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Bmi-1 plays an important role in preventing
bone aging by regulating the bone microenvironment
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Abstract: Background: B-cell specific Moloney MLV insertion site-1 (Bmi-1) belongs to the polycomb group (PcG)
gene and is a transcriptional suppressor to maintain appropriate gene expression patterns during development. To
investigate whether the Bmi-1 gene has a corrective effect on bone senescence induced in Bmi-17- mice through
regulating the bone microenvironment. Methods: Littermate heterozygous male and female mice (Bmi-1*/") were
used in this study. Related experiments were performed in wild type mice (10 mice, WT group) and Bmi-1 knock out
mice (10 mice, BKO group) for analysis of phenotype, skeletal radiography, micro-computed tomography, histology,
immunohistochemical staining, western blot analysis, and detection of ROS levels. Results: Our results indicated
that the Bmi-1 gene could proportionally rescued mice suffering from bone aging induced by Bmi-1 gene defects.
Bmi-1 plays an anti-aging effect in bone through multiple aspects, such as increasing osteoblast bone formation
and decreascing osteoclast bone absorption, stimulating proliferation, reducing apoptosis, inhibiting reactive oxy-
gen species (ROS) and delaying DNA damage. Conclusions: Our results suggested that Bmi-1 may play a fundamen-
tal and important role in correcting bone senescence in BKO mice. At the same time, it may provide theoretical basis
for the clinical application of Bmi-1 in anti-aging in bone.
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Introduction cell cycling and senescence by inhibiting the
ple™*4a/Rb and pl19**/p53 signal pathways
[5]. Bmi-1 gene knockout mice (BKO) suffer
from premature aging accompanied by serious
defects in stem cell self-renewal and in main-
taining normal mitochondrial physiological
function [6, 7]. The accumulation of ROS
caused by impaired mitochondrial function in
Bmi-1 knockout mice leads to DNA damage.
However, the changes are reversible with the
addition of antioxidants such as n-acetyl-l-cys-
teine (NAC) or pyrroloquinoline quinone (PQQ)

Bone senescence, like osteoporosis, is a bone
metabolic disease that results in degenerative
skeletal disorder and increased risk of fracture
[4, 2]. “Free Radical Theory of Aging” has estab-
lished that reactive oxygen species (ROS) are
produced endogenously from normal cellular
metabolic processes [3]. In the theory, unbal-
ance between antioxidants and ROS leads to
the occurrence of oxidative stress that damag-
es various macromolecules. There is substan-

tial evidence to support that high production of
ROS is strongly associated with age-related
bone diseases.

B-cell specific Moloney MLV insertion site-1
(Bmi-1) belongs to the polycomb group (PcQ)
gene and is a transcriptional suppressor that
maintains appropriate gene expression pat-
terns during development [4]. Previous study
confirmed that the Bmi-1 gene could regulate

[8-10].

Previous studies have shown that PQQ can pro-
tect mitochondria from oxidative stress-induced
DNA damage [11-14]. Further studies demon-
strated that PQQ plays a role in scavenging oxy-
gen free radicals during oxidative stress [15].
However, the mechanism underlying the effect
of the Bmi-1 gene on bone senescence is still
unclear.
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To investigate the potential role of the Bmi-1
gene, in the study, we utilize BKO mice to induce
typical premature aging and bone aging pheno-
types. We speculate whether Bmi-1 gene plays
an important role in anti-aging in bone by regu-
lating the bone microenvironment.

Materials and methods
Mice and genotyping

Bmi-1 heterozygote (Bmi-1) mice (1290la/
FVB/N hybrid back-ground) were backcrossed
10-12 times to the C57BL/6J background and
mated to generate the Bmi-1 knock out homo-
zygote (Bmi-17-, BKO) and their wild-type (WT)
littermates genotyped by PCR [16, 17]. Mice
were maintained in the Experimental Animal
Center of Nanjing Medical University. All animal
experiments were carried out in strict accor-
dance with the Guidelines of the Institute for
Laboratory Animal Research of Nanjing Medical
University. The protocol was approved by the
Committee on the Ethics of Animal Experiments
of Nanjing Medical University.

Animal grouping

Mice were divided into 2 groups of 10 mice
each and treated as following: WT group:
3-week weaning littermate wild type mice were
fed normal diet for 4 weeks; and the BKO group:
3-week weaning littermate Bmi-1 knockout
mice were fed normal diet for 4 weeks.

Seven weeks later, the 2 groups of 10 mice
each were sacrificed for further studies. The
7-week-old mice were divided into two groups
according to being either WT or BKO. After ethyl
ether anesthesia, photos were taken, and the
cervical vertebra was dislocated immediately.
The tibia and femur were dissected and fixed
with 75% alcohol.

Analysis of mouse phenotype, percent survival,
and body weight

To investigate effect of Bmi-1 on phenotype,
animals were divided into 2 groups of 10 mice
each (WT group, BKO group). We carried out
statistical analysis of phenotype, body weight,
and percent survival with descriptive analysis,
arithmetic mean, and survival time in two
groups mice.

Skeletal radiography
Tibias and femurs were removed and dissected

free of soft tissue. Contact radiographs were
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taken using a FaxitronModel 805 radiographic
inspection system (Faxitron Contact, Faxitron,
Germany; 22 kV and 4-minute exposure time).
X-Omat TL film (Eastman Kodak Co., Rochester,
NY, USA) was used and processed routinely.

Micro-computed tomography (uCT)

Tibias obtained from 7-week-old mice were dis-
sected free of soft tissue, fixed overnight in
70% ethanol, and analyzed by uCT with a
SkyScan 1072 scanner and associated analy-
sis software (SkyScan, Antwerp, Belgium).
Briefly, image acquisition was performed at
100 kV and 98 pA with a 0.9-degree rotation
between frames. During scanning, the samples
were enclosed in tightly fitting plastic wrap to
prevent movement and dehydration. Threshol-
ding was applied to the images to segment the
bone from the background. Two dimensional
images were used to generate 3D renderings
using the 3D creator software supplied with the
instrument. The resolution of the uCT images is
18.2 ym.

Histology

Tibias were removed and fixed in PLP fixative
(2% paraformaldehyde containing 0.075 M
lysine and 0.01 M sodium periodate) overnight
at 4°C and processed histologically as de-
scribed previously [16]. Proximal ends of each
tibia were decalcified in EDTA glycerol solution
for 5 to 7 days at 4°C. Decalcified tibias were
dehydrated and embedded in paraffin, after
which 5 ym sections were cut on a rotary micro-
tome. The sections were stained with hema-
toxylin and eosin (H&E) or histochemically for
total collagen (TCOL) or alkaline phosphatase
activity (ALP), or tartrate-resistant acid phos-
phatase (TRAP) activity, or immunohistochem-
istry. Alternatively, undecalcified tibiae were
embedded in LR White acrylic resin (London
Resin Company, Ltd., London, UK), and 1 uym
sections were cut on an ultramicrotome. These
sections were observed under fluorescence
microscopy.

Immunohistochemical staining

Immunohistochemical staining was carried out
for proliferating cell nuclear antigen (PCNA),
collagen type | (Col-l), and osteocalcin (OCN)
using an avidin-biotin-peroxidase complex tech-
nique with an affinity-purified goat anti-rabbit
PCNA antibody (Abcam, UK), an affinity-purified
goat anti-mouse Col-l antibody (Santa Cruz, CA,

Int J Clin Exp Pathol 2024;17(12):458-468



Antioxidant effect of the Bmi-1 gene on bone aging

USA), and an affinity-purified goat anti-mouse
OCN (Cell Signal, China). Briefly, dewaxed and
rehydrated paraffin-embedded sections were
incubated with methanol-hydrogen peroxide
(1:10) to block endogenous peroxidase activity
and then washed in Tris-buffered saline (pH
7.6). The slides were then incubated with the
primary antibodies overnight at room tempera-
ture. After rinsing with Tris-buffered saline for
15 min, sections were incubated with biotinyl-
ated secondary antibody (Sigma, St. Louis, MO,
USA). Sections were then washed and incubat-
ed with the Vectastain Elite ABC reagent (Vector
Laboratories, Burlington, Canada) for 45 min.
After washing, brown pigmentation was like-
wise produced using 3,3-diaminobenzidine
(DAB). Finally, the stained sections were coun-
terstained with H&E staining. Images were
acquired with a Leica microscope (Leica DM40-
00B, Solms, Germany) equipped with Leica
software.

Evaluation of apoptotic cells by TUNEL staining

The apoptotic cells from tibias were evaluated
using terminal dexynucleotidyl transferase
(TdT)-mediated dUTP nick end labelingthe
(TUNEL) technique (20 mg/mL, Cat. no. 21627,
Chemicon International, Temecula, CA, USA)
[18]. To count the TUNEL-positive cells in the
parotid glands tissue, a ocular micrometer
compatible with an Olympus BX51 microscope
was used.

Western blot analysis

Proteins were extracted from the femurs and
quantitated by a kit (Bio-Rad, Mississauga,
Ontario, Canada). Protein samples were frac-
tionated by SDS-PAGE and transferred to nitro-
cellulose membranes. Western blot was car-
ried out using antibodies against Caspase-3
(goat anti-rabbit, Cell Signal, China), yH2AX
(goat anti-mouse, Santa Cruz, CA, USA), and
B-actin (goat anti-rabbit, Santa Cruz Biote-
chnology, USA). Bands were visualized using
enhanced chemiluminescence (ECL, Amer-
sham) and quantitated by Scion Image Beta
4.02 (Scion Corporation, Bethesda, MD, USA).

Detection of ROS levels

Bone marrow cells from femur tissues were
converted into single-cell suspensions contain-
ing 5x10° cells/mL. We used 2’,7-dichlorofluo-
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rescein diacetate (DCFH-DA, Sigma, USA) for
detection of intracellular ROS. Fluorescence
intensity is proportional to oxidant production.
DCFH-DA was added to bone cell suspensions
toyield final concentrations of 20 ymol/L. Then,
cells were incubated at 37°C for 30 min in the
dark, washed twice with 0.01 mol/L phosphate-
buffered saline (PBS), and centrifuged at x300
g for 5 min. ROS levels were measured by mean
fluorescence intensity (MFI) of 10,000 cells
using a flow cytometer (Becton, Dickinson and
Co., USA). At the same time, immunofluores-
cence analysis for ROS levels of BMSC from
femurs tissues was carried out as described
previously.

Computer-assisted image analysis

After hematoxylin and eosin staining or histo-
chemical or immunohistochemical staining of
sections from both groups of 10 mice each,
images of interesting fields were photographed
with a SONY digital camera. Images of micro-
graphs from single section were digitally record-
ed using a rectangular template, and record-
ings were processed and analyzed using
Northern Eclipse image analysis software.

Statistical analysis

All analyses were carried out by SPSS software
(version 20.0, SPSS Inc.). Data from image
analysis were presented as mean + standard
error. Two-way ANOVA was used for statistical
comparison and to make two-group compari-
sons. Qualitative data were described as per-
centages and analyzed using a chi-square test
as indicated. All graphs were generated using
GraphPad Software (version 5.0, USA). p values
were two-sided, and P<0.05 was considered
statistically significant.

Results

Effect of Bmi-1 on phenotype, body weight,
percent survival and tibia length in mice

To investigate whether Bmi-1 could rescue a
premature aging phenotype, we proceeded
with analysis of phenotype (Figure 1A), body
weight (Figure 1C), and percent survival (Figure
1D) in both groups of 7-week-old mice (10 WT
mice, 10 BKO mice). Compared with WT mice,
Bmi-1 knockout mice showed significant pre-
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Figure 1. Role of PQQ in phenotype, body weight, percent survival and tibia length of mice. A. Effect of Bmi-1 on
phenotype of mice. B. Radiographs of the tibiae of wild-type (WT), Bmi-17- mice (BKO). C. Effect of Bmi-1 on body
weight of mice. D. Effect of Bmi-1 on percent survival of mice. E. Statistics of tibiae length.

mature aging phenotype, body weight loss and Role of Bmi-1 in growth, proliferation and
shorter percent survival. The results demon- apoptosis in the tibia

strated that Bmi-1 could partly rescue prema-

ture aging phenotype, body weight, percent sur- To investigate whether Bmi-1 could promote
vival. To determine whether Bmi-1 could correct proliferation and reduce apoptosis in the tibia,
bone growth retardation in BKO mice, we ana- we comparatively analyzed related parameters
lyzed and compared related parameters of of growth plate width (Figure 2A), PCNA IHC
bone growth in both groups of mice with X-ray (Figure 2C) and TUNEL staining (Figure 2E). Our
photography (Figure 1B). These data showed results showed that BKO mice had significantly
that the size and length of the tibias (Figure 1E) decreased growth plate width of the tibia
were significantly increased in WT mice related (Figure 2B), and PCNA positive cell percentage
to BKO mice. of cartilage (Figure 2D) compared with WT
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Figure 2. Role of Bmi-1 in growth, proliferation and apoptosis of tibiae. A. H&E staining of proximal tibial growth
plate cartilage, the blue line represents growth plate cartilage (Original magnification x200, scale bar: 100 ym).
B. Statistics of tibial growth plate cartilage width. C. PCNA immunohistochemical staining micrograhps of proximal
tibial growth plate cartilage (Original magnification x400, scale bar: 50 ym). D. Statistics of PCNA positive cell
percentage. E. TUNEL staining micrograhps of proximal tibial growth plate cartilage (Original magnification x400,
scale bar: 50 um). F. Statistics of TUNEL positive cell percentage. Each value is the mean + SEM of determinations
in ten animals of the same groups. *, P<0.05; **, P<0.01; ***, P<0.001, compared with BKO mice.

mice. However, BKO mice had apparently
increased percentage of TUNEL positive cells
(Figure 2F) compared with WT mice. These
data showed that Bmi-1 may promote cell pro-
liferation and inhibit cell apoptosis to amelio-
rate bone growth retardation.

Role of Bmi-1 in trabecular bone volume of the
tibia

To investigate whether Bmi-1 could improve the
phenotype of bone senescence, two different
phenotypes of tibia bones between 7-week-old
WT mice and littermates BKO mice were ana-
lyzed by Micro-CT scanning (Figure 3A), H&E
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and TCOL staining (Figure 3B). Our data dem-
onstrated that tibial trabecular bone volume
and thickness of bone cortex were apparently
decreased in BKO mice related to WT mice as
shown in Figure 3C. Our results suggested that
Bmi-1 could delay the phenotype of long bone
senescence.

Role of Bmi-1 in osteoblast formation of tibiae

To determine the role of Bmi-1 in osteoblast for-
mation of the tibia, we conducted experiments
with H&E staining (Figure 4A), ALP staining
(Figure 4B), Col-I (Figure 4C) and OCN (Figure
4D) IHC staining in the two different tibiae
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Micro-CT

Figure 3. Role of Bmi-1 in trabecular bone volume of tibiae. A. 3-dimensional reconstructed longitudinal sections of
micro-CT scanning images. B. Micrographs of paraffin sections of the tibiae stained with H&E and Sirius Red for total
collagen (TCOL) from 7-week-old WT and BKO mice (Original magnification x50, scale bar: 100 ym). C. Quantitation
of trabecular bone volume relative to tissue volume (BV/TV, %) in metaphyseal regions. Each value is the mean +
SEM of determinations in six animals of the same groups. *, P<0.05; **, P<0.01; ***, P<0.001, compared with

BKO mice.

groups. The results demonstrated that osteo-
genic cell (Figure 4E), osteoblast positive cell
areas (Figure 4F), ALP (Figure 4G), Col-I (Figure
4H) and OCN (Figure 4l) positive areas were sig-
nificantly increased in tibiae of WT mice com-
pared with BKO mice. The results showed that
Bmi-1 facilitated osteoblastic bone formation.

Role of Bmi-1 in osteoclast bone resorption,
DNA damage and cell apoptosis of the tibia

To detect the role of Bmi-1 in osteoclast bone
resorption, DNA damage and cell apoptosis of
the tibia, we analyzed the number of osteo-
clasts in the tibia with TRAP staining (Figure
5A), yH2AX and Caspase-3 proteins with west-
ern blot (Figure 5D). Our data showed that the
number of osteoclast positive cells (Figure 5B),
and osteoclast positive cell areas (Figure 5C)
were obviously increased in the tibia of BKO
mice. Meanwhile, proteins levels of yH2AX and
Caspase-3 were significantly increased in BKO
mice related to WT mice (Figure 5E, 5F). All the
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results suggested that Bmi-1 could attenuate
osteoclast bone resorption abilities by reducing
DNA damage and cell apoptosis.

Role of Bmi-1 in ROS levels of bone marrow
mesenchymal stem cells (BMSC)

Previous studies suggested that the excess
ROS and oxygen free radicals subsequently
lead to the increase of DNA double strand
breaks. To investigate whether Bmi-1 could
reduce production of ROS and reduce DNA
damage we conducted statistical analysis of
ROS levels of the femur. Our results suggested
that Bmi-1 decreased ROS levels of BMSC in
femurs compared with BKO mice (Figure 6A-C).
These data suggested that Bmi-1 could prevent
an excess of ROS levels in BKO mice.

Discussion

Aging is associated with increased cellular
senescence, which is hypothesized to drive the
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Figure 4. Role of Bmi-1 in osteoblast formation of tibiae. A. Micrographs of H&E staining of tibiae (Original magnifica-
tion x400, scale bar: 50 um). B. Micrographs of ALP staining of the tibiae (Original magnification x400, scale bar:
50 pm). C. Micrographs of Col-l immunohistochemical staining of tibiae (Original magnification x400, scale bar: 50
um). D. Micrographs of OCN immunohistochemical staining of tibiae (Original magnification x400, scale bar: 50
um). E. Number of positive osteoblasts of tibiae. F. Percentage of positive areas osteoblast of tibiae. G. ALP positive
areas of tibiae. H. Col-I positive areas percentage of tibiae. . OCN positive areas percentage of tibiae. Each value
is the mean + SEM of determinations in ten animals of the same groups. *, P<0.05; **, P<0.01; ***, P<0.001,
compared with BKO mice. Number of positive osteoblasts (N.Ob/B.Pm, #/mm). Percent ratio of positive areas os-

teoblasts (Ob.S/B.S, %).

eventual development of multiple comorbidi-
ties. Here we investigate a role for senescent
cells in age-related bone loss through multiple
approaches. Aging bone related disease-osteo-
porosis is characterized by less bone mass and
degradation of the microstructure of bone tis-
sue, which leads to compromised bone strength
and increased risk of fracture [2]. Bmi-1 can
restore the balance of bone metabolism and
limit bone loss in osteoporosis. It was well
established that PQQ played an important ther-
apeutic role in defective teeth and mandibles
induced by Bmi-1 deficiency through increasing
osteoblastic bone formation, decreasing osteo-
clast bone resorption, reducing ROS levels and
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retarding DNA damage [9]. It has been eluci-
dated that the osteogenic mode of alveolar
bone was intramembranous osteogenesis,
meanwhile, long bone was cartilage osteogen-
esis. Our previous studies demonstrated that
Bmi-1 could protect against oxidative stress in
kidneys [19], skeletal muscle [20], brain [21]
and hematopoietic stem cells [22]. The above
data raises the hypothesis that Bmi-1 could
play a key role in aging in long bones.

In our study, it was well established that Bmi-1
knockout mice resulted in growth retardation
and premature aging phenotypes. Meanwhile,
our results also demonstrated that the typical

Int J Clin Exp Pathol 2024;17(12):458-468
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Figure 5. Role of PQQ in osteoclasts bone resorption, DNA damages and cell apoptosis of tibiae. (A) Micrographs
of TRAP staining of tibiae (Original magnification x400, scale bar: 50 um). (B) Number of TRAP-positive osteoclasts
of tibiae. (C) Surface of TRAP-positive osteoclasts of tibiae. (D) Representative tibiae western blot for expression
of yH2AX and Caspase-3. B-actin was used as loading control for western blot in WT mice, BKO mice respective-
ly. yH2AX (E) and Caspase-3 (F) proteins levels relative to B-actin protein levels were assessed by densitometric
analysis and expressed relative to levels of WT mice. Each value is the mean + SEM of determinations in ten animals
of the same groups. *, P<0.05; **, P<0.01; ***, P<0.001, compared with BKO mice. Number of TRAP-positive
osteoclasts (N.Oc/B.Pm, #/mm). Surface of TRAP-positive osteoclasts (0c.S/B.S, %).
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Figure 6. Role of Bmi-1 in ROS levels of BMSC of Femur. A. Radiographs of the tibiae of wild-type (WT), Bmi-17- mice
(BKO); Flow cytometric analysis for ROS levels of femur in WT mice, BKO mice respectively. B. ROS levels of the fe-
mur. C. Immunofluorescence analysis for ROS levels of BMSC. Each value is the mean + SEM of determinations in
ten animals of the same groups. *, P<0.05; **, P<0.01; ***, P<0.001, compared with BKO mice.

aging and bone senescence phenotype in by the Bmi-1 gene through anti-aging, anti-
Bmi-1 knockout mice were partially corrected apoptosis, proliferating, scavenging ROS and
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reducing DNA damage. These findings indi-
cated that Bmi-1 may play preventive and
therapeutic roles in bone senescence and
aging related degenerative diseases such as
osteoporosis.

Previous study has shown that Bmi-1 gene defi-
cient mice resulted in shortened life span and
stunted growth [19]. Meanwhile, our study also
investigated how BKO mice lead to shortened
survival rates, low body weight and small over-
all size of the body. Our results revealed that
the Bmi-1 gene could prolong survival, increase
the overall body size by stimulating cell prolif-
eration and inhibiting cell apoptosis. Thus, the
Bmi-1 gene partially corrected the shortened
life span and stunted growth in a model of sys-
tematic aging bone and aging related degener-
ative disease such as osteoporosis.

Osteoblastic and osteoclastic cells co-regulate
bone metabolism, and they are the two kinds of
cells involved in the development of bone
senescence [23]. Osteoblasts are bone forming
cells located near the surface of the bone that
produces cytokines. Cytokines, are essential
for osteoclast differentiation, function and sur-
vival [24, 25]. Osteoclasts are bone-absorbing
polynucleated cells that bind tightly to the min-
eralized bone surface through integrins and
secrete protons, proteases and superoxides
through wrinkled boundaries to form absorp-
tion cavities [26-29]. Bone resorption is the for-
mation of bone structure and bone remodeling
caused by activated osteoclasts and the subse-
quent deposition of new substrates by osteo-
blasts [23]. The imbalance between bone for-
mation and bone resorption is a key pathophys-
iological event in many metabolic bone diseas-
es seen in adults, including bone aging and
age-related degenerative diseases such as
osteoporosis [30].

Our results suggested that Bmi-1 promoted
long bone formation by inhibiting osteoclast
bone resorption. Oxidative stress is a key
pathogenic factor of age-related bone loss in
mice [31-33], leading to changes such as
increased osteoblast and osteocyte apoptosis,
and decreased osteoblast number and bone
formation rate via the Wnt/B-catenin signal
pathway [32]. Previous studies suggested that
oxidative stress inhibited osteoblast differenti-
ation through extracellular signal-regulated
kinases (ERKs) and ERK-dependent NF-kB sig-
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naling pathways [34-36]. Osteoblasts can pro-
duce antioxidants, such as glutathione peroxi-
dase, to prevent excessive ROS production
[37], as well as transforming growth factor B
(TGF-B), which is involved in reducing bone
resorption [38]. ROS also participated in bone
resorption. Superoxides produced by osteo-
clasts directly promoted bone degradation, and
oxidative stress increased the differentiation
and function of osteoclasts [39-41]. Our data
tested that excessive ROS levels in BKO mice
were inhibited by Bmi-1. The above results
showed that the Bmi-1 gene could reduce DNA
damage through scavenging ROS of oxygen
free radicals.

Our study well established that the Bmi-1 gene
played an anti-osteoporosis role in osteoporo-
sis of the long bone by regulating bone microen-
vironments such as stimulating osteoblast
bone formation, decreasing osteoclast bone
resorption, eliminating ROS levels and reducing
DNA damage. However, this study has also cer-
tain limitations. Because the authors only
showed that the Bmi-1 gene played an anti-
aging role in bone in vivo, although not in vitro.

Conclusions

In conclusion, all the results of this study indi-
cate that Bmi-1 plays an anti-aging role in bone
in BKO mice via balancing oxidative stress. The
study not only elucidates a novel mechanism of
Bmi-17 inducing bone senescence, but also
provides experimental and theoretical basis for
using the Bmi-1 gene as a drug target to pre-
vent Bmi-17- inducing long bone aging and age-
related diseases such as osteoporosis.
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