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Abstract: Accumulating evidences suggest that oxidative stress caused and deteriorated the aging related osteopo-
rosis and pyrroloquinoline quinone (PQQ) is a powerful antioxidant. However, it is unclear whether PQQ can prevent
testosterone deficiency-induced osteoporosis. In this study, the orchidectomized (ORX) mice were supplemented in
diet with/without PQQ for 48 weeks, and compared with each other and with sham mice. Results showed that bone
mineral density, trabecular bone volume, collagen deposition and osteoblast number were decreased significantly
in ORX mice compared with shame mice, whereas PQQ supplementation largely prevented these alterations. In con-
trast, osteoclast surface and ratio of RANKL and OPG mRNA relative expression levels were increased significantly
in ORX mice compared with shame mice, but were decreased significantly by PQQ supplementation. Furthermore,
we found that CFU-f and ALP positive CFU-f forming efficiency and the proliferation of mesenchymal stem cells were
reduced significantly in ORX mice compared with shame mice, but were increased significantly by PQQ supplemen-
tation. Reactive oxygen species (ROS) levels in thymus were increased, antioxidant enzymes SOD-1, SOD-2, Prdx
| and Prdx IV protein expression levels in bony tissue were down-regulated, whereas the protein expression levels
of DNA damage response related molecules including y-H2AX, p53, Chk2 and NFkB-p65 in bony tissue were up-
regulated significantly in ORX mice compared with shame mice, whereas PQQ supplementation largely rescued
these alterations observed in ORX mice. Our results indicate that PQQ supplementation can prevent testosterone
deficiency-induced osteoporosis by inhibiting oxidative stress and DNA damage, stimulating osteoblastic bone for-
mation and inhibiting osteoclastic bone resorption.
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Introduction men sustain bone loss of approximately 0.5-1%
per year beginning at the sixth decade [3].
Although the role of declining sex steroid levels
in bone loss is well recognized in women,
remarkable changes in sex steroid levels also
occur over the lifespan in men. With aging, the
change of sex steroid hormone levels seems to
be a leading cause of osteoporosis in men. The

testosterone deficiency-induced osteoporosis

Osteoporosis is a disease that thins and weak-
ens the bones to the point that they become
fragile and break easily. It is well-known that
osteoporosis-related fractures (low-trauma or
fragility fractures) cause substantial disability,
health-related costs and mortality among post-
menopausal women and older men [1].

Osteoporosis is now recognized as a major
threat to health in elderly [2], despite not under-
going a menopausal transition as women do,

in men occurs later than postmenopausal
osteoporosis in women, but the morbidity and
mortality after osteoporotic fractures are great-
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er [4]. With aging, bone formation decreases
due to reduction in osteoblast number, activity,
and life span, whereas bone resorption increas-
es as a result of sex hormone deprivation.
These two mechanisms contribute to the de-
creased bone mass and increased risk of frac-
tures seen in the aging population. Current
effective antiresorbing drugs reduce bone
remodeling in osteoporotic subjects. An ideal
way to prevent age-related bone loss would be
not only to reduce bone resorption, but also to
promote bone formation. There is therefore an
important need to develop therapeutic strate-
gies capable of promoting bone formation in
osteoporotic subjects.

Reactive oxygen species (ROS) are a number of
reactive molecules and free radicals generated
in the process of endogenous mitochondrial
oxidative phosphorylation or from the reaction
with exogenous compounds in environment.
Previous studies showed that oxidative stress
or ROS caused aging, atherosclerosis, tumori-
genesis, arthritis and osteoporosis [5-11]. In
bone, low level of ROS was reported to promote
the differentiation of hypertrophic chondro-
cytes into osteoblasts to form bones [12], while
high levels of ROS influenced the bone forma-
tion and remodeling by inhibiting the prolifera-
tion and differentiation of mesenchymal stem
cells (MSCs) into osteoblasts and the activity of
osteoblasts as well [13-17]. Interestingly, aged
human MSCs had elevated levels of ROS and
inhibition of ROS level rescued the ability of
these MSCs to proliferate normally. Therefore,
it is no doubt that there is a critical role of ROS
in modulating the cell proliferation and sur-
vival.

Recently, accumulating evidences based on
the animal studies and epidemiological rese-
arches inferred that the high oxidative stress
caused and deteriorated the aging related
osteoporosis [18]. Although literatures showed
that testosterone deficiency resulted in incre-
ased oxidative stress which accelerated skele-
ton aging, however, the mechanism of the tes-
tosterone deficiency-induced osteoporosis is
not clear [19].

Pyrroloquinoline quinone (PQQ) is a powerful
antioxidant [20]. Many studies [21-24] suggest
that antioxidants act as inhibitors of osteoclas-
togenesis and promote osteoblastogenesis.
Whether PQQ could improve the testosterone
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deficiency-induced osteoporosis has not been
investigated and related mechanism is un-
known. To determine the effect of PQQ on the
testosterone deficiency-induced osteoporosis,
we established a testosterone deficiency mo-
use model by orchiectomy (ORX) and ORX mice
were supplemented with/without PQQ in the
diet. The control mice received shame surgery
on a normal diet. We examined the alterations
of bone formation and resorption in these mice
by morphological, histopathological, and molec-
ular biological methods to investigate whether
PQQ can prevent testosterone deficiency-in-
duced osteoporosis by inhibiting oxidative st-
ress.

Materials and methods
Animals

2-month-old C57BL/6 background wild type
mice used in this study were bred and main-
tained in specific pathogen free (SPF) laborato-
ry animal center in Nanjing Medical University.
All animals were housed in the room with the
appropriate temperature (22°C~26°C) and hu-
midity (45%~75%) range. Animals were random-
ly divided into three groups: 1) sham surgery
with normal diet; 2) ORX group with normal diet;
3) ORX group supplemented with PQQ in the
diet. ORX mice were received orchiectomy sur-
gery at both sides [25] and given PQQ supple-
ment immediately after the surgery or a control
normal diet. PQQ diet was obtained by supple-
menting 4 mg PQQ per Kg diet. All mice were
sacrificed at 48 weeks after the surgery. All ani-
mal procedures were approved by the
Institutional Animal Care and Use Committee.

X-ray, micro-CT scanning and 3D reconstruc-
tion

Vertebrae from three groups were fixed in 4%
paraformaldehyde and applied for X-ray radio-
graph and micro-CT scanning. Radiographs
were taken as described previously [26]. Same
samples were then scanned on a micro-CT
scanner (Sky Scan 1072 Scanner) using 100 kV
energy, and 98 A intensity. 3D images were
generated using the 3D Creator software sup-
plied with the instrument as described previ-
ously [26].

Histology

All animals were sacrificed by cervical dislo-
cation after inhaled anesthesia with ether.
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Vertebrae were removed and dissected free of
soft tissue, fixed with 4% paraformaldehyde,
decalcifed with EDTA glycerol solution and
embedded in paraffin. Sections were stained
with H&E, or histochemically for total collagen
or tartrate-resistant acid phosphatase (TRAP).
For total collagen staining, sections were sta-
ined with saturated 1% Sirius Red in saturated
picric acid solution for 1 hour at room tempera-
ture after dewaxing and hydration, counter-
stained with hematoxylin and mounted with
permount. For TRAP staining, sections were
stained with TRAP staining buffer (25 mg Na-
phthol AS-MX phosphate and 5 mg Fast Garnet
GBC dissolved in 50 mM sodium acetate, 40
mM potassium sodium tartrate buffer (pH 5.0))
after dewaxing and hydration, counterstained
with methyl green and mounted with hydro-
mounting medium. Stained sections were ob-
served and imaged under fluorescent micros-
copy and DP70 camera (Olympus, Japan). Oste-
oblast number relative to bone tissue area (N.
Ob./T.Ar, #/mm?2) was measured in sections
stained with H&E. Total collagen positive area
was measured in sections stained histochemi-
cally for total collagen. Osteoclast surface
along the bone surface (0c.S/B.S, %) was mea-
sured in sections stained histochemically for
TRAP. All the histomorphometric analysis of
each group were carried out using a Northern
Eclipse analysis software system described
previously [27, 28] and statistically analyzed
with SPSS 13.0 software.

Immunohistochemistry

Following dewaxing of the paraffin sections in
xylene and hydration in a descending ethanol
series, antigen retrieval was performed by hyal-
uronidase digestion for 30 mins. After washing
with phosphate buffered saline solution (PBS)
0.1 M at pH 7.4, sections were immersed in 3%
hydrogen peroxide for one hour to block endog-
enous peroxidase and treated with 10% goat
serum for 1 hour to block nonspecific binding
sites. Then sections were subjected to incuba-
tion with the following primary antibodies: Pri-
mary antibodies against type | collagen (Sou-
thern Biotech, Birmingham, AL, USA) were used
followed by secondary antibodies (Biotinylated
goat anti rabbit or rabbit antigoat 1gG; Sigma-
Aldrich) for 1 hour at room temperature.

Real-time RT-PCR and Western blotting

For examination of gene expression at RNA
level, total RNA was isolated from mouse long
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bones using Trizol reagent (Invitrogen, Inc.,
Carlsbad, CA, USA) according to the manufac-
turer’'s protocol. Reverse-transcription reac-
tions were performed using the SuperScript
First-Strand Synthesis System (Invitrogen), as
described previously [29]. Real-time PCR was
performed using a LightCycler system (Roche,
Indianapolis, IN, USA) as described previously
[30]. For examination of protein expression
level, whole cell lysates (15 pg) from long bone
tissues were loaded in 10% SDS-PAGE gels,
transferred to PVDF membranes. Membranes
were blotted with primary antibodies against
SOD1 (Abcam), SOD2 (Novus Biological), Prdx1
(Santa Cruz Biotechnol-ogy, Inc.), Prdx IV (Santa
Cruz Biotechnology, Inc), p53 (Cell Signaling
Technology), p21 (Santa Cruz Biotechnology,
Inc.), y-H2AX (Ser139) (Cell Signaling Techno-
logy), CHK2 (Novus Biological), NFkB-p65 (Cell
Signaling Technology, Beverly, MA, USA) or
B-actin (Bioworld Technology, St. Louis Park,
MN, USA) were used as loading control. Immu-
noblotting was carried out as described previ-
ously [27]. Bands were quantitated by Scion
Image Beta 4.02 (Scion Corporation, Frederick,
MD, USA). All the experiments were repeated
independently for three times.

Cell cultures

Bone marrow cells were flushed out from
femurs and tibias. For fibroblast colony-forming
unit (CFU-F) and ALP-expressing colony-forming
unit (CFU-fap) assays, total bone marrow cells
were cultured in 10 cm dishes at 1x10° cells/
dish in 10 mL of a modified essential medium
(@-MEM) containing 10% fetal calf serum (FBS)
(Hyclone Laboratories, Logan, UT, USA), 50 mg/
mL ascorbic acid and 10 mM B-glycerophos-
phate for 28 days. At the end of the culture peri-
od, cells were stained for CFU-f or CFU-fap. Cell
cycle fractions (GO, G1, S, and G2M phases)
were determined by flow cytometry. After cul-
tured for 12 days in the presence of medium
containing 10% FBS, BM-MSC were removed
and a Cell-Light EdU Apollo 488 in vitro imaging
Kit was used to investigate the EdU expression
levels in each group. Briefly, 100 ml EAU medi-
um (50 uM) was added to each well. After incu-
bation for 2 h, the EdU medium was removed
and BM-MSC were washed twice with PBS and
fixed with 75% ethanol. After lysing with Triton
X-100 (0.5%) for 15 min, staining solution was
added to each well and incubated for 30 min.
DAPI was used to stain the cell nuclei. EdU
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Figure 1. Effect of PQQ on ORX-induced osteoporosis. 2-month-old C57BL/6J wild-type mice were received ORX
surgery at both sides or shame surgery. PQQ supplementary diet was given to ORX mice after surgery. T9-T12 ver-
tebrae were harvested 48 weeks after PQQ treatment. A. Representative X-ray images. B. Representative micro-CT
scans. C. Bone density by densitometry analysis on X-ray images. D. Bone volume (BV/TV) from micro-CT analysis.
*, P<0.05; **, P<0.01; ***, P<0.001, vs shame group; #, P<0.05, vs ORX mice.

expression levels were examined by immuno-
fluorescence staining and the area of stained
EdU-positive nodules relative to the total cul-
ture surface was measured by Image-Pro Plus
(IPP) analysis. Ten images were captured for
each well, and the mean percentage was
calculated.
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Tissue reactive oxygen species (ROS) examina-
tion

Thymus tissues were homogenized in 1 ml cold
PBS. Cells were filtered and incubated with 5
mM diacetyl dichlorofluorescein (DCFDA) (Invi-
trogen) and 10% FBS for 30 min at 37°C. Then

Am J Transl Res 2017;9(3):1230-1242
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Figure 2. Effect of PQQ on osteoblastic bone formation of ORX mice. (A) T12 vertebrae sections from shame-op-
erated mice, ORX mice and PQQ treated ORX mice were stained histochemically for total collagen (x100); (B) Im-
munohistochemically for Col-I (x100) and (C) with H&E (x200). (D) The relative total collagen positive area to tissue
area was counted from (A). (E) The relative Col-l positive area to tissue area was counted from (B). (F) The osteoblast
number were counted in H&E stained vertebrae sections. *, P<0.05; **, P<0.01, vs shame-operated mice; #,

P<0.05, vs ORX mice.

cells were analyzed with a FACS calibur flow
cytometer (Becton Dickinson, Heidelberg, Ger-
many) for the mean fluorescent intensity (MFI)
and relevant fluorescent intensity to MFI of
shame-operated mice [29].

Statistical analysis

Data were presented as mean + SEM. Diffe-
rences between groups were compared using
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one-way ANOVA for comparisons. Statistic dif-
ferences were considered to be significant
when P value was <0.05.

Results
Effect of PQQ on ORX-induced osteoporosis

To examine the effect of PQQ on ORX-induced
osteoporosis, we first confirm that the ORX

Am J Transl Res 2017;9(3):1230-1242
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Figure 3. Effect of PQQ on osteoclastic bone resorption of ORX mice. (A) T12 vertebrae sections from shame-oper-
ated, ORX and PQQ treated ORX mice were histochemically stained for TRAP. (B) The osteoclast surface along the
trabecular bone surface was measured. (C) The mRNA expression of RANKL and (D) The ratio of RANKL/OPG in T10
vertebral bone tissue of shame-operated mice, ORX and PQQ treated ORX mice was examined by qPCR. **, P<0.01;

**% P<0.001, vs shame-operated mice; #, P<0.05, vs ORX mice.

mouse model was established successfully by
evaluating the bone phenotype of ORX mice
and examining the bone density and bone vol-
ume of vertebrae from ORX compared with
those from shame-operated mice using X-ray
and micro-CT, respectively. Data showed that
ORX mice have decreased bone density (Figure
1A, 1C) and bone volume (Figure 1B, 1D) of
T9-T12 vertebrae at 48 weeks after surgery.
PQQ supplement in the diet after ORX surgery
partially rescued the decreased bone mineral
density (Figure 1A, 1C) and bone volume (Fi-
gure 1B, 1D) compared with the shame group.
Data suggest that PQQ could prevent the bone
loss in ORX mice.

Effect of PQQ on osteoblastic bone formation
in ORX mice

To investigate whether PQQ prevents bone loss
induced by ORX through regulating osteoblastic
bone formation, we assessed the number of
osteoblasts, the deposition of total and type |
collagen in mice with or without PQQ supple-
ment by staining with H&E, histochemically for
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total collagen and immunohistochemically for
type | collagen at 48 weeks after PQQ supple-
ment (Figure 2A-C). Our results showed that
the positive areas of total and type | collagen
were decreased significantly in ORX mice com-
pared to shame mice, however, they were in-
creased significantly in PQQ-treated ORX mice
compared to untreated ORX mice (Figure 2D).
To further investigate the change of bone vol-
ume is due to osteoblast number change, we
measured and compared the osteoblast num-
ber among 3 groups. Our results showed that
the alterations of osteoblast number were con-
sistent with the alterations of the positive areas
of total and type | collagen (Figure 2E). These
results suggest that PQQ prevented ORX-
induced osteoporosis through promoting osteo-
blastic bone formation in ORX mice.

Effect of PQQ on osteoclastic bone resorption
in ORX mice

To investigate whether PQQ prevents bone loss

induced by ORX through inhibiting osteoclastic
bone resorption of ORX mice, we assessed the

Am J Transl Res 2017;9(3):1230-1242
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Figure 4. Effect of PQQ on BM-MSC proliferation and differentiation into osteoblasts. (A) CFU-f and (B) CFU-fap. (C)
CFU-f cells were incubated with EDU for 2 hours and cells were stained for EDU with anti-EDU antibody. (D) The CFU-f
positive area/dish area was counted. (E) The CFU-fap positive area/dish area was counted. (F) The EDU* CFU-f cells
was counted. (G-J) The mRNA expressions of osteoblast marker genes, OPN, Runx2, Col-l and OCN were examined
by real-time RT-PCR in long bones. *, P<0.05; **, P<0.01, vs shame-operated mice; #, P<0.05; ##, P<0.01, vs ORX

mice.

osteoclast surface along the bone surface by
histochemical staining for TRAP (Figure 3A). We
found that the osteoclast surface was increased
significantly in ORX mice compared to shame-
operated mice, which was inhibited by PQQ
supplement in ORX mice (Figure 3B). Mean-
while, the gene expression the receptor activa-
tor of nuclear factor-kappa B ligand (RANKL)
levels and the ratio of RANKL/osteoprotegerin
(OPG) in T12 vertebrate were increased in ORX
mice compared to shame-operated mice, which
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were reduced by PQQ supplement in ORX mice
(Figure 3C, 3D). These results suggest that
PQQ not only promoted osteoblastic bone for-
mation, but also inhibited the osteoclastic bone
resorption in ORX mice.

Effect of PQQ on BM-MSC proliferation and
differentiation into osteoblasts

To investigate whether increased osteoblastic
bone formation in ORX mice by PQQ supple-

Am J Transl Res 2017;9(3):1230-1242
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Figure 5. Effect of PQQ on redox balance. (A) Thymus tissues from shame-operated, ORX and PQQ treated ORX mice
were examined for the ROS level by FACS analysis and (B). ROS related levels. (C) The expressions of antioxidant
enzymes SOD-1, SOD-2, Prdx | and Prdx IV and target proteins of ROS, p53, Chk2, y-H2AX and NF-kB in long bone
by Western blots. (D-K) The densitometry analysis of western blots from 3 independent experiments. *, P<0.05; **,
P<0.01; ***, P<0.001, vs shame-operated mice; #, P<0.05, vs ORX mice.

ment is associated with the alterations of that the percentage of CFU-f relative area and
BM-MSC proliferation and differentiation, we EDU positive cells are significantly reduced in
performed the CFU-f, EDU incorporation and ORX mice compared to shame-operated mice,
CFU-fap assays by ex vivo total bone marrow but partially rescued by PQQ supplement in
cell cultures (Figure 4A-C). Our data revealed ORX mice (Figure 4A, 4D, 4C, 4F). These results
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suggest that the proliferation of BM-MSCs in
ORX mice was impaired, but was partially res-
cued by PQQ treatment. Furthermore, we also
found that the percentage of CFU-fap relative
area was reduced in ORX mice compared to
shame-operated mice, but partially rescued by
PQQ supplement in ORX mice (Figure 4B, 4E).
Consistently, we also measured the expres-
sions of osteoblast marker genes and found
the reduced expressions of osteopontin (OPN),
Runx2, type | collagen and osteocalcin in long
bones from ORX mice compared to those from
shame-operated mice, which were partially res-
cued by PQQ supplement in ORX mice (Figure
4G-J). Thus, PQQ can increase osteoblastic
bone formation in ORX mice by stimulating the
proliferation and differentiation of BM-MSCs.

Effect of PQQ on redox balance

A number of studies showed that oxidative
stress induced ROS expression results in the
decreased osteoblast differentiation and MSC
proliferation [31-36], but increased osteoblast
apoptosis [37-40] and osteoclast formation
[41, 42]. To investigate whether the effect of
PQQ on osteoblastic bone formation and osteo-
clastic bone resorption is associated with the
regulation of oxidative stress, we measured the
ROS levels in thymus (Figure 5A) and the pro-
tein levels of antioxidant enzymes in tibiae
(Figure 5C). ROS levels were increased signifi-
cantly in thymus tissues from ORX mice, while
they were reduced significantly by PQQ supple-
ment in ORX mice, but did not return to the level
of shame-operated mice (Figure 5A, 5B).
Protein levels of antioxidant enzymes, including
SOD-1, SOD-2, Prdx | and Prdx IV were down-
regulated in ORX mice, which were partially res-
cued by PQQ supplement in ORX mice (Figure
5C-G). To further examine the effect of PQQ on
osteoblastic and osteoclastic cell function, we
examined the alterations of the levels of DNA
damage response related proteins, including
y-H2AX, p53 and Chk2 expression and osteo-
clast differentiation regulator, NF-kB-p65. Data
showed that the expression levels of y-H2AX,
p53, Chk2, and NF-kB-p65 were up-regulated
significantly in ORX mice, but they were down-
regulated by PQQ supplement (Figure 5C,
5H-K). Thus, our results indicate that PQQ can
stimulate osteoblastic bone formation and
inhibit osteoclastic bone resorption in ORX
mice by inhibiting oxidative stress and DNA
damage.
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Discussion

In the past ten years, osteoporosis has been
becoming to a major health concern for aged
men [43]. Osteoporosis reduces the bone
strength with increased susceptibility to frac-
ture. Osteoporotic fractures lead to increased
mortality and morbidity [44]. Testosterone defi-
ciency has been considered one of important
causes for osteoporosis in aged men, but the
pathophysiology is not well investigated. Unlike
aged women, the medications of osteoporosis
in aged men are limited. Most treatments used
in men are based on clinic evidences of frac-
ture reduction in women [45]. Testosterone
replacement treatment is limited by its side
effect [46]. Therefore, the development of new
therapeutic approaches for testosterone defi-
ciency-induced osteoporosis is a critical clinical
need.

There are three potential targets of testoster-
one which influence the bone development.
First, testosterone directly binds to its receptor
on osteoblasts to stimulate the osteoblast pro-
liferation and differentiation. Second, testos-
terone is transformed to be dihydrotestoster-
one by ba-reductase, which was proved to have
highest affinity with testosterone receptors.
Third, testosterone is transformed to be estro-
gen by aromatase, which binds to estrogen
receptors [43]. In the present study, we used
2-month-old male WT mice, who have the peak
bone volume during development, to generate
the ORX model and observed the smaller size
and decreased bone volume in ORX mice, com-
pared with shame-operated mice, which indi-
cate the osteoporosis and aging phenomena in
ORX mice and showed the successful estab-
lishment of animal model for testosterone defi-
ciency-induced osteoporosis. In this study, we
measured the alterations of bone volumes in
shame-operated mice, ORX mice and PQQ
treated ORX mice at 13 months of age. In such
age mice, almost no any trabecular bone was
existed at the metaphyseal region of long bones
including famous and tibiae in above 3 group
mice, so that in this study we measured the tra-
becular bone volume in vertebral bodies. We
examined the osteoblastic bone formation and
osteoclastic bone resorption in ORX mice. Both
decreased osteoblast formation and increased
osteoclast resorption were found in ORX mice,
which may respond to the decreased bone vol-
umes. However, which played the major role in

Am J Transl Res 2017;9(3):1230-1242
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ORX-induced osteoporosis remains to be deter-
mined. To understand the cellular mechanism
in which the osteoblastic bone formation was
affected by testosterone deficiency, we exam-
ined the proliferation and differentiation of
MSCs into osteoblasts. Our data clearly de-
monstrated that testosterone deficiency sup-
pressed the proliferation of MSCs and their dif-
ferentiation into osteoblasts as shown decre-
ased CFU-f and CFU-fap formation efficiency
and down-regulated expression levels of osteo-
blast differentiation marker genes. Therefore,
results from this study suggest that the reduc-
tion of osteoblastic bone formation with de-
creased MSC proliferation and differentiation
contributed to testosterone deficiency-induced
osteoporosis.

Recently, epidemiological and mechanistic
studies indicate that aging and its subsequent
change in ROS are the major cause of sex hor-
mone deficiency induced osteoporosis [47]. In
aged men, there is no doubt that the level of
testosterone was decreased by age. On the
other hand, the decreased level of testosterone
accelerates the aging progress and exogenous
testosterone administrations attenuate the
ROS level in aged mice [2]. Our results con-
firmed that testosterone deficiency caused
high level of ROS and osteoporosis.

To date, ROS were considered to be exclusively
harmful to proteins, lipids and DNA leading to
cell death. A large effort of ROS on aged osteo-
porosis revealed several genes and signaling
pathways which contribute to regulation of MSC
proliferation, differentiation and apoptosis.
Wnt/B-catenin signaling pathway is essential
for MSC proliferation and differentiation [48].
In addition to promoting osteoblastogenesis,
Wnt/B-catenin signaling also inhibits adipogen-
esis by blocking the expression of peroxisomal
proliferator-activated receptor-y (PPARy) and
cEBP« [49] and osteoclastogenesis and bone
resorption by increasing the expression of
osteoprotegerin (OPG) [50]. Wnt/B-catenin sig-
naling has been reported to associate with oxi-
dative stress via forkhead box O (FOXO) tran-
scription factors [51]. In the aged mice, it was
found that FOXO target genes were up-regulat-
ed, but the wnt/B-catenin target genes were
down-regulated. ROS activated the transcrip-
tion of FOXO and its target genes which requires
B-catenin binding to FOXO. As a result, ROS

1239

induced FOXO target gene transcription at the
expanse of wnt, which also required for canoni-
cal wnt/B-catenin/TCF mediated transcription
[47]. On the another hand, ROS caused oxidized
lipids may act as the ligand of PPARy, promote
the binding of PPARY to (-catenin and decrease
level of B-catenin in cells, which then attenuat-
ed the wnt directed signaling activation [31].
Additionally, ROS was also associated with TNF
induced osteoblast apoptosis through PKCB/
INK/p53 signaling cascade. PKCB inhibitor
inhibits the activation of JNK signaling and JNK
inhibitor abrogates the TNF induced apoptosis
in osteoblasts [51]. In osteoclast, ROS not only
decreased OPG expression by inhibiting wnt/[3-
catenin signaling, but also directly involved in
RANKL induced NFkB activation and osteoclast
formation [41, 42]. Therefore, ROS have diverse
effect on osteoblasts and osteoclasts, and
consequently inhibited the osteoblastic bone
formation and promoted osteoclastic bone
resorption.

To prevent the damage on bone by ROS, strate-
gies involving in enzymatic reactions and
altered ROS related genes expression were uti-
lized [17]. PQQ as a nature herb derivates is an
effective antioxidant to eliminate the free radi-
cals and decrease the ROS level in vivo [52]. To
investigate whether PQQ can rescue the osteo-
porotic bone phenotype in ORX mice, we treat-
ed the ORX mice with PQQ in supplementary
diet for 48 weeks and found that PQQ treat-
ment did partially rescued the ORX mice in
body size, cortical bone thickness (data not
shown), trabecular bone number and thickness
in vertebrae. The increased bone volume can
attribute to increased osteoblastic bone forma-
tion and/or decreased osteoclastic bone res-
porption, which were further examined by histo-
logical or immunohistological staining. Data
suggest that PQQ treatment not only increased
the osteoblastic bone formation, but also
reduced the osteoclastic bone resorption. To
understand the cellular mechanism in which
PQQ increased the osteoblastic bone forma-
tion, we examined the MSC proliferation and
osteoblast differentiation in PQQ treated ORX
mice. Ex vivo cell cultures for CFU-f and CFU-fap
revealed that PQQ increased the MSC prolifera-
tion and osteoblast differentiation in ORX mice,
which responded to the increased the osteo-
blastic bone formation after PQQ treatment in
ORX mice. EDU incorporation analysis in CFU-f
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cells and osteoblast differentiation marker
gene expression confirmed these findings.

ROS as discussed above influenced the MSC
proliferation, osteoblast differentiation and
apoptosis, and promoted osteoclast formation
as well. It was reported previously that antioxi-
dants treatment prevented the estrogen defi-
ciency induced bone loss, in which ROS was
also involved [53]. In the present study, we
investigated whether PQQ treatment can affect
the oxidative stress by examining the ROS level,
the protein expression levels of antioxidants
and the downstream protein expressions. Our
data suggest that PQQ treatment could effi-
ciently suppress the ROS level and increase
expression levels of antioxidant enzymes
SOD1, SOD2, Prdx | and Prdx IV in ORX mice.
Next, we examined the downstream proteins of
oxidative stress and found that PQQ sup-
pressed the higher expressions of apoptotic
regulator, p53 [51], cyclin dependent kinase
inhibitor, Chk2 [54] and DNA damage response
related protein y-H2AX in ORX mice, which infer
that PQQ treatment did regulated cell prolifera-
tion and apoptosis in bone through inhibiting
oxidative stress. ROS was reported to be pro-
duced by osteoclasts with RANKL stimulation
[55] and then ROS leads to the activation of
NFkB signaling and osteoclast formation as
secondary messengers [56]. In terms of inhibi-
tion of ROS by PQQ treatment, we also found
that the expression of NF-kB-p65 was also sup-
pressed by PQQ treatment in ORX mice. There-
fore, these data suggest that PQQ treatment
inhibited osteoclast bone resorption in ORX
mice through inhibiting ROS activated NFkB
signaling.

In conclusion, this study demonstrated that the
PQQ plays a prevention role in testosterone
deficiency-induced osteoporosis by inhibiting
oxidative stress and DNA damage, cell apopto-
sis and promoting the MSC proliferation and
differentiation into osteoblasts and by inhibit-
ing the NF-kB signaling in bone to reduce the
osteoclastic bone resorption. Our results from
this study provided experimental evidence for
the clinical application of PQQ to treat osteopo-
rosis in aged men.
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