA) in a StepOne Plus
Real time PCR System. Gene expression was normalized to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) using the AACt
method.

2.4. Immunocytochemistry

After indicated treatments, human chondrocytes were fixed
with 4% paraformaldehyde at room temperature (RT) for 15 min.
After washed for 3 times, cells were permeabilized in 0.1% triton-
100 solution for 10 min on ice, followed by blocked with 10% goat
serum at RT for 30 min. Then cells were sequentially incubated for
2 h with primary antibodies at RT and Alexa 488-conjugated anti-
mouse secondary antibody (1:200 dilution) for 1 h at RT. After
mounted in Fluoromount medium, immunofluorescent signals in
slides were captured on a fluorescence microscope.
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2.5. Statistical analysis

All data are presented as means + S.E.M resulting from at least
three independent experiments. Statistical analysis was performed
using one-way variance of analysis (ANOVA). A significant differ-
ence was considered at P < 0.05.

3. Results

Donepezil (DP) is a potent and selective acetylcholinesterase
inhibitor, the molecular structure of which is shown in Fig. 1A.
Our results indicated that TNF-a treatment decreased the level of
collagen type Il Interestingly, DP treatment prevented the degra-
dation of collagen type II induced by TNF-a in a dose dependent
manner (Fig. 1B).

Since collagen II is preferentially cleaved by MMP-13, we then
examined the effects of DP on the expression of MMP-13. Real time
PCR result showed that TNF-a-induced expression of MMP-13 was
suppressed by DP at both the mRNA levels (Fig. 2A) and the protein
levels in a dose dependent manner (Fig. 2B). The transcriptional
factor IRF-1 is a main regulator of MMP-13 transcription. There-
fore, we examined the effect of DP on the change in IRF-1 expres-
sion upon TNF-o treatment. Real time PCR results demonstrated
that pretreatment with DP suppressed the increase in IRF-1
induced by TNF-o, in a dose-dependent manner at mRNA levels
(Fig. 3A). The results were confirmed at the protein levels by the
immunofluorescence study (Fig. 3B). IRF-1 expression is controlled
by the signal transducers and activator of transcription 1 (STAT1).
And serine phosphorylation of STAT1 at position 727 (S727) and
tyrosine phosphorylation of STAT1 at position 701 (Tyr701) are
two important phosphorylation sites regulating the activation of
STAT1. Our results indicated that TNF-o treatment increased the
phosphorylated levels of both S727 and Tyr701, which was amelio-
rated by pretreatment with DP (Fig. 4A-C). These findings suggest
that DP might prevent the expression of IRF-1 and MMP-13
through inhibiting the activation of STAT1.

4. Discussion

DP is a centrally acting reversible acetylcholinesterase inhibitor,
the main therapeutic use of which is in the palliative treatment of
Alzheimer’s disease (AD). However, the precise mechanism of
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Fig. 1. Donepezil (DP) ameliorates the degradation of collagen type Il induced by TNF-o in human chondrocytes. (A) Molecular structure of Donepezil (DP); (B) the levels of
collagen type II in total cell lysates were determined by Western blot analysis (*P < 0.01 vs control group; #P < 0.01 vs TNF-o treated group).
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Fig. 2. Donepezil (DP) mitigates the expression of MMP-13 induced by TNF-o in human chondrocytes. Normal human chondrocytes were pretreated with DP (10 uM) or the
solvent, DMSO, for 24 h and then stimulated with TNF-o (10 ng/ml) for another 24 h and (A) the expression of MMP-13 at the mRNA level was determined by real time PCR
(*P < 0.01 vs control group; #P < 0.01 vs TNF- treated group). (B) The expression of MMP-13 at the protein level was determined by Western blot analysis (*P < 0.01 vs control
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Fig. 3. Donepezil (DP) attenuates the upregulation of interferon response factor-1 (IRF-1) induced by TNF-o.. Normal human chondrocytes were pretreated with Donepezil

(DP) or the solvent, DMSO, for 24 h and then stimulated with TNF-o

(10 ng/ml) for another 24 h and (A) the expression of IRF-1 at the mRNA level was determined by real

time PCR (*P < 0.01 vs control group; #*P < 0.01 vs TNF-o. treated group). (B) The expression of IRF-1 at the protein level was determined by immunofluorescence.
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Fig. 4. Donepezil (DP) prevents the activation of STAT1. Normal human chondrocytes were pretreated with Donepezil (DP) (10 or 20 ng/ml) or the solvent, DMSO, for 24 h
and then stimulated with TNF-o0 (10 ng/ml) for another 24 h. Immunoblot and quantification analyses revealed that pretreatment with Donepezil (DP) mitigated

the increased phosphorylation of STAT1 at Ser727 and Tyr701; (A) representative immunoblot bands; (

TNF-o treated group).

activity of DP is still unclear. Our results of examination in human
chondrocytes in vitro indicated that the DP suppresses TNF-a-med-
iated the induction of MMP-13 occurred through inactivating
STAT1/IRF-1, thereby preventing collagen type Il degradation, sug-
gesting a potential use of DP in OA.

90-95% of the total cartilage collagen is collagen type II, which
is the major structural protein in cartilage and is also essentially
unique to cartilaginous tissues [10]. The degradation and loss of
collagen type II is an important parameter related to the damage
of cartilage in OA, mainly caused by MMP-13. MMP-13 is a major
enzyme that targets cartilage for degradation. Compared to other
MMPs, the expression of MMP-13 is more restricted to connective
tissue [11]. The induction of MMP-13 by stimulant TNF-o has been

B), (C) quantification analyses (“P < 0.01 vs control group; #*P < 0.01 vs

considered as an important tool to study and to identify potential
anti-OA drugs. Notably, inhibiting the expression and activity of
MMP-13 is an effective strategy to decelerate articular cartilage
loss. In addition to degrading collagen type II in cartilage, MMP-
13 is also able to degrade proteoglycan, types IV and type IX colla-
gen, osteonectin and perlecan in cartilage [12]. The inhibitory
effect of DP on MMP-13 suggests its protective effects on the deg-
radation of these extracellular matrix proteins. MMP-13 is regu-
lated by IRF-1.

IRF-1 expression is up-regulated in many chronic inflammatory
diseases. Importantly, it has been demonstrated to be elevated in
OA chondrocytes [13]. Activation of STAT1 is essential for trigger-
ing the expression of IRF-1. Consistent with our findings, JAK2/
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STAT1 signaling has been reported to be involved in MMP-13
induction in IL-1p treated chondrocytes [14]. Our result indicated
that pretreatment with DP is able to suppress the induction of
IRF-1 by inhibiting the activation of STAT1. As a matter of fact,
the underlying mechanisms by which DP exerts its beneficial
effects may be multifactorial. It has been reported that DP could
exert its anti-inflammatory effects through inhibiting the produc-
tion of interleukin-18 (IL-1B), IL-6, IL-18, which could induce the
degradation of collagen type II [15].

In addition, DP particularly dampens the activation of macro-
phages [16]. With regarding to the effects of DP on MMPs, DP
has been reported to reduce the permeability of blood brain barrier
(BBB) by inhibiting the expression of MMP-2 and MMP-9 [17].
MMPs are also transcriptionally regulated by NF-xB, another
important inflammation regulator. Notably, DP has been reported
to inhibit NF-xB activation [18].

Taken together, our findings provide evidence of chondropro-
tective effects and mechanisms of DP, as well as its potential appli-
cation in TNF-a-induced damage of cartilage in joints. However,
the influence of DP on preventing collagen type II degradation
mechanisms is not fully understood. Further research will provide
us with a more complete picture of the underlying mechanisms of
chondroprotective effects of DP in OA.

Acknowledgment

This study is funded by the “National Natural Science

Foundation of China (81271982)".

References

[1] P. Richette, C. Roux, Impact of treatments for osteoporosis on cartilage
biomarkers in humans, Osteoporos. Int. 23 (Suppl. 8) (2012) S877-S880.

[2] P.G. Mitchell, H.A. Magna, L.M. Reeves, L.L. Lopresti-Morrow, S.A. Yocum, P.J.
Rosner, et al., Cloning, expression, and type II collagenolytic activity of matrix
metalloproteinase-13 from human osteoarthritic cartilage, J. Clin. Invest. 97
(1996) 761-768.

[3] T.Taniguchi, K. Ogasawara, A. Takaoka, et al., IRF family of transcription factors
as regulators of host defense, Annu. Rev. Immunol. 19 (2001) 623-655.

[4] Y.A. Asiri, G.AEE. Mostafa, Donepezil, Profiles Drug Subst. Excip. Relat.
Methodol. 35 (2010) 117-150.

[5] K.B. Liew, Y.T.F. Tan, KK. Peh, Characterization of oral disintegrating film
containing Donepezil for Alzheimer disease, AAPS PharmSciTech. 13 (2012)
134-142.

[6] J. Hwang, H. Hwang, HW. Lee, et al., Microglia signaling as a target of
Donepezil, Neuropharmacology 58 (2010) 1122-1129.

[7] Y. Yoshiyama, A. Kojima, C. Ishikawa, K. Arai, Anti-inflammatory action of
Donepezil ameliorates tau pathology, synaptic loss, and neurodegeneration in
a tauopathy mouse model, J. Alzheimers Dis. 22 (2010) 295-306.

[8] M. Reale, C. larlori, F. Gambi, et al.,, The acetylcholinesterase inhibitor,
Donepezil, regulates a Th2 bias in Alzheimer's disease patients,
Neuropharmacology 50 (2006) 606-613.

[9] B. Sheng, B. Song, Z. Zheng, F. Zhou, G. Lu, N. Zhao, X. Zhang, Y. Gong, Abnormal
cleavage of APP impairs its functions in cell adhesion and migration, Neurosci.
Lett. 450 (2009) 327-331.

[10] F.M. Griffin, K. Math, G.R. Scuderi, et al., Anatomy of the epicondyles of the
distal femur: MRI analysis of normal knees, J. Arthroplasty 15 (2000) 354-359.

[11] M.P. Vincenti, C.E. Brinckerhoff, Transcriptional regulation of collagenase
(MMP-1, MMP-13) genes in arthritis: integration of complex signaling
pathways for the recruitment of gene-specific transcription factors, Arthritis
Res. 4 (2002) 157-164.

[12] T. Shiomi, V. Lemaitre, ]. D’Armiento, et al., Matrix metalloproteinases, a
disintegrin and metalloproteinases, and a disintegrin and metalloproteinases
with thrombospondin motifs in non-neoplastic diseases, Pathol. Int. 60 (2010)
477-496.

[13] H. Lu, C. Zeng, H. Zhao, et al., Glatiramer acetate inhibits degradation of
collagen II by suppressing the activity of interferon regulatory factor-1,
Biochem. Biophys. Res. Commun. 448 (2014) 323-328.

[14] H. Lim, H.P. Kim, Matrix metalloproteinase-13 expression in IL-1b-treated
chondrocytes by activation of the p38 MAPK/c-Fos/AP-1 and JAK/STAT
pathways, Arch. Pharmacal Res. 34 (2011) 109-117.

[15] J. Hwang, H. Hwang, HW. Lee, K. Suk, Microglia signaling as a target of
Donepezil, Neuropharmacology 58 (2010) 1122-1129.

[16] M. Arikawa, Y. Kakinuma, T. Handa, et al., Donepezil, anti-Alzheimer’s disease
drug, prevents cardiac rupture during acute phase of myocardial infarction in
mice, PLoS ONE 6 (2011) e20629.

[17] Y. Jiang, Y. Zou, S. Chen, et al., The anti-inflammatory effect of Donepezil on
experimental autoimmune encephalomyelitis in C57 BL/6 mice,
Neuropharmacology 73 (2013) 415-424.

[18] M. Sochocka, E. Zaczyniska, A. Tabot, et al., The influence of Donepezil and EGb
761 on the innate immunity of human leukocytes: effect on the NF-kB system,
Int. Immunopharmacol. 10 (2010) 1505-1513.


http://refhub.elsevier.com/S0006-291X(14)01844-0/h0005
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0005
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0010
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0010
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0010
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0010
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0015
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0015
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0020
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0020
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0025
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0025
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0025
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0030
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0030
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0035
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0035
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0035
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0040
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0040
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0040
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0045
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0045
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0045
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0050
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0050
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0055
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0055
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0055
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0055
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0060
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0060
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0060
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0060
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0065
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0065
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0065
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0070
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0070
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0070
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0075
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0075
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0080
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0080
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0080
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0085
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0085
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0085
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0090
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0090
http://refhub.elsevier.com/S0006-291X(14)01844-0/h0090

	The protective effects of Donepezil (DP) against
	1 Introduction
	2 Materials and methods
	2.1 Human cartilage samples
	2.2 Western blot analysis
	2.3 RNA isolation and real-time PCR
	2.4 Immunocytochemistry
	2.5 Statistical analysis

	3 Results
	4 Discussion
	Acknowledgment
	References


