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Abstract
Accumulating studies have shown that oxidative stress increases with aging, which is related to the
pathophysiology of postmenopausal osteoporosis. Pyrroloquinoline quinone (PQQ) is a natural
anti-oxidant with anti-oxidative and anti-aging effects. However, it is unclear whether PQQ has a
protective role against estrogen deficiency-induced osteoporosis. Here, we evaluated the efficacy of
PQQ on bone mineral density, bone microarchitecture, bone turnover and biomechanical strength
in ovariectomy (OVX)-induced osteoporosis mouse model. Although dietary PQQ supplement did
not affect serum E2 levels and uterine weight in OVX mice, it could prevent OVX-induced bone loss
and improve bone strength by inhibiting oxidative stress, osteocyte senescence and
senescence-associated secretory phenotype (SASP), subsequently promoting osteoblastic bone
formation and inhibiting osteoclastic bone resorption, which was comparable to treatment with
exogenous estrogen. The results from our study provide experimental evidence for the clinical use
of PQQ to prevent estrogen deficiency-induced osteoporosis.
Key words: OVX-induced osteoporosis, PQQ, oxidative stress, osteocyte senescence and SASP.

Introduction
Osteoporosis is a common systemic disease
characterized by low bone mass, poor bone strength
and deterioration of bone microstructure [1]. This is
due to the uncoupling of bone formation and bone
resorption during remodeling [2-4] and could be
accelerated in postmenopausal women due to
decreased estrogen levels [5]. Estrogen is the regulator
of osteoblasts and osteoclasts [6]. In the absence of
estrogen, bone resorption is higher than bone
formation, resulting in lower bone density and higher
fracture rates.
Postmenopausal osteoporosis remains the most
common type of osteoporosis, characterized by
significant
incidence
and
morbidity
of
osteoporosis-associated fragility fractures [7, 8].

Although estrogen deficiency is a major cause of
osteoporosis, estrogen supplementation is not
recommended for its treatment or prevention because
of the increased risk of cardiovascular events and
cancer of the breast and uterus [7, 9-11]. Parathyroid
hormone (PTH), the only clinical agent approved by
the US Food and Drug Administration (FDA), could
be used to trigger bone formation, but it also increases
the bone resorption. It is used for a limit of 2 years for
the osteosarcoma potentiality in the rats [7, 9, 12].
Current osteoporosis therapies mainly pay attention
to anti-resorption, which may be related to serious
side effects, such as the attenuation of bone formation
[7, 9]. Therefore, it is necessary to quest an alternative
therapies (natural) with acceptable adverse effects for
http://www.ijbs.com
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the osteoporosis treatment.
Accumulating studies have exhibited that the
reactive oxygen species (ROS)-induced oxidative
stress increases with aging, which is related to the
pathophysiology of postmenopausal osteoporosis
[13-18]. ROS are continuously produced in
mitochondria under normal physiological conditions,
but an excessive accumulation of ROS will cause
damage to the cell membrane, cytoplasm, and
ultimately to DNA [19]. The excess of ROS can inhibit
osteoblast differentiation and proliferation, enhance
osteoclastic differentiation, and ultimately lead to
more
bone
resorption
[20,
21].
Dietary
supplementation with antioxidants is an effective
approach to improve the damage caused by excessive
ROS. The stimulatory effects of gonadectomy on
oxidative
stress,
osteoblast
apoptosis,
and
osteoclastogenesis, and the loss of bone mass were
reduced by supplementing antioxidants, such as
N-acetyl-cysteine (NAC) and ascorbate, which were
similar to the treatment of estrogens and androgens
[15, 16].
Pyrroloquinoline quinone (PQQ) is a redox
cycling planar orthoquinone that was originally
identified as a coenzyme for methanol dehydrogenase
[22].
In
the
reduced
form,
the
aroxyl
radical-scavenging activity of PQQ is 7.4-fold of
vitamin C, indicating that water-soluble PQQ is the
most active antioxidant [23]. The previous study
suggests that PQQ can enhance mitochondrial
functions, induce nerve cells regeneration and
maintain neuronal function and fertility [24].
Recently, PQQ has received increasing attention due
to its role in free radical scavenging. Previous studies
have shown that PQQ played a significantly
protective role in the parotid gland, liver, kidney, and
bone by inhibiting the oxidative stress and DNA
damage from exposure to deleterious events [25-29].
Recent study has demonstrated that PQQ has an
inhibitory effect on osteoclast differentiation in vitro
[30]. However, the protective effect of PQQ on
estrogen deficiency-induced osteoporosis is unclear.
The OVX mouse model is a mature and widely
used animal model in the study of postmenopausal
osteoporosis [31-33]. We evaluated role and potential
mechanisms
of
PQQ
in
anti-estrogen
deficiency-induced osteoporosis using the OVX
mouse model. We assessed alterations in bone tissue
changes by measuring bone mass, bone dynamics,
bone microarchitecture, bone turnover and bone
strength parameters. At the same time, we assessed
tissue-level changes in oxidative stress, osteocyte
senescence and senescence-associated secretory
phenotype (SASP), osteoblast and osteoclast activity.
We also treated OVX mice with 17β-estradiol (E2) to

59
compare its effects with PQQ
deficiency-induced osteoporosis.
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estrogen

Materials and Methods
Animals and study design
The female C57BL/6 mice were purchased from
the Experimental Animal Center of Nanjing Medical
University (Nanjing, China) and used in experiments
at 8 weeks of age (25-30 g). All the mice were divided
into four groups (n=15 per group), Three groups were
surgically ovariectomized (OVX) via a lateral
retroperitoneal approach with ketamine/xylazine
anesthesia, while the others were sham-operated
(sham control). Paracetamol was used to relieve the
pain post-surgery within 24 hr.
All the mice except the OVX+PQQ group were
fed with a standard AIN-93G diet. The diet for
OVX+PQQ mice contained 4mg/kg PQQ mixed in the
standard mouse chow. OVX mice were injected with
17β-estradiol (E2) at a dose of 10 µg/kg body weight
subcutaneously as a positive control. After 8 weeks,
all mice were euthanized by cervical dislocation after
anesthesia. Uterus, long bones and blood samples
were harvested. The protocol used was approved by
the Animal Care Unit and Use Committee of Nanjing
Medical University.

Micro-computed tomography
For
micro-computed
tomography
(μCT)
analysis, the right femurs were removed and kept in
10% neutral-buffered formalin. The right femurs were
[34].
analyzed
as
described
previously
Two-dimensional images were used to generate
three-dimensional renderings using the 3D Creator
software supplied with the instrument (SkyScan). The
following 3D indices were calculated automatically
with the software which includes bone mineral
density (BMD), bone volume over tissue volume
(BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp) and
structure model index (SMI, an indicator of the plateor rod-like geometry of trabecular structures) in the
secondary spongiosa region; Cortical volume (Ct.V)
and cortical thickness (Ct.Th) in the mid-diaphysis.

Biomechanical parameter analysis
After µCT measurement, right femurs were
subjected to the 3-point bending tests as previously
described [35]. Biomechanical parameters were
calculated as previously described [36].

Histology
The left femurs were removed from mice and
fixed overnight at 4 °C in 2% paraformaldehyde
which contained 0.075 M-lysine and 0.01 M-sodium
http://www.ijbs.com
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periodate. These were histology
described previously [37].
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Histochemical staining for tartrate-resistant
acid phosphatase
Tartrate-resistant acid phosphatase (TRAP)
enzyme histochemical analysis was performed on
paraffin sections as previously described [38].

Fluorescent measurements
Mice were injected subcutaneously with calcein
(25mg/g) 10 and 3 days before death. Femurs were
fixed, dehydrated and defatted at 4°C, and embedded
in methyl methacrylate resin. Nonconsecutive 10 µm
longitudinal sections were cut using a Leica RM2155
(Leica Microsystems, Buffalo Grove, IL, USA), left
unstained for dynamic (fluorescent) measurements.
Mineral apposition rate (MAR) and surface-based
bone formation rate (BFR/BS) were calculated.

Biochemistry assays
Serum level of 17β-estradiol, TRAP-5b,
C-terminal cross-linked telopeptides of type I collagen
(CTX-I), and serum total antioxidant activities
(T-AOC), malonaldehyde (MDA) and superoxide
dismutase (SOD) content were measured with
respective mice-specific kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). All
measurements were performed according to the
manufacturer’s instructions and all samples were
assayed in duplicate within the same protocol.

Enzyme-linked immunosorbent assay (ELISA)
Serum TNF-α, IL-1β, and IL-6 levels were
measured using a standard quantitative sandwich
ELISA (MultiSciences Biotech Co., Ltd., Hangzhou,
Zhejiang, China).

Flow cytometry analysis for intracellular ROS
Total long bone marrow cells from different
group mice were isolated and the intracellular ROS
levels were measured as previously described [39].

Western blot analysis
For the examination of protein expression level,
proteins were extracted from bone tissue, quantitated
with a protein assay kit (Bio-Rad, Mississauga,
Ontario, Canada). Protein samples (15µg) were
fractionated by SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were blotted
with primary antibodies against SOD1 (Abcam),
SOD2 (Novus Biological), Sirt1 (Abcam) and β-actin
(Bioworld Technology, St. Louis Park, MN, USA)
were used as loading control. Immunoblotting was
carried out as described previously [37].

Immunohistochemistry
Immunohistochemical staining was carried out
as described previously [40] for β-galactosidase
(β-gal), P16INK4a, using the avidin-biotin-peroxidase
complex technique with affinity-purified rabbit
anti-mouse β-gal (Santa Cruz, CA, USA), P16INK4a
(Santa 192Cruz, CA, USA).

Quantitative real-time RT-PCR
Total RNA was isolated from mouse bone tissue
with Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Real-time
RT-PCR was performed as described previously [41]
and the primer sequences used for the real-time PCR
were purchased commercially. All PCRs were
performed in triplicate and the primers used for PCR
were shown in Table 1.
Table 1. Sequences of primers employed for RT-PCR.
RT-PCR primers used with their name, orientation (S, sense; AS,
antisense), sequence, annealing temperature (Tm), and length of
amplicon (bp).
Name
S/AS
RANKL Forward
Reverse
OPG
Forward
Reverse
CTSK
Forward
Reverse
TRAP
Forward
Reverse
Forward
IL-1α
Reverse
Forward
IL-1β
Reverse
IL-6
Forward
Reverse
IL-8
Forward
Reverse
MMP-3 Forward
Reverse
MMP-13 Forward
Reverse
GAPDH Forward
Reverse

Sequence
TGG AAG GCT CAT GGT TGG AT
CAT TGA TGG TGA GGT GTG CA
TGG AAG GCT CAT GGT TGG AT
CAT TGA TGG TGA GGT GTG CA
CTTCCAATACGTGCAGCAGA
TCTTCAGGGCTTTCTCGTTC
CACTCCCACCCTGAGATTTGT
CCCCAGAGACATGATGAAGTCA
GTGTTGCTGAAGGAGTTGCCAGAA
GTGCACCCGACTTTGTTCTTTGGT
AAGAGCTTCAGGCAGGCAGTATCA
TAATGGGAACGTCACACACCAGCA
GGACCAAGACCATCCAAT
ACCACAGTGAGGAATGTC
AACTTCTCCACAACCCTCTG
TTGGCAGCCTTCCTGATTTC
CAAAACATATTTCTTTGTAGAGGACAA
TTCAGCTATTTGCTTGGGAAA
ACTTTGTTGCCAATTCCAGG
TTTGAGAACACGGGGAAGAC
AGA AGG TGG TGA AGC AGG CAT C
CGA AGG TGG AAG AGT GGG AGT TG

Tm (℃) bp
59
75
59

75

59

155

60

145

60

156

60

190

60

127

57

277

57

91

57

131

60

111

Computer-assisted image analysis
The sections from each group were stained with
H&E or histochemically or immunohistochemically
and the images of fields were photographed and
analyzed using Northern Eclipse image analysis
software as described [41, 42].

Statistical Analysis
Data from image analysis were presented as
mean ± SEM. Two-way ANOVA was used for
statistical comparison and to make two-group
comparison. After ANOVA Bonferroni test was used
with a P <0.05 which was considered significant.
http://www.ijbs.com
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Results
Effects of PQQ and estrogen on an
OVX-induced bone loss
To examine whether PQQ supplementation was
as effective as exogenous estradiol supplementation
in preventing osteoporosis caused by estrogen
deficiency, we used OVX mice as an animal model of
osteoporosis induced by estrogen deficiency [43,44]
After 3 days of OVX, the mice were fed a normal diet
with or without PQQ supplementation, or
subcutaneously injected with vehicle or 17β-estradiol
(E2) at a dose of 10 μg/kg body weight for 8 weeks,
bone phenotype were compared to each other.
We first examined the effects of PQQ or
exogenous E2 on serum E2 levels, uterine weight and
body weight in OVX mice. Results showed that serum
E2 levels and uterine weight were reduced
significantly in OVX mice as compared with sham
mice, and they did not alter by PQQ supplementation,

61
but both were normalized by exogenous E2
supplementation (Figs. 1A, B). OVX mouse body
weight was increased as compared with sham mice,
which were normalized by PQQ and exogenous E2
supplementation (Figs. 1C). Then we examined
alterations of bone mineral density (BMD) and bone
volume
parameters
using
µCT
and
histomorphometric analyses. BMD, thickness and
volume of cortical bone, trabecular number, thickness
and bone volume (Figs.1D-J) were all reduced
significantly, whereas trabecular separation (Tb.Sp)
and structural model index (SMI) was increased
markedly in OVX mice compared with sham mice,
however, these parameters were normalized by
supplementation of both PQQ and E2 (Figs.1K-L).
These results demonstrated that dietary PQQ
supplementation
could
prevent
estrogen
deficiency-induced bone loss as exogenous estrogen
supplementation, although serum E2 levels and
uterine weight were not affected.

Figure 1. Effects of PQQ and estrogen on OVX-induced bone loss. (A) Serum 17β-estradiol (E2) levels measured by ELISA. (B) Uterine weight. (C) Body
weight. (D) The representative micro-CT images of the distal femurs. Analysis of the distal femoral trabecular bone parameters by micro-CT, (E) BMD, (F) BV/TV, (G)
Ct.V, (H) CT.Th, (I) Tb.N, (J) Tb.Th, (K) Tb.Sp and (L) SMI. Data represented as mean ±SEM, n=15. N.S. mean no significant. *: P <0.05 and **: P < 0.01, vs. the Sham
control group. #: P< 0.05 and ##: P<0.01, vs. the OVX-Veh group.

http://www.ijbs.com
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Figure 2. Effects of PQQ and estrogen on osteoblastic bone formation in OVX mice. (A) Representative micrographs of decalcified distal femur paraffin
sections stained with H&E. (B) Representative micrographs of double calcein labeling. Scale bars represent 50 μm in A and B. Histomorphometric analysis for (C)
trabecular bone volume/tissue area (BV/TV, %), (D) N.Ob/B.S (#/mm), (E) MAR. (F) BFR. Data represented as mean ±SEM, n=15. **: P < 0.01, vs. the Sham control
group. ##: P<0.01, vs. the OVX-Veh group.

Effects of PQQ and estrogen on osteoblastic
bone formation in OVX mice

Effects of PQQ and estrogen on the
osteoclastic bone resorption in OVX mice

To examine OVX-induced bone loss rescued by
PQQ and E2 in association with increased osteoblast
bone formation, parameters of osteoblast bone
formation were examined by histology, double calcein
labeling, and histomorphometric analysis. We
observed that there was a significant reduction in
osteoblast number, mineral apposition rate (MAR),
bone formation rate (BFR/BS) and trabecular bone
volume in OVX mice, whereas these parameters were
normalized by supplementation of both PQQ and E2
(Figs.2A-F). These results demonstrated that PQQ and
E2 could increase osteoblastic bone formation in OVX
mice.

To examine OVX-induced bone loss rescued by
PQQ and E2 was also associated with reduced
osteoclast bone resorption, parameters of osteoclast
bone resorption were examined by histochemistry,
real-time RT-PCR and serum biochemistry.
TRAP-positive osteoclast number and surface,
RANKL/OPG ratio, gene expression levels of
cathepsin K (CTSK) and TRAP, serum C-terminal
telopeptide of type I collagen (CTX-1) and TRAcP5b
levels were all increased significantly in OVX mice
compared with sham mice, however, these
parameters were normalized by supplementation of
both PQQ and E2 (Figs.3A-H). These results
demonstrated that PQQ and E2 could inhibit
osteoclastic bone resorption in OVX mice.

http://www.ijbs.com
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Figure 3. Effects of PQQ and estrogen on the osteoclastic bone resorption in OVX mice. (A) Representative micrographs of distal femur paraffin
sections stained histochemically for TRAP. Scale bars represent 50 μm in A. For static histomorphometric analysis, (B) eroded surface/bone surface (ES/BS, %), (C)
osteoclast number/bone surface (N.Oc/BS, #/mm) and (D) Osteoclast surface/bone surface (Oc.S/BS, %). RT-PCR of bone tissue extracts for (E) the gene expression
of RANKL, OPG, CTSK and TRAP and (F) RANKL/OPG ratio. Messenger RNA expression assessed by RT-PCR was calculated as a ratio relative to the GAPDH
mRNA level and expressed relative to sham control mice. (G) Serum bone resorption markers CTX-1 and (H) TRAP5b. Data represented as mean ±SEM, n=15. *P
<0.05 and **P < 0.01, vs. the sham control group. #P< 0.05 and ##P<0.01, vs. the OVX-Veh group.

Effects of PQQ and estrogen on bone
biomechanical indexes in OVX mice
To determine whether the supplementation of
PQQ can improve bone strength in OVX mice as the
supplementation of exogenous estradiol, bone
biomechanical indexes were examined. Results
showed that there was a significant reduction of
energy absorption, bending stiffness, maximum load
and elastic modulus in OVX mice as compared to
sham mice, however, these parameters were
normalized by supplementation of both PQQ and E2
(Figs.4A-D). The present results demonstrated that
PQQ and E2 also could improve bone strength in OVX
mice.

Effects of PQQ and estrogen on redox balance
in OVX mice
To

determine

whether

the

deficiency-induced osteoporosis prevented by
supplementation of PQQ or estrogen is interrelated
with reduced oxidative stress induced by OVX, we
examined the alterations in parameters of oxidative
stress and the antioxidant enzyme activity and
expression levels in bony tissue. Results showed that
ROS levels and malondialdehyde (MDA) content
were
increased
significantly,
whereas
total
antioxidant capacity (T-AOC) and superoxide
dismutase (SOD) activity, protein expression levels of
SOD1, SOD2 and Sirt1 were reduced significantly in
OVX mice compared with sham mice, however, these
parameters were normalized by supplementation of
both PQQ and E2 (Figs. 5A-H). These results showed
that estrogen deficiency could induce oxidative stress
in bony tissue, whereas PQQ or E2 supplementation
could reduce oxidative stress in OVX mice.

estrogen
http://www.ijbs.com

Int. J. Biol. Sci. 2019, Vol. 15

64

Figure 4. Effects of PQQ and estrogen on bone biomechanical indexes in OVX mice. Evaluation of biomechanical properties on femur by using a
three-point blending test, including (A) maximum load, (B) energy absorption, (C) elastic modulus and (D) bending stiffness. Data were the means ± SEM (n =15 for
each group). *P <0.05 and **P < 0.01, vs. the sham control group. #P< 0.05 and ##P<0.01, vs. the OVX-Veh group.

Figure 5. Effects of PQQ and estrogen on redox balance in OVX mice.(A) ROS levels in bone marrow. (B) Serum malonaldehyde (MDA) content, (C) Total
antioxidant capacity (T-AOC) and (D) superoxide dismutase (SOD) activity. (E) The protein expression levels of SOD1, SOD2 and Sirt1 were detected by Western
blotting. GAPDH was used as the loading control. (F) SOD1, (G) SOD2 and (H) Sirt1 protein levels were assessed by densitometric analysis calculated as a ratio
relative to β-actin protein levels and expressed relative to levels of Sham control mice. Data were the means ± SD (n = 6 for each group). #P < 0.05 and ##P < 0.01,
vs. the sham group.*P < 0.05 and **P < 0.01, vs. the OVX-Veh group.
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Figure 6. Effects of PQQ and estrogen on osteocyte senescence and SASP in OVX mice. Representative micrographs from paraffin sections of distal
femurs with immunohistochemical staining for (A) p16 and (B) β-gal. Scale bars represent 50 μm in A and B. (C) The percentage of p16 positive osteocyte cells and
(D) β-gal positive cells. (E) mRNA expression of established SASP components. Serum pro-inflammatory cytokines (F) TNF-α, (G) IL-1β, and (H) IL-6 were measured.
Data were the means ± SEM (n = 6 for each group). #P < 0.05 and ##P < 0.01, vs. the sham group. *P < 0.05 and **P < 0.01, vs. the OVX-Veh group.

Effects of PQQ and estrogen on osteocyte
senescence and SASP in OVX mice
To
determine
whether
the
estrogen
deficiency-induced osteoporosis prevented by
supplementation of PQQ or estrogen is associated
with
reduced
osteocyte
senescence
and
senescence-associated secretory phenotype (SASP)
induced by OVX, we examined the alterations of
osteocyte senescence and SASP. We found that the

percentages of p16 and β-galactosidase positive
osteocytes (Figs. 6A-D), the gene expression levels of
SASP components including IL-1α, IL-1β, IL-6, IL-8,
Mmp-3 and Mmp-13 (Fig. 6E), the protein expression
levels of p16, beta-2 microglobulin (B2MG) and EBP50
(Figs. 6F-I), and serum TNF-α, IL-1β and IL-6 levels
(Figs. 6J-L) were all increased significantly in OVX
mice compared with sham mice, however, these
parameters were normalized by supplementation of
both PQQ and E2. These results exhibited that
http://www.ijbs.com
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estrogen deficiency could induce osteocyte senescence
and SASP, whereas PQQ or E2 supplementation could
inhibit osteocyte senescence and SASP in OVX mice.

Discussion
Postmenopausal osteoporosis is the most
common form of osteoporosis associated with
significant morbidity, mortality, deterioration in the
quality of life and financial costs [7]. The OVX mouse
model is a mature and widely used animal model in
the study of postmenopausal osteoporosis [31-33]. In
our current study, we used the OVX mouse model to
assess the effects of PQQ on the estrogen-deficiency
induced osteoporosis. Firstly, we confirmed that OVX
resulted in estrogen deficiency, uterine atrophy and
bone loss, whereas exogenous E2 supplementation
rescued uterine atrophy and OVX induced bone loss.
Simultaneously, we demonstrated that dietary PQQ
supplementation did not alter serum E2 levels and
uterine weight, but rescued bone loss induced by
OVX.
Although the major result of the estrogen
deficiency is increased bone resorption, bone
formation is maintained by estrogen at the cellular
level [43]. Thus we evaluated the effects of OVX,
supplementation of E2 or PQQ on bone turnover
parameters. Current study demonstrated that OVX
not only induced osteoclastic bone resorption but also
reduced osteoblastic bone formation and bone
strength. In contrast, the bone resorption of
osteoclasts and bone formation of osteoblasts and
bone biomechanical indices were normalized by the
supplementation of E2 or PQQ. Our results show a
comparable role of PQQ as estrogen in preventing
estrogen
deficiency-induced
osteoporosis
by
inhibiting osteoclastic bone resorption, stimulating
the osteoblastic bone formation and enhancing bone
strength.
Next, we asked whether the estrogen
deficiency-induced osteoporosis prevented by
supplementation of estrogen is associated with
reduced oxidative stress induced by OVX. Recent
studies strongly indicate that estrogen deficiency
accelerates bone aging and significantly impairs the
defense mechanisms of antioxidant stress [14, 44]. Our
recent study suggests that estrogen deficiency causes
a down-regulation of Bmi1, thus increasing ROS, T
cell activation and RANKL production in T cells,
osteoclastogenesis and accelerated bone loss [45]. Our
previous studies also showed that estrogen
deficiency-induced oxidative stress with reduced
antioxidase levels and activity in mouse bone tissue,
and impaired osteogenesis and osteoblastic bone
formation. The antioxidant NAC administration
resulted in intense improvement in osteogenesis and
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osteoblastic bone formation in OVX mice [16]. Current
study confirmed that estrogen deficiency could
induce oxidative stress and reduced antioxidase levels
and activity, whereas E2 supplement could reduce
oxidative stress by increasing antioxidase levels and
activity in OVX mice. Results from previous and our
recent study, therefore, support that in vivo, estrogen
plays a role to stimulate the osteoblastic bone
formation and inhibit the osteoclastic bone resorption,
at least partially through defense against oxidative
stress.
We demonstrated in this study that dietary PQQ
supplementation could not alter serum E2 levels and
uterine weight, but could rescue bone loss induced by
OVX. Thus, we asked whether PQQ plays a
comparable role as estrogen in preventing estrogen
deficiency-induced osteoporosis through defense
against oxidative stress. To answer this question, we
treated the OVX mice with PQQ in the supplementary
diet from 3 days after OVX for 8 weeks. Our results
demonstrated that dietary PQQ supplementation
prevented effectively OVX-induced bone loss as it is
the replacement with estrogens in mice through
played a comparable role as estrogen in defense
against oxidative stress. We recent study has
suggested that PQQ supplementation can prevent
osteoporosis caused by testosterone deficiency [46].
We also demonstrated the anti-osteoporosis role of
PQQ by upregulating antioxidant capacity,
suppressing oxidative stress and lowering DNA
damage, and down-regulating p16, p19, p21, p27, p53
protein expression levels, and inhibiting cell apoptosis
[47]. Our results indicate that PQQ not only prevents
the estrogen deficiency-induced osteoporosis as
effectively as the replacement with estrogens through
defense against oxidative stress but also might avoid
the side effects caused by estrogen.
ROS has been described as important mediators
for cellular senescence progression [48]. Senescent
cells can develop SASP consisting of proinflammatory
cytokines,
chemokines,
and
extracellular
matrix-degrading proteins. The SASP not only has
harmful paracrine effects but also has systemic effects
[49-51]. The evidence from recent studies suggests
that in the development of age-associated disease,
cellular senescence is a strong contributor via its
growth arrest phenotype and the SASP factor. Thus,
we asked whether the estrogen deficiency-induced
osteoporosis prevented by supplementation of PQQ
or estrogen is associated with reduced osteocyte
senescence and SASP induced by OVX. To answer this
question, we examined the alterations of osteocyte
senescence and SASP. Our results demonstrated that
estrogen deficiency could induce osteocyte senescence
as shown increased the percentages of p16 and
http://www.ijbs.com
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β-galactosidase positive osteocytes, the expression
levels of senescence marker proteins including p16,
beta-2 microglobulin (B2MG) and EBP50 [52] and
SASP, whereas PQQ or E2 supplement could inhibit
osteocyte senescence and SASP in OVX mice.
Previous research has shown that by using the
INK-ATTAC transgenic mouse model, and only 30%
of senescent cells clearance had profound effects on
prevention of tissue dysfunction and the onset of
multiple age-related pathologies [53]. In our results, it
is clear that estrogen deficiency can induce SASP and
osteocyte senescence, whereas supplementation of
PQQ or estrogen can prevent osteocyte senescence
and SASP.
Conclusively, our present study exhibited that
estrogen deficiency-induced bone loss was not only
related with increased oxidative stress and
osteoclastic bone resorption but also related with
increased osteocyte senescence and SASP, and
reduced osteoblastic bone formation. The dietary
PQQ or estrogen supplementation play the same role
in preventing osteoporosis induced by estrogen
deficiency by inhibiting oxidative stress and
osteoclastic bone resorption, preventing osteocyte
senescence and SASP, and stimulating osteoblastic
bone formation. Therefore, our current research
suggests that PQQ could be used for the prevention
and treatment of postmenopausal osteoporosis.
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