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Abstract: Bcl2l1 (Bcl-XL) belongs to the Bcl-2 family, Bcl2 and Bcl2-XL are major anti-apoptotic pro-
teins, and the apoptosis of osteoblasts is a key event for bone homeostasis. As the functions of Bcl2l1
in osteoblasts and bone homeostasis remain unclear, we generated osteoblast-specific Bcl2l1-deficient
(Bcl2l1fl/flCre) mice using 2.3-kb Col1a1 Cre. Trabecular bone volume and the trabecular number
were lower in Bcl2l1fl/flCre mice of both sexes than in Bcl2l1fl/fl mice. In bone histomorphometric
analysis, osteoclast parameters were increased in Bcl2l1fl/flCre mice, whereas osteoblast parameters
and the bone formation rate were similar to those in Bcl2l1fl/fl mice. TUNEL-positive osteoblastic cells
and serum TRAP5b levels were increased in Bcl2l1fl/flCre mice. The deletion of Bcl2l1 in osteoblasts
induced Tnfsf11 expression, whereas the overexpression of Bcl-XL had no effect. In a co-culture of
Bcl2l1-deficient primary osteoblasts and wild-type bone-marrow-derived monocyte/macrophage
lineage cells, the numbers of multinucleated TRAP-positive cells and resorption pits increased. Fur-
thermore, serum deprivation or the deletion of Bcl2l1 in primary osteoblasts increased apoptosis and
ATP levels in the medium. Therefore, the reduction in trabecular bone in Bcl2l1fl/flCre mice may be
due to enhanced bone resorption through osteoblast apoptosis and the release of ATP from apoptotic
osteoblasts, and Bcl2l1 may inhibit bone resorption by preventing osteoblast apoptosis.

Keywords: Bcl2l1; Bcl-XL; apoptosis; ATP; Tnfsf11; osteoblast; osteoclast; bone resorption

1. Introduction

Osteoblast apoptosis plays an important role in bone development and maintenance.
Between 60 and 80% of osteoblasts that originally assemble at the resorption pit are es-
timated to die by apoptosis. Furthermore, bone loss caused by sex steroid deficiency,
glucocorticoid excess, or aging is caused in part by osteoblast apoptosis, and parathyroid
hormone (PTH), bisphosphonate, and calcitonin exert anabolic effects on bone by inhibiting
osteoblast apoptosis [1–8]. The intrinsic pathway, also called the BCL-2-regulated or mito-
chondrial pathway, is activated by various developmental cues or cytotoxic insults, such
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as viral infection, DNA damage, and growth-factor deprivation. This pathway is strictly
controlled by the BCL-2 family of proteins and predominantly leads to the activation of
caspase-9 [9]. Bcl2 subfamily proteins, including Bcl2 and Bcl-XL, inhibit apoptosis by
preventing the release of caspase activators from mitochondria through the inhibition of
Bax subfamily proteins [10].

A previous study reported the enhancement of osteoclast apoptosis and an increase
in bone mass in Bcl2-deficient (Bcl2−/−) mice, indicating that Bcl2 attenuated osteoclast
apoptosis [11,12]. However, the function of Bcl2 in osteoblasts is controversial. Bcl2 defi-
ciency did not affect osteoblasts [11], impair osteoblast function [12], or enhance osteoblast
differentiation [13]. This discrepancy may be attributed to enhanced apoptosis in Bcl2−/−

osteoblasts during their cultivation, which reduced cell density and decelerated osteoblast
differentiation in vitro [13,14].

Five isoforms of Bcl2l1 (Bcl-XL, Bcl-XS, Bcl-Xγ, Bcl-Xβ, and Bcl-X4TM) have been
identified to date, and Bcl-XL is the major isoform of Bcl2l1 [15–19]. Bcl2l1−/− mice
die on embryonic day (E) 13.5 and exhibit severe defects in erythropoiesis and neuronal
development [20]. The osteoclast-specific deletion of Bcl2l1 using Cre knock-in mice in the
cathepsin K locus did not affect osteoclast numbers, but increased bone resorption and
resulted in osteopenia. Bcl2l1 in osteoclasts is suggested to attenuate osteoclastic bone-
resorbing activity through a decrease in the production of extracellular matrix proteins,
such as vitronectin and fibronectin [21]. Therefore, Bcl2 and Bcl2l1 have distinct functions
in osteoclasts.

We recently showed that Bcl2 deficiency up-regulated p53 in osteoblasts, which in-
duced Pten and Igfbp3, inactivated Akt, leading to the activation of FoxO1 and FoxO3a,
and accelerated osteoblast differentiation [13]. The overexpression of Bcl2 in osteoblasts
impaired osteocyte process formation, leading to a reduction in the number of canaliculi
and osteocyte apoptosis. In contrast, the overexpression of Bcl-XL in osteoblasts increased
the volumes of both the trabecular and cortical bone with normal structures and these
increases were maintained during aging. Therefore, the functions of Bcl2 and Bcl-XL in
osteoblasts may also differ.

Apoptotic cells have been shown to release adenosine triphosphate (ATP) through
pannexin 1 (Panx1) as a ‘find me’ signal in the earliest stage of death to recruit phago-
cytes [22]. ATP binds to P2Y1 receptors on osteoblasts and enhances Tnfsf11 expression [23].
ATP also activates NF-κB signaling in osteoclasts through P2X7 receptors on osteoclasts,
and ATP drives osteoclast fusion through P2X7 receptors [24,25]. Therefore, the activation
of P2Y and P2X receptors by ATP leads to enhanced bone resorption [26].

We herein demonstrated that osteoblast numbers and bone formation were maintained
in osteoblast-specific Bcl2l1-deficient mice, whereas osteoclastogenesis was accelerated
through the induction of Tnfsf11 expression in osteoblasts likely through the release of ATP
from apoptotic osteoblasts, resulting in a reduction in trabecular bone.

2. Results
2.1. Generation of Osteoblast-Specific Bcl2l1 Conditional Knock-Out Mice

To examine the expression levels of Bcl2l1 in various tissues, Bcl2l1 expression was
examined using RNA from bone marrow, femur, brain, lung, heart, liver, stomach, kidney,
and spleen of 10-week-old mice. Bcl2l1 expression in the femur was moderate among
these tissues (Figure 1A). To specifically delete Bcl2l1 in osteoblasts, we confirmed Cre
expression in 2.3-kb Col1a1 promoter Cre transgenic mice. The 2.3-kb Col1a1 promoter
Cre transgenic mice were mated with β-galactosidase reporter mice under the control of
the CAG promoter. In double transgenic mice, β-galactosidase activity was specifically
detected in osteoblasts (Figure 1B,C). Bcl2l1fl/+ mice were crossed with Cre transgenic mice
and Bcl2l1fl/flCre mice were generated. Lower Bcl2l1 protein levels in Bcl2l1fl/flCre femurs
than in Bcl2l1fl/fl femurs were confirmed by Western blotting (Figure 1D,E). Body weights
in Bcl2l1fl/flCre mice were similar to those in Bcl2l1fl/fl mice of both sexes (Figure 1F).
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staining of sections from the femoral metaphyses (B) and femoral diaphyses (C) of CAG-LacZ trans-
genic mice (LacZ) and CAG-LacZ: Cre double transgenic mice (LacZ; Cre) at 4 weeks of age. Scale 
bars: 50 µm (B,C). (D,E) Western blot analysis using anti-Bcl-XL and anti-Cre antibodies. β-actin 
was used as an internal control. The intensities of the Bcl-XL bands were normalized against β-actin, 
normalized values in the average of Bcl2l1fl/fl mice were set as 1, and relative levels are shown in (E). 
Proteins were extracted from femurs at 5 weeks of age. n = 2. (F) Body weights of male and female 
Bcl2l1fl/fl and Bcl2l1fl/flCre mice at 10 weeks of age. n = 14 (male Bcl2l1fl/fl), n = 11 (male Bcl2l1fl/flCre), n = 
11 (female Bcl2l1fl/fl), n = 12 (female Bcl2l1fl/flCre). 
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Figure 1. Generation of osteoblast-specific Bcl2l1 conditional knock-out mice. (A) Real-time RT-PCR
analysis. Bcl2l1 expression was examined using RNA from bone marrow, the femur, brain, lung, heart,
liver, stomach, kidney, and spleen of wild-type mice at 10 weeks of age. (B,C) β-Galactosidase staining
of sections from the femoral metaphyses (B) and femoral diaphyses (C) of CAG-LacZ transgenic mice
(LacZ) and CAG-LacZ: Cre double transgenic mice (LacZ; Cre) at 4 weeks of age. Scale bars: 50 µm
(B,C). (D,E) Western blot analysis using anti-Bcl-XL and anti-Cre antibodies. β-actin was used as an
internal control. The intensities of the Bcl-XL bands were normalized against β-actin, normalized
values in the average of Bcl2l1fl/fl mice were set as 1, and relative levels are shown in (E). Proteins
were extracted from femurs at 5 weeks of age. n = 2. (F) Body weights of male and female Bcl2l1fl/fl

and Bcl2l1fl/flCre mice at 10 weeks of age. n = 14 (male Bcl2l1fl/fl), n = 11 (male Bcl2l1fl/flCre), n = 11
(female Bcl2l1fl/fl), n = 12 (female Bcl2l1fl/flCre).

2.2. Reduction in Bone Mass in Bcl2l1fl/flCre Mice

In the µCT analysis, the trabecular bone volume and the trabecular number in the
femur were lower in Bcl2l1fl/flCre mice than in Bcl2l1fl/fl mice of both sexes (Figure 2A,B,E).
Trabecular thickness and trabecular bone mineral density (BMD) were lower in male
Bcl2l1fl/flCre mice than in male Bcl2l1fl/fl mice (Figure 2E). At the mid-diaphysis of the
femoral cortical bone, cortical thickness, endosteal perimeters, and cortical BMD in
Bcl2l1fl/flCre mice were similar to those in Bcl2l1fl/fl mice in both sexes, while the periosteal
perimeter was shorter in Bcl2l1fl/flCre mice than in Bcl2l1fl/fl mice among males, but not
females (Figure 2C,D,F).

2.3. Increases in Osteoclast Parameters in Bcl2l1fl/flCre Mice in the Bone
Histomorphometric Analysis

The bone histomorphometric analysis was performed using male femurs at 10 weeks
of age. In the trabecular bone, osteoblast parameters, including the osteoid surface, osteoid
thickness, osteoblast surface, and osteoblast number, and the parameters for bone formation,
including the mineral apposition rate, mineralizing surface, and bone formation rate,
were similar between Bcl2l1fl/flCre and Bcl2l1fl/fl mice, whereas the osteoclast parameters,
including the osteoclast surface and eroded surface, were increased in Bcl2l1fl/flCre mice
(Figure 3A). In the cortical bone, the mineralizing surface in the periosteum, but not in
the endosteum, was slightly larger in Bcl2l1fl/flCre mice than in Bcl2l1fl/fl mice, while the



Int. J. Mol. Sci. 2023, 24, 17319 4 of 15

mineral apposition rate and bone formation rate in both the periosteum and endosteum
were similar in Bcl2l1fl/flCre mice and Bcl2l1fl/fl mice (Figure 3B,C).
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Figure 2. Micro-CT analysis. (A–D) Three-dimensional images of the distal metaphysis (A,B) and
images of the cortical bone at the mid-diaphysis (C,D) of femurs from male (A,C) and female
(B,D) Bcl2l1fl/fl and Bcl2l1fl/flCre mice at 10 weeks of age. Scale bars: 0.5 mm (A,B); 0.3 mm (C,D).
(E,F) Quantification of trabecular bone (E) and cortical bone (F) parameters in male and female
Bcl2l1fl/fl and Bcl2l1fl/flCre mice at 10 weeks of age. These parameters include trabecular bone volume
(bone volume/tissue volume, BV/TV), trabecular thickness (Tb.Th), the trabecular number (Tb.N),
trabecular bone mineral density (Tb.BMD), cortical thickness (Ct.Th), the periosteal perimeter (Ps.Pm),
endosteal perimeter (Es.Pm), and cortical bone mineral density (Ct.BMD). n = 10 (male Bcl2l1fl/fl),
n = 15 (male Bcl2l1fl/flCre), n = 8 (female Bcl2l1fl/fl), n = 8 (female Bcl2l1fl/flCre). * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 3. Bone histomorphometric analysis of femurs in male Bcl2l1fl/fl and Bcl2l1fl/flCre mice at
10 weeks of age. (A) Bone histomorphometric analysis of trabecular bone. Trabecular bone volume
(bone volume/tissue volume, BV/TV), osteoid surface (OS/BS), osteoid thickness (O.Th), osteoblast
surface (Ob.S/BS), number of osteoblasts (N.Ob/B.Pm), number of osteoclasts (N.Oc/B.Pm), osteo-
clast surface (Oc.S/BS), eroded surface (ES/BS), mineral apposition rate (MAR), mineralizing surface
(MS/BS), and bone formation rate (BFR/BS) were compared. (B,C) Dynamic bone histomorphome-
tric analyses of the endosteum (B) and periosteum (C) of the cortical bone. n = 8 (Bcl2l1fl/fl), n = 6
(Bcl2l1fl/flCre). * p < 0.05.

2.4. Increased Osteoblast Apoptosis and Serum TRAP5b Levels in Bcl2l1fl/flCre Mice

Since the number of osteoblasts was not decreased in Bcl2l1fl/flCre mice, the prolifera-
tion of osteoblasts was examined by BrdU labeling. The frequencies of BrdU-positive cells
were similar between Bcl2l1fl/flCre and Bcl2l1fl/fl mice (Figure 4A,B). We then examined
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osteoblast apoptosis by TUNEL staining. The frequency of TUNEL-positive osteoblastic
cells was higher in Bcl2l1fl/flCre mice than in Bcl2l1fl/fl mice (Figure 4C,D). The level of
the serum marker for bone formation, osteocalcin, was similar in Bcl2l1fl/flCre mice and
Bcl2l1fl/fl mice, whereas that of the serum marker for bone resorption, tartrate-resistant
acid phosphatase 5b (TRAP5b), was higher in Bcl2l1fl/flCre mice than in Bcl2l1fl/fl mice
(Figure 4E,F).
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fected with the GFP- and Cre-expressing adenoviruses, indicating that the deletion of 
Bcl2l1 did not affect osteoblast differentiation in the early or late stage (Figure 5A–D). 
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Figure 4. Osteoblast proliferation and apoptosis and serum markers for bone formation and resorp-
tion. (A–D) BrdU labeling (A) and TUNEL staining (C) of sections of the distal femoral metaphysis
from Bcl2l1fl/fl and Bcl2l1fl/flCre mice at 2 weeks of age. Sections were counterstained with hema-
toxylin. BrdU-positive osteoblastic cells and TUNEL-positive cells were counted and shown as a
percentage of the number of osteoblastic cells (B,D). n = 5–7. Scale bars: 50 µm (A,C). (E,F) Serum
osteocalcin (Ocn) (E) and TRAP5b (F) in male Bcl2l1fl/fl and Bcl2l1fl/flCre mice at 10 weeks of age.
Ocn: n = 5 (Bcl2l1fl/fl), n = 6 (Bcl2l1fl/flCre), TRAP5b: n = 9 (Bcl2l1fl/fl), n = 9 (Bcl2l1fl/flCre). * p < 0.05.

2.5. Osteoblastogenesis and Osteoclastogenesis In Vitro

Primary osteoblasts from Bcl2l1fl/fl mice were infected with the green fluorescent
protein (GFP)- or Cre-expressing adenovirus. Osteoblast differentiation was evaluated by
alkaline phosphatase (ALP) and von Kossa staining. Staining was similar between cells
infected with the GFP- and Cre-expressing adenoviruses, indicating that the deletion of
Bcl2l1 did not affect osteoblast differentiation in the early or late stage (Figure 5A–D). Since
osteoclast parameters and serum TRAP5b levels were increased in Bcl2l1fl/flCre mice, Tnfsf11
and Tnfrsf11b expression levels were examined by real-time RT-PCR. The expression levels
of Tnfsf11, but not Tnfrsf11b, were increased and the Tnfsf11/Tnfrsf11b ratio was higher with
the Cre-expressing adenovirus than with the GFP-expressing adenovirus (Figure 5E). The
expression of Tnfsf11 and Tnfrsf11b was also examined in Bcl-XL transgenic (tg) mice under
the control of the 2.3-kb Col1a1 promoter [27] using the newborn calvaria and osteoblast
fraction from femurs and tibiae at 6 weeks of age. Although Tnfrsf11b expression levels in
the calvaria were slightly higher in Bcl-XL tg mice than in wild-type mice, Tnfsf11 expression
levels and the Tnfsf11/Tnfrsf11b ratio were similar between wild-type and Bcl-XL tg mice
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in both the newborn calvaria and osteoblast fraction from femurs and tibiae (Figure 5F,G).
Similar results were also obtained for primary osteoblasts from Bcl-XL tg mice (Figure 5H).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 15 
 

 

(Figure 5E). The expression of Tnfsf11 and Tnfrsf11b was also examined in Bcl-XL trans-
genic (tg) mice under the control of the 2.3-kb Col1a1 promoter [27] using the newborn 
calvaria and osteoblast fraction from femurs and tibiae at 6 weeks of age. Although 
Tnfrsf11b expression levels in the calvaria were slightly higher in Bcl-XL tg mice than in 
wild-type mice, Tnfsf11 expression levels and the Tnfsf11/Tnfrsf11b ratio were similar be-
tween wild-type and Bcl-XL tg mice in both the newborn calvaria and osteoblast fraction 
from femurs and tibiae (Figure 5F,G). Similar results were also obtained for primary oste-
oblasts from Bcl-XL tg mice (Figure 5H). 

 
Figure 5. In vitro osteoblastogenesis. ALP (A) and von Kossa (C) staining, their quantification (B,D), 
and a real-time RT-PCR analysis (E). Primary osteoblasts from Bcl2l1fl/fl mice were infected with a 
GFP- or Cre-expressing adenovirus. ALP and von Kossa staining was performed after the culture 
for 3 and 12 days, respectively, in the osteogenic medium, and RNA was extracted after the culture 
for 4 days in the osteogenic medium. Values for the GFP-expressing adenovirus were defined as 1 
and relative levels are shown. n = 9 in (B,D), n = 6 in (E). Similar results were obtained from two (A–
D) and four (E) independent experiments and representative data are shown. (F,G) Real-time RT-
PCR analysis of Tnfsf11 and Tnfrsf11b expression in Bcl-XL transgenic (tg) mice. RNA was prepared 
from the newborn calvariae of wild-type (n = 15) and Bcl-XL tg (n = 9) mice (F), and from osteoblast-
enriched samples from the femurs and tibiae of wild-type (n = 5) and Bcl-XL tg (n = 6) mice at 6 
weeks of age (G). (H) Real-time RT-PCR analysis of Tnfsf11 and Tnfrsf11b expression in primary 
osteoblasts from wild-type (n = 6) and Bcl-XL tg (n = 6) mice. * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001. 

Figure 5. In vitro osteoblastogenesis. ALP (A) and von Kossa (C) staining, their quantification (B,D),
and a real-time RT-PCR analysis (E). Primary osteoblasts from Bcl2l1fl/fl mice were infected with a
GFP- or Cre-expressing adenovirus. ALP and von Kossa staining was performed after the culture
for 3 and 12 days, respectively, in the osteogenic medium, and RNA was extracted after the culture
for 4 days in the osteogenic medium. Values for the GFP-expressing adenovirus were defined as
1 and relative levels are shown. n = 9 in (B,D), n = 6 in (E). Similar results were obtained from
two (A–D) and four (E) independent experiments and representative data are shown. (F,G) Real-
time RT-PCR analysis of Tnfsf11 and Tnfrsf11b expression in Bcl-XL transgenic (tg) mice. RNA was
prepared from the newborn calvariae of wild-type (n = 15) and Bcl-XL tg (n = 9) mice (F), and from
osteoblast-enriched samples from the femurs and tibiae of wild-type (n = 5) and Bcl-XL tg (n = 6) mice
at 6 weeks of age (G). (H) Real-time RT-PCR analysis of Tnfsf11 and Tnfrsf11b expression in primary
osteoblasts from wild-type (n = 6) and Bcl-XL tg (n = 6) mice. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

Bcl2l1fl/fl primary osteoblasts, which were infected with the GFP- or Cre-expressing
adenovirus, were co-cultured with bone-marrow-derived monocyte/macrophage lineage
cells (BMMs) from Bcl2l1fl/fl mice. Multinucleated TRAP-positive cells were higher in the
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co-culture using primary osteoblasts infected with the Cre-expressing adenovirus than in
that with the GFP-expressing adenovirus (Figure 6A,B). The pit assay was performed on
the co-culture of primary osteoblasts from Bcl2l1fl/fl or Bcl2l1fl/flCre mice with BMMs from
Bcl2l1fl/fl mice. The area of resorption pits in the co-culture using Bcl2l1fl/flCre primary
osteoblasts was larger than in that using Bcl2l1fl/fl primary osteoblasts (Figure 6C,D).
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Figure 6. In vitro osteoclastogenesis. (A,B) TRAP staining (A) and the number of TRAP-positive
cells (B). Primary osteoblasts from Bcl2l1fl/fl mice were infected with the GFP- or Cre-expressing
adenovirus, and infected cells were co-cultured with BMMs from Bcl2l1fl/fl mice for 4 days. The
number of multinucleated TRAP-positive cells in 48-well plates is shown in (B). n = 4. (C,D) Pit assay.
Primary osteoblasts from Bcl2l1fl/fl or Bcl2l1fl/flCre mice were co-cultured with BMMs from Bcl2l1fl/fl

mice on dentin slices for 8 days (C). The pit area in 1 mm2 was measured (D). n = 6. Scale bars:
200 µm (C). Similar results were obtained from two independent experiments and representative
data are shown. * p < 0.05, *** p < 0.001.

2.6. Increases in Apoptosis and ATP Release by the Bcl2l1 Deletion

To confirm that ATP was released in the medium by osteoblast apoptosis, primary
osteoblasts from wild-type mice were cultured in the presence or absence of serum for
24 h. In the absence of serum, TUNEL-positive cells were increased and ATP release in the
medium, which was measured by luciferase, was also enhanced (Figure 7A–C). Elevations
were observed in Tnfsf11 expression levels and the Tnfsf11/Tnfrsf11b ratio in the absence
of serum (Figure 7D). Moreover, Tnfsf11 expression levels and the Tnfsf11/Tnfrsf11b ratio
were increased after the culture for 24 h in serum-free conditioned medium supplemented
with 10% FBS, indicating that released factors were responsible for the induction of Tnfsf11
expression (Figure 7E).

The number of TUNEL-positive cells in Bcl2l1fl/fl primary osteoblasts infected with
the Cre-expressing adenovirus was higher than in those infected with the GFP-expressing
adenovirus (Figure 7F,G). ATP levels in the medium of Bcl2l1fl/fl primary osteoblasts
infected with the Cre-expressing adenovirus were higher than in that of those infected
with the GFP-expressing adenovirus, and this increase was eliminated by the addition of
apyrase, which catalyzes the hydrolysis of ATP (Figure 7H).
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Figure 7. TUNEL-staining and measurement of ATP in vitro. (A–C) Primary osteoblasts from wild-
type mice were cultured in the presence or absence of 10% FBS for 24 h and then stained for TUNEL
(A). The frequencies of TUNEL-positive cells were calculated (B). The amount of ATP in the culture
medium was quantitated by luciferase (C). n = 8. (D,E) Real-time RT-PCR analysis of Tnfsf11 and
Tnfrsf11b. Primary osteoblasts were cultured in the presence or absence of 10% FBS for 24 h (D).
The supernatant with 10% FBS was used for the culture of primary osteoblasts (control), and the
supernatant without 10% FBS was used as conditioned medium in the culture of primary osteoblasts
after the addition of FBS to 10% (conditioned medium + 10% FBS) (E). n = 5. (F–H) Primary osteoblasts
from Bcl2l1fl/fl mice were infected with the GFP- or Cre-expressing adenovirus. After 48 h, cells
were stained for TUNEL (F), and the frequencies of TUNEL-positive cells were calculated (G). The
amount of ATP in the culture medium with or without apyrase was quantitated (H). n = 13 (GFP),
n = 6 (GFP + apyrase), n = 16 (Cre), n = 6 (Cre + apyrase). *, # p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Scale bars: 50 µm. Similar results were obtained from two independent experiments
and representative data are shown.3. Discussion.
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Trabecular bone volume was reduced in Bcl2l1fl/flCre mice due to increased bone
resorption. The deletion of Bcl2l1 in osteoblasts did not affect osteoblast differentiation,
but enhanced osteoclastogenesis through the induction of Tnfsf11 expression in osteoblasts.
However, Bcl2l1 did not appear to exert intrinsic effects on the expression of Tnfsf11 because
the overexpression of Bcl-XL in osteoblasts did not affect Tnfsf11 expression. Osteoblast
apoptosis was increased in Bcl2l1fl/flCre mice, and the deletion of Bcl2l1 in vitro increased
osteoblast apoptosis and ATP, which is released from apoptotic osteoblasts and induces
Tnfsf11 expression and osteoclastogenesis [28], in the medium. These results suggest that
the Bcl2l1 deletion in osteoblasts increased apoptosis, apoptotic osteoblasts released ATP,
and ATP enhanced osteoclastogenesis, which promoted bone resorption.

Although osteoblast apoptosis was increased in Bcl2l1fl/flCre mice, osteoblast param-
eters and the bone formation rate in the bone histomorphometric analysis and serum
osteocalcin levels were not reduced. In contrast, osteoclast parameters in the bone his-
tomorphometric analysis and serum TRAP5b levels were increased in Bcl2l1fl/flCre mice
compared with Bcl2l1fl/fl mice. Therefore, the reduction in trabecular bone volume in
Bcl2l1fl/flCre mice was due to enhanced bone resorption. The deletion of Bcl2l1 in primary
osteoblasts increased the expression of Tnfsf11, whereas the overexpression of Bcl-XL had
no effect. Moreover, bone resorption in osteoblast-specific Bcl-XL tg mice was similar to
that in wild-type mice [27]. Therefore, increased bone resorption in Bcl2l1fl/flCre mice and
enhanced osteoclastogenesis and Tnfsf11 induction by the Bcl2l1 deletion in osteoblasts
were not considered to have been caused by the intrinsic effects of Bcl2l1. Since the Bcl2l1
deletion in osteoblasts increased apoptosis and ATP release into the medium, the deletion
of Bcl2l1 was considered to have enhanced osteoclastogenesis through the release of ATP
from apoptotic osteoblasts. Apoptotic osteoblasts are quickly removed by phagocytes;
therefore, it is difficult to observe the induction of Tnfsf11 in neighboring osteoblasts
in vivo. In the case of apoptotic osteocytes, which are not phagocytosed, the induction of
Tnfsf11 was observed in neighboring osteocytes and osteoblasts [29,30]. Therefore, ATP
released from apoptotic osteoblasts may have induced Tnfsf11 expression by binding to
P2Y receptors on neighboring osteoblasts in vivo [23]. ATP will also bind to P2X receptors
on neighboring osteoclast progenitors and osteoclasts and enhance their differentiation and
activity [24,25,31].

Since the increase in osteoblast apoptosis did not affect osteoblast parameters or the
bone formation rate in the bone morphometric analysis or the serum level of osteocal-
cin in Bcl2l1fl/flCre mice, some mechanisms may have compensated for osteoblast death.
P2Y receptors has been shown to positively or negatively function in the proliferation,
differentiation, and functions of osteoblasts [32]. A previous study demonstrated that
ATP potentiated parathyroid hormone-mediated signaling though P2Y1 receptors, ATP
released by low-intensity ultrasound induced osteoblastogenesis through P2Y1 receptors,
and an antagonist of P2Y12 receptors, which was selective for ADP and ATP, inhibited
osteoblast proliferation and differentiation and reduced trabecular bone volume [33–35].
Therefore, ATP released from apoptotic osteoblasts may have enhanced osteoblastogenesis
and compensated for the loss of osteoblasts.

In conclusion, Bcl2l1 was involved in the survival of osteoblasts, the Bcl2l1 deletion in
osteoblasts appeared to enhance bone resorption by inducing osteoblast apoptosis, and ATP
released from apoptotic osteoblasts may be responsible for enhanced bone resorption. This
is the first study to suggest that osteoblast apoptosis reduces bone mass by enhancing bone
resorption, although the mechanism shown here by in vitro studies needs to be confirmed
in vivo. Since the overexpression of Bcl-XL in osteoblasts has been shown to enhance
bone formation and increase the trabecular and cortical bone by preventing osteoblast
apoptosis [27], the inhibition of osteoblast apoptosis is important not only for enhancing
bone formation, but also for suppressing bone resorption.
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3. Materials and Methods
3.1. Mice

Cre transgenic mice driven by the 2.3-kb Col1a1 promoter, CAG-CAT-LacZ transgenic
mice [36], and Bcl2l1 flox mice [37] were kindly provided by Dr. H. Akiyama (Gifu Uni-
versity, Gifu, Japan), Dr. J. Miyazaki (Osaka University, Suita, Japan), and Dr. Y. He (Duke
University, Durham, NC, USA), respectively. Bcl-XL tg mice under the control of the 2.3-kb
Col1a1 promoter were generated as previously described [27]. Before the initiation of the
present study, all experimental protocols were reviewed and approved by the Animal Care
and Use Committee of Nagasaki University Graduate School of Biomedical Sciences (No.
1903131520-9). Animals were housed three per cage in a pathogen-free environment on
a 12 h light cycle at 22 ± 2 ◦C, with standard chow (CLEA Japan, Tokyo, Japan) and free
access to tap water.

3.2. Real-Time RT-PCR and Western Blot Analyses

Total RNA was extracted from bone marrow, femur, brain, lung, heart, liver, stomach,
kidney, and spleen of wild-type mice at 10 weeks of age, newborn calvariae of wild-type
and Bcl-XL tg mice, and from osteoblast-enriched samples from the femurs and tibiae of
wild-type and Bcl-XL tg mice at 6 weeks of age using ISOGEN (Wako, Osaka, Japan). To
obtain the osteoblast-enriched samples, muscle, connective tissue, and periosteum were
removed from the femurs and tibiae, and the bones were cut at the metaphyses. After the
hematopoietic cells in the diaphyses of femurs and tibiae were flushed out with PBS, the
osteoblast-enriched cells were collected using a microintertooth brush (Kobayashi Pharma-
ceutical Co., Ltd., Osaka, Japan). Total RNA was also extracted from primary osteoblasts
using ISOGEN. Real-time PT-PCR was performed using THUNDERBIRD SYBR qPCR Mix
(Toyobo, Osaka, Japan) and Light Cycler 480 real-time PCR system (Roche Diagnostics,
Tokyo, Japan). Primer sequences were as follows: Actb, 5′-CCACCCGCGAGCACAGCTTC-
3′ and 5′-TTGTCGACGACCAGCGCAGC-3′, Bcl2l1, 5′-GCAGGTATTGGTGAGTCG-3′ and
5′-GGCTGCTGCATTGTTCCC-3′; Tnfsf11, 5′-CAAGCTCCGAGCTGGTGAAG-3′ and 5′-
CCTGAACTTTGAAAGCCCCA-3′; Tnfrsf11b, 5′-AAGAGCAAACCTTCCAGCTGC-3′ and
5′-CACGCTGCTTTCACAGAGGTC-3′. We normalized values to those of Actb. Protein was
extracted from femurs and tibiae, and Western blot analysis was performed using anti-Cre
(Covance, Princeton, NJ, USA) and anti-Bcl-XL (Cell Signaling Technology, Danvers, MA,
USA) antibodies.

3.3. X-Gal Staining

X-gal staining was performed using mice at 4 weeks of age. Mice were sacrificed
and the long bones were dissected. They were fixed for 30 min in 0.1 M phosphate buffer
with 5 mM EGTA, 2 mM MgCl2, and 4% paraformaldehyde, and rinsed three times for
15 min each with 0.1 M phosphate buffer containing 5 mM EGTA, 2 mM MgCl2, 0.02%
Nonidet P-40, and 0.01% sodium deoxycholate. They were then stained with the same
rinsing solution supplemented with 0.5 mg/mL of X-gal, 10 mM potassium ferrocyanide,
and 10 mM potassium ferricyanide. After staining, samples were washed in the same
rinsing solution for 24 h.

3.4. Micro-CT Analysis

A quantitative micro-CT analysis was performed with a micro-CT system (R_mCT;
Rigaku Corporation, Tokyo, Japan). Data from scanned slices were used for a three-
dimensional analysis to calculate femoral morphometric parameters using the software
(Ratoc, TRI-3D BON version R9.02.00.0-H-64, RATOC Systems, Inc., Osaka, Japan). Tra-
becular bone parameters were measured on a distal femoral metaphysis. Approximately
2.4 mm (0.5 mm from the growth plate) was cranio-caudally scanned, and 200 slices were
taken at 12 µm intervals. Cortical thickness was measured at the mid-diaphyses of femurs.
We used a threshold value of 275 to binarize the spongiosa and cortex.
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3.5. Histological Analysis

To assess dynamic histomorphometric indices, mice were injected with calcein 13 d
and 3 d before sacrifice. For bone histomorphometric analyses, femurs were fixed with 70%
ethanol, and the undecalcified bones were embedded in glycol methacrylate. Three µm
longitudinal sections from the distal parts of femurs were stained with toluidine blue
and analyzed using a semiautomated system (Bone Histomorphometric System, System
Supply, Nagano, Japan). The trabecular bone was measured in the secondary spongiosa
commencing 480 µm below the growth plate and extending proximally for 560 µm. Calcein
labeling in the cortical bone was measured using 50 µm polishing sections from the mid-
diaphyses of femurs by cellSens Standard (OLYMPUS, Tokyo, Japan).

In histological analyses of long bones, mice were sacrificed and fixed in 4% paraformaldehyde/
0.01 M phosphate-buffered saline, and the long bones were decalcified in 10% EDTA
(pH = 7.4) and embedded in paraffin. Sections (thickness of 3 µm) were stained for TUNEL
using the ApopTag® system (Millipore, Darmstadt, Germany). In the BrdU incorporation
study, 2-week-old mice were injected intraperitoneally with 100 µg BrdU/g body weight
and sacrificed 1 h later. Sections were stained with a BrdU staining kit (Zymed, San
Francisco, CA, USA). In the counting of TUNEL-positive or BrdU-positive osteoblastic cells,
only cells in the distal primary spongiosa of femurs, which were recognized as osteoblastic
cells from their morphology and attachment to trabecular bone, were counted.

3.6. Serum Testing

The serum levels of osteocalcin and TRAP5b were measured using a Mouse Osteo-
calcin Enzyme Immunoassay Kit (BTI, Stoughton, MA, USA) and Mouse TRAP Assay
(Immunodiagnostic Systems, Boldon, UK), respectively.

3.7. Cell Culture

Primary osteoblasts were isolated from newborn calvariae by sequential digestion
with 0.1% collagenase A and 0.2% dispase. Osteoblastic cells from the third to fifth fractions
were pooled, plated on 24-well plates at a density of 1× 105/well in α-MEM supplemented
with 10% fetal bovine serum (FBS). At confluency, cells were infected with an adenovirus
expressing GFP or Cre at a multiplicity of infection (MOI) of 10 for 3 h. After 24 h, cells
were plated on 24-well plates at a density of 1 × 105/well, and after the culture for 24 h,
the medium was changed to osteogenic medium containing 50 µg/mL ascorbic acid and
10 mM β-glycerophosphate. ALP and von Kossa staining was performed after the culture
for 3 and 12 days, respectively, in the osteogenic medium. Staining for ALP activity and
mineralization (von Kossa) was performed as previously described [13]. ALP and von
Kossa staining was quantified using ImageJ version 1.47. Total RNA was extracted after
the culture for 4 days in the osteogenic medium.

3.8. In Vitro Osteoclastogenesis

BMMs were isolated by density gradient centrifugation using Ficoll-PaqueTM (GE
Healthcare, Tokyo, Japan) from the bone marrow of Bcl2l1fl/fl mice at 12 weeks of age.
Primary osteoblasts from the newborn calvariae of Bcl2l1fl/fl mice were infected with an
adenovirus expressing GFP or Cre for 3 h. After 24 h, cells at 1.5 × 105 cells/cm2 were co-
cultured with BMMs at 2.5 × 105 cells/cm2 in α-MEM containing 10% FBS in the presence
of 50 µg/mL of ascorbic acid and 10−8 M 1α, 25 (OH)2D3 in 48-well plates for 4 days.
Osteoclast formation was evaluated by TRAP staining. Cultured cells were fixed with 4%
paraformaldehyde for 30 min, washed in 0.01M PBS at room temperature for 5 min, and
incubated in acetate buffer (pH 5.0) containing, N, N-dimethylformamide, naphthol AS-MX
phosphate, fast red AL salt, and 50 mM sodium tartrate at 37 ◦C for 15 min.

To evaluate bone resorption, primary osteoblasts from the newborn calvariae of
Bcl2l1fl/fl or Bcl2l1fl/flCre mice at a density of 5 × 105 cells/cm2 were co-cultured with
BMMs at 5 × 105 cells/cm2 on dentin slices (Wako) in 48-well plates for 8 days. The wells
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were treated by ultrasonication in 1 M ammonia water, dried, and observed by scanning
microscopy (HITACHI, Miniscope TM-1000, Tokyo, Japan).

3.9. Measurement of ATP

Primary osteoblasts from Bcl2l1fl/fl mice were plated on 48-well plates at a density of
1 × 105/well. At confluency, cells were infected with an adenovirus expressing GFP or Cre
at a MOI of 10 for 3 h. The medium was changed to fresh medium containing 1 U/mL of
apyrase (NACALAI TESQUE, Inc., Kyoto, Japan). After a culture for 72 h, ATP levels in the
supernatant were measured using an Intracellular ATP detection kit (IC100, TOYO B-Net,
Co., Ltd. Tokyo, Japan).

3.10. Serum-Free Culture

Primary osteoblasts from Bcl2l1fl/fl mice were plated on 24-well plates at a density
of 1 × 105/well and cultured in α-MEM with or without 10% FBS for 24 h, and TUNEL
staining was performed using the ApopTag® system (Millipore) or RNA was extracted
from cells. The supernatant was used to measure ATP. Furthermore, the supernatant with
10% FBS was used for the culture of primary osteoblasts, the supernatant without 10% FBS
was used as conditioned medium in the culture of primary osteoblasts after the addition of
FBS to 10%, and RNA was extracted after the culture for 24 h.

3.11. Statistical Analysis

Statistical analyses were performed by the Student’s t-test in the comparison of two
groups except for Figure 7H, in which the four groups were compared by the Tukey–Kramer
test, using BellCurve version 4.05 for Excel (Social Survey Research Information Co., Ltd.,
Tokyo, Japan). Data are presented as the mean ± S.D. A p-value < 0.05 was considered to
be significant.

Author Contributions: Methodology, T.M. and Y.K.; formal analysis, T.M. and Y.K.; investigation,
T.M., Y.K., R.F. and Y.M.; resources, Y.-W.H. and H.A.; software, T.M.; data curation, T.M. and T.K.;
writing-original draft preparation, T.M. and T.K.; writing—review and editing, T.K.; supervision, T.K.;
project administration, I.A. and T.K.; funding acquisition, T.M., Y.K. and T.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the Japanese Ministry of Education, Culture,
Sports, Science and Technology to TM (grant number: 15K10482), YK (grant number: 25893182) and
TK (grant number: 23H00440).

Institutional Review Board Statement: The animal study protocol was approved by the Ani-
mal Care and Use Committee of Nagasaki University Graduate School of Biomedical Sciences
(No. 1903131520-9, March 13, 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. O’Brien, C.A.; Jia, D.; Plotkin, L.I.; Bellido, T.; Powers, C.C.; Stewart, S.A.; Manolagas, S.C.; Weinstein, R.S. Glucocorticoids act

directly on osteoblasts and osteocytes to induce their apoptosis and reduce bone formation and strength. Endocrinology 2004, 145,
1835–1841. [CrossRef]

2. Kousteni, S.; Bellido, T.; Plotkin, L.I.; O’Brien, C.A.; Bodenner, D.L.; Han, L.; Han, K.; DiGregorio, G.B.; Katzenellenbogen, J.A.;
Katzenellenbogen, B.S.; et al. Nongenotropic, sex-nonspecific signaling through the estrogen or androgen receptors: Dissociation
from transcriptional activity. Cell 2001, 104, 719–730. [CrossRef]

3. Stanislaus, D.; Yang, X.; Liang, J.D.; Wolfe, J.; Cain, R.L.; Onyia, J.E.; Falla, N.; Marder, P.; Bidwell, J.P.; Queener, S.W.; et al. In vivo
regulation of apoptosis in metaphyseal trabecular bone of young rats by synthetic human parathyroid hormone (1-34) fragment.
Bone 2000, 27, 209–218. [CrossRef]

4. Gohel, A.; McCarthy, M.B.; Gronowicz, G. Estrogen prevents glucocorticoid-induced apoptosis in osteoblasts in vivo and in vitro.
Endocrinology 1999, 140, 5339–5347. [CrossRef]

https://doi.org/10.1210/en.2003-0990
https://doi.org/10.1016/S0092-8674(02)08100-X
https://doi.org/10.1016/S8756-3282(00)00309-4
https://doi.org/10.1210/endo.140.11.7135


Int. J. Mol. Sci. 2023, 24, 17319 14 of 15

5. Weinstein, R.S.; Jilka, R.L.; Parfitt, A.M.; Manolagas, S.C. Inhibition of osteoblastogenesis and promotion of apoptosis of
osteoblasts and osteocytes by glucocorticoids. Potential mechanisms of their deleterious effects on bone. J. Clin. Investig. 1998,
102, 274–282. [CrossRef]

6. Plotkin, L.I.; Weinstein, R.S.; Parfitt, A.M.; Roberson, P.K.; Manolagas, S.C.; Bellido, T. Prevention of osteocyte and osteoblast
apoptosis by bisphosphonates and calcitonin. J. Clin. Investig. 1999, 104, 1363–1374. [CrossRef] [PubMed]

7. Jilka, R.L.; Weinstein, R.S.; Bellido, T.; Roberson, P.; Parfitt, A.M.; Manolagas, S.C. Increased bone formation by prevention of
osteoblast apoptosis with parathyroid hormone. J. Clin. Investig. 1999, 104, 439–446. [CrossRef]

8. Tomkinson, A.; Reeve, J.; Shaw, R.W.; Noble, B.S. The death of osteocytes via apoptosis accompanies estrogen withdrawal in
human bone. J. Clin. Endocrinol. Metab. 1997, 82, 3128–3135. [PubMed]

9. Youle, R.J.; Strasser, A. The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol. 2008, 9,
47–59. [CrossRef] [PubMed]

10. Tsujimoto, Y. Cell death regulation by the Bcl-2 protein family in the mitochondria. J. Cell. Physiol. 2003, 195, 158–167. [CrossRef]
11. Yamashita, J.; Datta, N.S.; Chun, Y.-H.P.; Yang, D.-Y.; Carey, A.A.; Kreider, J.M.; Goldstein, S.A.; McCauley, L.K. Role of Bcl2 in

Osteoclastogenesis and PTH Anabolic Actions in Bone. J. Bone Miner. Res. 2007, 23, 621–632. [CrossRef]
12. Nagase, Y.; Iwasawa, M.; Akiyama, T.; Kadono, Y.; Nakamura, M.; Oshima, Y.; Yasui, T.; Matsumoto, T.; Hirose, J.;

Nakamura, H.; et al. Anti-apoptotic molecule Bcl-2 regulates the differentiation, activation, and survival of both osteoblasts and
osteoclasts. J. Biol. Chem. 2009, 284, 36659–36669. [CrossRef]

13. Moriishi, T.; Kawai, Y.; Komori, H.; Rokutanda, S.; Eguchi, Y.; Tsujimoto, Y.; Asahina, I.; Komori, T. Bcl2 deficiency activates FoxO
through Akt inactivation and accelerates osteoblast differentiation. PLoS ONE 2014, 9, e86629. [CrossRef]

14. Moriishi, T.; Maruyama, Z.; Fukuyama, R.; Ito, M.; Miyazaki, T.; Kitaura, H.; Ohnishi, H.; Furuichi, T.; Kawai, Y.;
Masuyama, R.; et al. Overexpression of Bcl2 in osteoblasts inhibits osteoblast differentiation and induces osteocyte apoptosis.
PLoS ONE 2011, 6, e27487. [CrossRef]

15. Boise, L.H.; Gonzalez-Garcia, M.; Postema, C.E.; Ding, L.; Lindsten, T.; Turka, L.A.; Mao, X.; Nunez, G.; Thompson, C.B. bcl-x, a
bcl-2-related gene that functions as a dominant regulator of apoptotic cell death. Cell 1993, 74, 597–608. [CrossRef]

16. Gonzalez-Garcia, M.; Perez-Ballestero, R.; Ding, L.; Duan, L.; Boise, L.H.; Thompson, C.B.; Nunez, G. bcl-XL is the major bcl-x
mRNA form expressed during murine development and its product localizes to mitochondria. Development 1994, 120, 3033–3042.
[CrossRef]

17. Fang, W.; Rivard, J.J.; Mueller, D.L.; Behrens, T.W. Cloning and molecular characterization of mouse bcl-x in B and T lymphocytes.
J. Immunol. 1994, 153, 4388–4398. [CrossRef]

18. Shiraiwa, N.; Inohara, N.; Okada, S.; Yuzaki, M.; Shoji, S.; Ohta, S. An additional form of rat Bcl-x, Bcl-xbeta, generated by an
unspliced RNA, promotes apoptosis in promyeloid cells. J. Biol. Chem. 1996, 271, 13258–13265. [CrossRef]

19. Yang, X.F.; Weber, G.F.; Cantor, H. A novel Bcl-x isoform connected to the T cell receptor regulates apoptosis in T cells. Immunity
1997, 7, 629–639. [CrossRef]

20. Motoyama, N.; Wang, F.; Roth, K.A.; Sawa, H.; Nakayama, K.; Negishi, I.; Senju, S.; Zhang, Q.; Fujii, S.; Dennis, Y.; et al. Massive
cell death of immature hematopoietic cells and neurons in Bcl-x-deficient mice. Science 1995, 267, 1506–1510. [CrossRef]

21. Iwasawa, M.; Miyazaki, T.; Nagase, Y.; Akiyama, T.; Kadono, Y.; Nakamura, M.; Oshima, Y.; Yasui, T.; Matsumoto, T.; Nakamura,
T.; et al. The antiapoptotic protein Bcl-xL negatively regulates the bone-resorbing activity of osteoclasts in mice. J. Clin. Investig.
2009, 119, 3149–3159. [CrossRef]

22. Chekeni, F.B.; Elliott, M.R.; Sandilos, J.K.; Walk, S.F.; Kinchen, J.M.; Lazarowski, E.R.; Armstrong, A.J.; Penuela, S.; Laird, D.W.;
Salvesen, G.S.; et al. Pannexin 1 channels mediate ‘find-me’ signal release and membrane permeability during apoptosis. Nature
2010, 467, 863–867. [CrossRef]

23. Buckley, K.A.; Hipskind, R.A.; Gartland, A.; Bowler, W.B.; Gallagher, J.A. Adenosine triphosphate stimulates human osteoclast
activity via upregulation of osteoblast-expressed receptor activator of nuclear factor-kappa B ligand. Bone 2002, 31, 582–590.
[CrossRef]

24. Korcok, J.; Raimundo, L.N.; Ke, H.Z.; Sims, S.M.; Dixon, S.J. Extracellular nucleotides act through P2X7 receptors to activate
NF-kappaB in osteoclasts. J. Bone Miner. Res. 2004, 19, 642–651. [CrossRef]

25. Pellegatti, P.; Falzoni, S.; Donvito, G.; Lemaire, I.; Di Virgilio, F. P2X7 receptor drives osteoclast fusion by increasing the
extracellular adenosine concentration. FASEB J. 2011, 25, 1264–1274. [CrossRef]

26. Gallagher, J.A. ATP P2 receptors and regulation of bone effector cells. J. Musculoskelet. Neuronal Interact. 2004, 4, 125–127.
27. Moriishi, T.; Fukuyama, R.; Miyazaki, T.; Furuichi, T.; Ito, M.; Komori, T. Overexpression of BCLXL in Osteoblasts Inhibits

Osteoblast Apoptosis and Increases Bone Volume and Strength. J. Bone Miner. Res. 2016, 31, 1366–1380. [CrossRef]
28. Komori, T. Cell Death in Chondrocytes, Osteoblasts, and Osteocytes. Int. J. Mol. Sci. 2016, 17, 2045. [CrossRef]
29. Kennedy, O.D.; Laudier, D.M.; Majeska, R.J.; Sun, H.B.; Schaffler, M.B. Osteocyte apoptosis is required for production of

osteoclastogenic signals following bone fatigue in vivo. Bone 2014, 64, 132–137. [CrossRef]
30. Cheung, W.Y.; Fritton, J.C.; Morgan, S.A.; Seref-Ferlengez, Z.; Basta-Pljakic, J.; Thi, M.M.; Suadicani, S.O.; Spray, D.C.; Majeska,

R.J.; Schaffler, M.B. Pannexin-1 and P2X7-Receptor Are Required for Apoptotic Osteocytes in Fatigued Bone to Trigger RANKL
Production in Neighboring Bystander Osteocytes. J. Bone Miner. Res. 2016, 31, 890–899. [CrossRef]

31. Lemaire, I.; Falzoni, S.; Zhang, B.; Pellegatti, P.; Di Virgilio, F. The P2X7 receptor and Pannexin-1 are both required for the
promotion of multinucleated macrophages by the inflammatory cytokine GM-CSF. J. Immunol. 2011, 187, 3878–3887. [CrossRef]

https://doi.org/10.1172/JCI2799
https://doi.org/10.1172/JCI6800
https://www.ncbi.nlm.nih.gov/pubmed/10562298
https://doi.org/10.1172/JCI6610
https://www.ncbi.nlm.nih.gov/pubmed/9284757
https://doi.org/10.1038/nrm2308
https://www.ncbi.nlm.nih.gov/pubmed/18097445
https://doi.org/10.1002/jcp.10254
https://doi.org/10.1359/jbmr.071211
https://doi.org/10.1074/jbc.M109.016915
https://doi.org/10.1371/journal.pone.0086629
https://doi.org/10.1371/journal.pone.0027487
https://doi.org/10.1016/0092-8674(93)90508-N
https://doi.org/10.1242/dev.120.10.3033
https://doi.org/10.4049/jimmunol.153.10.4388
https://doi.org/10.1074/jbc.271.22.13258
https://doi.org/10.1016/S1074-7613(00)80384-2
https://doi.org/10.1126/science.7878471
https://doi.org/10.1172/JCI39819
https://doi.org/10.1038/nature09413
https://doi.org/10.1016/S8756-3282(02)00877-3
https://doi.org/10.1359/JBMR.040108
https://doi.org/10.1096/fj.10-169854
https://doi.org/10.1002/jbmr.2808
https://doi.org/10.3390/ijms17122045
https://doi.org/10.1016/j.bone.2014.03.049
https://doi.org/10.1002/jbmr.2740
https://doi.org/10.4049/jimmunol.1002780


Int. J. Mol. Sci. 2023, 24, 17319 15 of 15

32. Zhou, Y.; Arredondo, H.M.; Wang, N. P2Y Receptors in Bone—Anabolic, Catabolic, or Both? Front. Endocrinol. 2021, 12, 818499.
[CrossRef]

33. Buckley, K.A.; Wagstaff, S.C.; McKay, G.; Gaw, A.; Hipskind, R.A.; Bilbe, G.; Gallagher, J.A.; Bowler, W.B. Parathyroid hormone
potentiates nucleotide-induced [Ca2+]i release in rat osteoblasts independently of Gq activation or cyclic monophosphate
accumulation. A mechanism for localizing systemic responses in bone. J. Biol. Chem. 2001, 276, 9565–9571. [CrossRef]

34. Alvarenga, E.C.; Rodrigues, R.; Caricati-Neto, A.; Silva-Filho, F.C.; Paredes-Gamero, E.J.; Ferreira, A.T. Low-intensity pulsed
ultrasound-dependent osteoblast proliferation occurs by via activation of the P2Y receptor: Role of the P2Y1 receptor. Bone 2010,
46, 355–362. [CrossRef]

35. Syberg, S.; Brandao-Burch, A.; Patel, J.J.; Hajjawi, M.; Arnett, T.R.; Schwarz, P.; Jorgensen, N.R.; Orriss, I.R. Clopidogrel (Plavix), a
P2Y12 receptor antagonist, inhibits bone cell function in vitro and decreases trabecular bone in vivo. J. Bone Miner. Res. 2012, 27,
2373–2386. [CrossRef]

36. Sakai, K.; Miyazaki, J. A transgenic mouse line that retains Cre recombinase activity in mature oocytes irrespective of the cre
transgene transmission. Biochem. Biophys. Res. Commun. 1997, 237, 318–324. [CrossRef]

37. Zhang, N.; He, Y.W. The antiapoptotic protein Bcl-xL is dispensable for the development of effector and memory T lymphocytes.
J. Immunol. 2005, 174, 6967–6973. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fendo.2021.818499
https://doi.org/10.1074/jbc.M005672200
https://doi.org/10.1016/j.bone.2009.09.017
https://doi.org/10.1002/jbmr.1690
https://doi.org/10.1006/bbrc.1997.7111
https://doi.org/10.4049/jimmunol.174.11.6967

	Introduction 
	Results 
	Generation of Osteoblast-Specific Bcl2l1 Conditional Knock-Out Mice 
	Reduction in Bone Mass in Bcl2l1fl/flCre Mice 
	Increases in Osteoclast Parameters in Bcl2l1fl/flCre Mice in the Bone Histomorphometric Analysis 
	Increased Osteoblast Apoptosis and Serum TRAP5b Levels in Bcl2l1fl/flCre Mice 
	Osteoblastogenesis and Osteoclastogenesis In Vitro 
	Increases in Apoptosis and ATP Release by the Bcl2l1 Deletion 

	Materials and Methods 
	Mice 
	Real-Time RT-PCR and Western Blot Analyses 
	X-Gal Staining 
	Micro-CT Analysis 
	Histological Analysis 
	Serum Testing 
	Cell Culture 
	In Vitro Osteoclastogenesis 
	Measurement of ATP 
	Serum-Free Culture 
	Statistical Analysis 

	References

