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Abstract: Accumulating evidence suggests that oxidative stress plays an important role in the progression of oste-
oarthritis (OA), and pyrroloquinoline quinone (PQQ) is considered a strong antioxidant. However, it is unclear wheth-
er PQQ can prevent the progression of OA by inhibiting oxidative stress. In this study, anterior cruciate ligament
transection (ACLT)-induced OA mice received a diet supplemented with/without PQQ, and were compared with
each other and with sham-operated mice. Our results showed that in PQQ-untreated OA mice, articular surfaces
collapsed, while the thickness of articular cartilage and the abundance of cartilage matrix protein decreased signifi-
cantly, whereas PQQ supplementation largely prevented these alterations. We also found that oxidative stress, DNA
damage, cellular senescence and the secretion of senescence-associated inflammatory cytokines were increased
in PQQ-untreated OA mice compared with sham-operated mice. However, these parameters were obviously rescued
in PQQ-treated OA mice. This study demonstrated that PQQ supplementation can prevent ACLT-induced OA by inhib-
iting oxidative stress, DNA damage, cell senescence and the development of the senescence-associated secretory

phenotype.
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Introduction

Osteoarthritis (OA) is the most common cause
of loss of function and reduced ability to com-
plete activities of daily living in elderly adults.
Knee OA is a highly prevalent condition among
the elderly, characterized by the progressive
breakdown of the articular cartilage that influ-
ences the articular cartilage, the subchondral
bone, and the synovium, and is accompanied
by pain, immobility, muscle weakness, and
chronic disability [1]. The degeneration can be
alleviated by oral anti-inflammatory drugs and
intra-articular injection of hyaluronan, but none
of these treatments can completely cure the
disease except total knee arthroplasty which is
invasive and expensive [2]. It is therefore
essential to suppress the progression of articu-
lar cartilage degeneration at an early stage of
the disease.

Among the risk factors involved in the patho-
logical course of OA are aging, obesity, female
sex, heredity and injury. However, the pathologi-
cal mechanism remains unclear. Recently, an
increasing number of studies have concluded
that OA progression is significantly related to
oxidative stress. Antioxidant enzymes, such as
SOD, CAT, and GPX, are decreased in OA
patients, confirming the role of oxidative stress
in the progression of OA [3-5]. When the pro-
duction of ROS exceeds levels of antioxidant,
the expression of lipid peroxidation products
and nitrated products is increased in the bio-
logical fluids and cartilage of OA patients and in
animal models of OA [6, 7]. It is commonly
believed that when cells including chondrocytes
undergo oxidative stress, this triggers activa-
tion of the DNA damage response and cell
senescence [8]. This has subsequently been
linked to the development of OA. Evidence in
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support of this was provided by extensive st-
aining of a marker of oxidative damage in the
degenerated OA cartilage and marked expres-
sion of senescent phenotypes when supple-
menting cultured chondrocytes with ROS which
was associated with oxidative stress [9, 10].

Senescent cells, referred to as the senescen-
ce-associated secretory phenotype (SASP), se-
crete increased levels of cytokines including
IL-1 and IL-6, growth factors and matrix met-
alloproteinases (MMPs) [11]. More evidence
shows that chondrocytes can exhibit features
of the SASP which has significant effects on the
role of chondrocyte senescence in the develop-
ment and progression of OA. It is accepted that
inflammatory cytokines such as IL-1a, IL-13,
IL-6, MMP-3 and MMP-13 can inhibit the syn-
thesis of type Il collagen and aggrecan, and
accelerate the degeneration of cartilage and
subchondral bone [12, 13].

Pyrroloquinoline quinone (PQQ) was initially
acted as a redox cofactor of dehydrogenases
in the bacterial system, was first identified as
a coenzyme for methanol dehydrogenase [14].
During the past decade, abundant evidence
has come to light suggesting that PQQ is a
strong antioxidant, including acting to amelio-
rate oxidative stress and lipid peroxidation in
the brain of streptozotocin-induced diabetic
mice [15], modulating mitochondrial quantity
and function in aging rats [16], and exerting
long-term protective effects on developmental
programming of hepatic lipotoxicity and infla-
mmation in obese mice [17]. Prior study sugg-
ests that PQQ exerts a chondroprotective effe-
ct during the progression of OA by inhibiting
nitric oxide production and metalloproteinase
synthesis [18]. Whether PQQ can prevent OA by
inhibiting oxidative stress, DNA damage and
chondrocyte senescence has not been investi-
gated and any related mechanism is unknown.

To determine the effect of PQQ on knee OA, we
established an OA model in mice by transection
of the anterior cruciate ligament (ACLT) and
then supplementing the ACTL mice with/with-
out PQQ in the diet from 3-weeks-old. The con-
trol mice underwent a sham operation and
were fed a normal diet. We examined the phe-
notype of articular cartilage in these mice to
investigate whether PQQ can inhibit the pro-
gression of OA by inhibiting oxidative stress,
DNA damage and chondrocyte senescence.
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Materials and methods
Mice

Female C57/BL6J mice were purchased from
Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, China). They were maintained in a
virus- and parasite-free barrier facility and
exposed to a 12-h light, 12-h dark cycle. Mice
were randomly divided into three groups: 1)
sham surgery with a normal diet; 2) ACLT group
with a normal diet; 3) ACLT group suppleme-
nted with PQQ in the diet from 3 weeks old to
28 weeks old. ACLT mice underwent ACLT sur-
gery at 24 weeks of age to induce mechanical
instability-associated OA. The PQQ diet was
obtained by supplementing the normal diet
with 4 mg PQQ per kg. Sham operations were
independently performed. All mice were sacri-
ficed at 28 weeks of age, 1 month after surgery.
This study was approved by the Institutional
Animal Care and Use Committee of Nanjing
Medical University.

Anterior cruciate ligament transaction (ACLT)

Mice were anesthetized with chloral hydrate.
The right knee joint was exposed through a
medial parapatellar approach. The anterior cru-
ciate ligament (ACL) was then transected with
micro-scissors. Complete transection was con-
firmed by a positive anterior drawer sign. The
control group underwent arthrotomy without
transection of the ACL.

Microcomputed tomography (Micro-CT)

After sacrifice, the right knees were removed
and fixed in PLP fixative (2% paraformaldehyde
containing 0.075 M lysine and 0.01 M sodium
periodate). These samples were then scanned
on a micro-CT scanner (Sky Scan 1072 Scanner)
using energy of 100 kV, and 98 pA intensity.
Three-dimensional (3D) images were generated
using the 3D Creator software supplied with the
instrument as described previously [19].

Histology

The right knees were removed and dissected
free of soft tissue, fixed with PLP fixative at 4°C
and processed histologically. Then the knees
were decalcified in EDTA glycerol solution for 5
to 7 days at 4°C. The decalcified knees were
dehydrated and embedded in paraffin, after
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which 5 um sections were cut on a rotary
microtome. The sections were stained with
0.1% safranin-O and 0.02% Fast Green or tar-
trate-resistant acid phosphatase (TRAP) activi-
ty according to a previously-described protocol
[20] or stained immunohistochemically as
described below.

Immunohistochemical staining

Immunohistochemical staining was carried out
for type Il collagen, 8-hydroxy-2’-deoxyguano-
sine (8-OHdG), phosphorylation of histone H2-
AX on Ser139 (y-H2AX), B-galactosidase (B-gal),
pl6™*4a interleukin (IL)-1a, IL-1B, IL-6, matrix
metalloproteinase (MMP)-3 and MMP-13 usi-
ng the avidin-biotin-peroxidase complex tech-
nique with affinity-purified rabbit anti-mouse
type Il collagen antibody (Abcam, Cambridge,
MA, USA), 8-OHdG (Abcam), y-H2AX (Cell Signa-
ling Technology, Danvers, MA, USA), 3-gal (Sa-
nta Cruz Biotechnology, Santa Cruz, CA, USA),
pl6™*4a (Abcam), IL-1ax (Santa Cruz Biotech-
nology), IL-1B (Santa Cruz Biotechnology), MMP-
3 (Santa Cruz Biotechnology), and MMP-13
(Santa Cruz Biotechnology) following previous-
ly-described methods [20].

Western blotting

Proteins were extracted from the articular car-
tilage of each group of mice. Immunoblotting
was carried out as previously described [21].
Primary antibodies against SOD2 (Novus Bio-
logical, Centennial, CO, USA), Prdx 1 (Santa Cr-
uz Biotechnology), Prdx 4 (Santa Cruz Biote-
chnology), y-H2AX (Cell Signaling Technology),
ple™K4a (Abcam), B-actin (Bioworld Technology,
St. Louis Park MN, USA) were used. Immun-
oreactive bands were visualized with ECL ch-
emiluminescence (Amersham Biosciences, Ch-
alfont St. Giles, UK) and analyzed by Scion
Image Beta 4.02 (Scion, National Institutes of
Health, Bethesda, MD, USA).

Detection of ROS levels

The chondrocytes from articular cartilage were
converted into single cell suspensions as fol-
lows: tissue was trypsinized, washed with cold
PBS, and resuspended in binding buffer, then
108 cells per sample were incubated with 5 yL
2’ 7’-dichlorofluorescein diacetate (DCFH-DA,
Sigma-Aldrich, St. Louis, MO, USA) for 30 mins
in the dark followed by incubation with 10%
FBS for 20 mins at 37°C. ROS levels were cal-

1462

culated from mean fluorescence intensity (MFI)
measured using a flow cytometer (BD Biosci-
ences, Franklin Lakes, NJ, USA).

RNA isolation and quantitative real-time RT-
PCR

RNA was isolated from articular cartilage with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Re-
verse transcription reactions were performed
with the SuperScript First-Strand Synthesis Sy-
stem (Invitrogen) as previously described [22].
To determine the relative expression of genes
of interest, quantitative real-time RT-PCR was
carried out in an Applied Biosystems Cycler
with a SYBR Green PCR reagent kit. The PCR
primers were used as described previously [20,
21]. GAPDH was used as the internal control for
each reaction. All primers were tested for the-
ir specificity by conventional PCR before being
used for quantitative analysis by real-time
RT-PCR. Results were analyzed with SDS 7300
software, and the relative amount of mMRNA was
calculated after normalization for GAPDH
MRNA.

Computer-assisted image analysis

After histochemical orimmunohistochemical st-
aining of sections from five mice of each group,
images of micrographs from single sections
were digitally recorded using a rectangular tem-
plate, and recordings were processed and ana-
lysed using Northern Eclipse image analysis
software as described previously [20].

Statistical analysis

All analyses were performed using SPSS so-
ftware, version 16.0 (SPSS Inc., Chicago, IL,
USA). Measured data are presented as mean
+ SEM. Statistical comparisons were perform-
ed using a one-way ANOVA of qualitative data
to compare differences between groups. P va-
lues < 0.05 were considered statistically signi-
ficant.

Results

Effect of PQQ on the articular cartilage and
subchondral bone of mice with ACLT-induced
OA

To examine the effect of PQQ on ACLT-induced
OA, we first evaluated the joints of mice using
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Figure 1. The effect of PQQ on articular cartilage and subchondral bone of ACLT-induced OA mice. (A) Representa-
tive Micro-CT-scanned and 3D reconstructed sections of mouse tibial condyles. Representative photomicrographs
of paraffin sections of articular cartilage from 28-week-old mice of each group stained (B) immunohistochemically
for type Il collagen and (C) histochemically for glycosaminoglycan and (D) TRAP. (E) The percentage of the Col II-
immunopositive area was determined by image analysis. (F) The level of proteoglycans was determined by image
analysis. (G) The number of TRAP-positive osteoclasts (N.Oc) per mm bone perimeter (B.Pm) was measured in the
subchondral bone of TRAP-stained condyles. Data are presented as the mean + SEM of determinations, each data-
point was the mean of five specimens. **P < 0.01 versus sham-operated mice. *P < 0.05, #P < 0.01 versus PQQ-

untreated ACLT mice. (B-D) Magnification, 200x.

micro-CT. Compared with sham-operated mice,
PQQ-untreated ACLT mice were found to have
an irregular surface to their articular cartilage;
however, dietary PQQ supplementation mark-
edly rescued this problem (Figure 1A). To verify
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whether alterations of articular imaging were
associated with cellular alterations of cartilage
and subchondral bone, paraffin sections of
knees from mice with or without PQQ suppl-
ementation were stained immunohistochemi-
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Figure 2. The effect of PQQ on oxidative stress in articular cartilage of ACLT-induced OA mice. (A) Representative flow
cytometric analysis of ROS levels of articular cartilage chondrocytes from sham, ACLT and ACLT+PQQ mice. (B) Rela-
tive fluorescence intensity (RFI) of ROS was calculated and expressed relative to the sham mice. (C) Representative
western blots of articular cartilage extracts showing expression of SOD2, peroxiredoxin 1 (Prdx1) and peroxiredoxin
4 (Prdx4); B-actin was used as loading control for the western blots in the sham, ACLT and ACLT+PQQ groups. (D)
SOD2, (E) Prdx1, (F) Prdx4 protein levels relative to B-actin protein levels were assessed by densitometric analysis
and expressed relative to levels in sham-operated mice. Data are presented as the mean + SEM of determinations,
each data-point was the mean of five specimens. *P < 0.05, **P < 0.01, ***P < 0.001 versus sham mice. #P <

0.01 versus PQQ-untreated ACLT mice.

cally for type Il collagen and histochemically
for glycosaminoglycan and TRAP. The results
showed that in PQQ-untreated ACLT mice, both
the areas stained positive for type Il collagen
and the intensity of Safranin O staining in the
matrix were reduced significantly, while decr-
eased thickness of the articular cartilage and
disorganized chondrocytes were observed (Fi-
gure 1B, 1C, 1E, 1F). In PQQ-treated ACLT mice,
however, most areas of the articular cartilage
showed strong staining with Safranin O or type
Il collagen, while the surface integrity and
columnar arrangement of chondrocytes were
not disrupted in these joints. These results su-
ggested that the cartilage matrix had not be-
en degraded in PQQ-treated ACLT mice. We al-
so found that TRAP-positive osteoclast num-
bers in the subchondral bone of PQQ-untreat-
ed ACLT mice were increased significantly co-
mpared with sham-operated mice (Figure 1D
and 1G). However, they were substantially re-
scued in PQQ-treated ACLT mice. These find-
ings indicated that PQQ prevented cartilage
degeneration.

The effect of PQQ on redox balance in ACLT-
induced OA mice

To investigate whether the effect of PQQ on OA
was associated with regulation of oxidative
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stress, we measured the ROS levels and the
mRNA levels of antioxidant enzymes in articular
cartilage. We found that ROS levels were in-
creased (Figure 2A and 2B), while protein lev-
els (Figure 2C-F) of SOD2, peroxiredoxin 1
(Prdx1) and peroxiredoxin 4 (Prdx4) and mRNA
levels of antioxidant enzymes, including SODZ,
SOD2, GPX4, GSR and CAT (Figure 3A-E) were
significantly reduced in PQQ-untreated ACLT
mice compared with the sham-operated group;
however, these parameters were rescued sig-
nificantly in PQQ-treated ACLT mice. These re-
sults indicated that PQQ may prevent cartilage
degeneration by inhibiting oxidative stress.

The effect of PQQ on DNA damage and cellular
senescence in ACLT-induced OA mice

To investigate whether increased oxidative st-
ress can induce DNA damage and chondrocy-
te senescence in ACLT-induced OA mice, the
DNA damage markers, y-H2AX and 8-OHdG,
and the cellular senescence markers, 3-gal and
pleNk4a were examined by immunohistochem-
ical staining in paraffin sections of articular ca-
rtilage. Results revealed that the percentages
of chondrocytes positive for y-H2AX (Figure 4A
and 4B), 8-OHdG (Figure 4C and 4D), B-gal
(Figure 4E and 4F) and p16™*4 (Figure 4G
and 4H) and the protein levels of y-H2AX and

Am J Transl Res 2019;11(3):1460-1472
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Figure 3. The effect of PQQ on oxidative stress in articular cartilage of ACLT-induced OA mice. Real-time RT-PCR was
performed on articular cartilage extracts from 28-week-old mice of each group. Gene expression of (A) SOD1, (B)
SOD2, (C) GPX4, (D) GSR and (E) CAT are shown. Messenger RNA expression, assessed by real-time RT-PCR analy-
sis, was calculated as a ratio to the GAPDH mRNA level and expressed relative to levels in sham mice. Data are
presented as the mean + SEM of determinations, each data point is the mean of five specimens. *P < 0.05, **P <
0.01, versus sham mice. *P < 0.05, #P < 0.01 versus PQQ-untreated ACLT mice.

pl6'N*4a (Figure 5A-C) were increased significa-
ntly in the articular cartilage of PQQ-untreated
ACLT mice compared with the sham-operated
mice, whereas these parameters were downre-
gulated dramatically in PQQ-treated ACLT mice.

Effect of PQQ on the production of senes-
cence-associated inflammatory cytokines in
ACLT-induced OA mice

To determine whether increased cellular sen-
escence could induce senescence-associated
inflammatory cytokine production in chondro-
cytes, the expression of inflammatory cytokin-
es was examined in articular cartilage by imm-
unohistochemistry and real-time RT-PCR. Com-
pared with the sham group, the percentage of
chondrocytes positive for IL-1«a (Figure 6A and
6B), IL-1B (Figure 6C and 6D), MMP-3 (Figure
6E and 6F), and MMP-13 (Figure 6G and 6H),
and the gene expression levels of IL-1a, IL-13,
IL-6, MMP-3, and MMP-13 (Figure 7A-E) were
all upregulated significantly in articular carti-
lage of PQQ-untreated ACLT mice. However,
they were markedly rescued by PQQ supp-
lementation.
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Discussion

OA is the most prevalent disease characterized
by degeneration of articular cartilage, causing
pain and physical disability [22]. Advancing age
and trauma are the main risk factors for the
development of OA. Finding effective therapies
to slow OA progression is therefore especially
critical.

Multiple pathways have been linked to OA.
Oxidative stress is known to be detrimental to
many cells and has been described as an
important factor during disease and with aging.
A large number of studies have concluded that
oxidative stress has a role in the progression of
OA, and oxidative stress has been found to be
elevated in OA patients [5, 23]. Chondrocytes
express a variety of antioxidants which can pro-
tect cells from oxidative stress damage, inclu-
ding CAT, SOD and GPX. Alterations in the leve-
Is of these enzymes and increased levels of
lipid peroxides cause loss of homeostasis in
the maintenance of healthy articular cartilage
that leads to the pathological degeneration of
articular cartilage in OA with increasing age [24,

Am J Transl Res 2019;11(3):1460-1472
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Figure 4. The effect of PQQ on DNA damage and cellular senescence in articular cartilage of ACLT-induced OA mice. Representative micrographs of paraffin sections
of articular cartilage from 28-week-old mice of each group stained immunohistochemically for (A) y-H2AX, (C) 8-0OHdG, (E) p16™** and (G) B-gal. The percentages
of (B) y-H2AX-positive, (D) 8-OHdG-positive, (F) p16™*“2-positive and (H) B-gal-positive cells were determined by image analysis. Data are presented as the mean +
SEM of determinations, each data-point was the mean of five specimens. *P < 0.05, **P < 0.01 versus sham mice. #P < 0.05, #P < 0.01 versus PQQ-untreated
ACLT mice. (A, C, E, G) Magnification, 400x.
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Figure 5. The effect of PQQ on DNA damage and cellular senescence in articular cartilage of ACLT-induced OA mice.
(A) Representative western blots of articular cartilage extracts analysed for expression of y-H2AX and p16™¢4a,
B-actin was used as loading control for western blots in the sham, ACLT and ACLT+PQQ mice. (B) y-H2AX and (C)
p16'N“4a protein levels relative to B-actin protein levels were assessed by densitometric analysis and expressed rela-
tive to levels in sham mice. Data are presented as the mean + SEM of determinations; each data-point is the mean
of five specimens. *P < 0.05, **P < 0.01 versus sham mice. #P < 0.01 versus PQQ-untreated ACLT mice.

25]. This study examined whether oxidative
stress was increased in ACLT-induced OA mice.
Results showed that ROS levels were increased
and mRNA levels of endogenous antioxidants,
including SOD1, SOD2, GPX4, GSR and CAT, we-
re significantly downregulated in articular carti-
lage of ACLT-induced OA mice. Consequently,
increased oxidative stress may contribute to
ACLT-induced OA.

Pyrroloquinoline quinine (PQQ) has been shown
to act as an antioxidant, modulating the oxida-
tive stress response of living cells in vivo. It has
been suggested that PQQ is a potent neuropro-
tective nutrient that functions as a scavenger
of ROS, especially superoxide [26]. In the same
way as the antioxidant NAC, PQQ treatment
reversed the increase in the ROS level of skel-
etal muscle atrophy samples [27]. Recently,
several reports have revealed that PQQ plays
an important role in rescuing osteoporosis by
upregulating anti-oxidant ability and inhibiting
oxidative stress [19, 28]. In the current study,
PQQ treatment largely ameliorated the pheno-
type of OA and reduced oxidative stress. These
results were consistent with previous studies
that suggested that PQQ participates in the
antioxidant mechanism and protects cells from
oxidative damage.

There is accumulating evidence for age-related
oxidative stress in many tissues, and oxidative
stress has been found to induce DNA damage
and cell senescence [29, 30]. Chondrocyte
senescence is triggered by oxidative damage
and contributes to the abnormal inflammatory
environment present in OA [31]. Compared with
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chondrocytes isolated from normal cartilage,
articular chondrocytes from older adults and
OA chondrocytes positively express a variety
of senescence-associated markers, including
telomere attrition, activated DNA damage res-
ponse (DDR), SA-B-gal activity, and increased
pleNk4a  expression [32-35]. In the current
study, the DNA damage markers 8-OHdG and
y-H2AX, and the cellular senescence markers,
B-gal and p16™**a, were increased in the arti-
cular cartilage of PQQ-untreated ACLT mice.
These results suggested that increased oxi-
dative stress in ACLT-induced OA can trigger
DNA damage, ultimately leading to chondrocy-
te senescence.

Senescent cells can exhibit a complex proin-
flammatory response termed the senescence-
associated secretory phenotype (SASP) that
enables them to communicate with other cells,
as well as the microenvironment, stimulating
neighbouring cells to senesce [36]. There is evi-
dence that chondrocytes can exhibit features
of the SASP, which has a pivotal effect on the
role of chondrocyte senescence in OA. In our
study, we found that the percentage of IL-1a-,
IL-1B-, MMP-3- and MMP-13-positive chondro-
cytes and the gene expression levels of IL-1¢,
IL-1B, IL-6, MMP-3, and MMP-13 were all incr-
eased significantly in articular cartilage from
PQQ-untreated ACLT mice compared to the
sham group. Chondrocyte SASP including pr-
oduction of proinflammatory cytokines and
matrix-degrading proteases can disturb met-
abolism and enhance catabolism of cartilage
in OA. Accumulating studies have demonstr-
ated that IL-1p in articular cartilage can indu-
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Figure 6. The effect of PQQ on the secretion of senescence-associated inflammatory cytokines in articular cartilage of ACLT-induced OA mice. Representative mi-
crographs of paraffin sections of articular cartilage from 28-week-old mice of each group stained immunohistochemically for (A) IL-1a, (C) IL-16, (E) MMP-3 and (G)
MMP-13. The percentages of (B) IL-1a-positive, (D) IL-1B-positive, (F) MMP-3-positive and (H) MMP-13-positive cells were determined by image analysis. Data are
presented as the mean + SEM of determinations; each data-point is the mean of five specimens. **P < 0.01, ***P < 0.001 versus sham mice. *P < 0.05, #P <
0.01, ##P < 0.001 versus PQQ-untreated ACLT mice. (A, C, E, G) Magnification, 400x.

1468 Am J Transl Res 2019;11(3):1460-1472



Pyrroloquinoline quinone prevents knee osteoarthritis

2 5 2 47
g g
Q2 4- * % o
[0] ® 34
= =
T 3- ©
o 2 2
$ 2 s
#Hi
x o
€ £ 14
s 11 o
= 0- = 0-
D E
o 8- £10-
° 2
@ *kk = 8
g6 2
= ©
° © 6
; 44 Fk <
# z
z i 44
® £
E 5 =
™ ™ 2
% o
=
= 04 S 0

Sk o 47 &k
[0]
3
@) =)
=
@
<] 7
i o
£ 1
©
—
04
B Sham
. I ACLT
# H ACLT+PQQ

Figure 7. The effect of PQQ on the secretion of senescence-associated inflammatory cytokines in the articular carti-
lage of ACLT-induced OA mice. Real-time RT-PCR was performed on extracts of articular cartilage from 28-week-old
mice of each group to investigate gene expression of (A) IL-1«, (B) IL-1B, (C) IL-6, (D) MMP-3 and (E) MMP-13. Mes-
senger RNA expression, assessed by real-time RT-PCR analysis, was calculated as a ratio to the GAPDH mRNA level
and shown relative to levels in sham mice. Data are presented as the mean + SEM of determinations, each data-
point is the mean of five specimens. **P < 0.01, ***P < 0.001 versus sham mice. #P < 0.01 versus PQQ-untreated

ACLT mice.

ce the production of proinflammatory cytokin-
es such as IL-6 and of chemokines such as IL-8
to amplify and perpetuate the OA process [37,
38]. Levels of IL-1B3 and IL-6 are elevated in the
synovial fluid and cartilage of OA patients and
can reduce expression of type Il collagen and
stimulate the release of MMPs [39, 40]. Se-
nescent cells also secrete increased levels of
some MMPs. It has been reported that MMP-13
serves as a major mediator of type Il collagen
cleavage, and immunostaining of MMP-3 and
MMP-13 has been shown to increase in carti-
lage with aging [12]. Our results also found that
the expression of IL-1q, IL-1B, IL-6, MMP-3 and
MMP-13 was increased dramatically in ACLT-
induced OA mice. These secreted products of
the SASP may lead to breakdown of the carti-
lage matrix including type Il collagen and gly-
cosaminoglycan, thus resulting in articular car-
tilage degradation.

A large number of studies have illustrated that
inhibiting cell senescence may be an effective
therapy for OA. Selective clearance of the
senescent cells from in vitro cultures of chon-
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drocytes isolated from OA patients reduced
expression of senescence and inflammatory
markers while also increasing expression of
extracellular matrix proteins in cartilage tissue
[41, 42]. In our study, PQQ supplementation
efficiently suppressed the expression of cell
senescence markers and the development of
the SASP. These results suggested that PQQ
could be a new therapy with the ability to slow
or stop the progression of OA.

In conclusion, our study demonstrated that
PQQ played a preventive and protective role in
ACLT-induced OA by inhibiting oxidative stress,
DNA damage, cell senescence and SASP secre-
tion. Our results from this study provided exper-
imental evidence of another pathway for the
clinical application of PQQ, suggesting that PQQ
could be considered as a potential therapeutic
agent for OA prevention and treatment.
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