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Abstract
Introduction  Postmenopausal osteoporosis is a critical task in the clinical management of older individuals. Numerous 
studies have proposed various pathophysiological mechanisms for postmenopausal osteoporosis. Tmem119 is a crucial 
factor for osteoblastic bone formation, and we previously clarified its contribution to the bone anabolic effects of various 
osteotropic factors. However, the roles of Tmem119 in postmenopausal osteoporosis and the effects of estrogen on bone 
remain unknown. Therefore, we herein investigated the roles of Tmem119 in bilateral ovariectomized mice with or without 
Tmem119 deficiency and/or the administration of estrogen.
Materials and methods  Wild-type and Tmem119-deficient mice underwent bilateral ovariectomy (OVX) and subcutane-
ous injections of 17β-estradiol for 6 weeks. We measured bone parameters in the femurs of mice using micro-computed 
tomography.
Results  OVX reduced the uterine weight and trabecular bone parameters, which were increased by estrogen administra-
tion. Tmem119 deficiency significantly blunted estrogen-induced increases in uterine weight, trabecular bone volume, and 
trabecular thickness in OVX mice. Tmem119 deficiency also significantly blunted estrogen-induced increases in alkaline 
phosphatase activity in mouse osteoblasts.
Conclusion  Our data indicated that Tmem119 is partly involved in the effects of estrogen on trabecular osteopenia induced 
by estrogen deficiency presumably by affecting osteoblasts in female mice.
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Introduction

The decline in estrogen levels in postmenopausal women 
is strongly associated with aging-related bone loss and an 
increased risk of bone fracture [1, 2]. The cause of post-
menopausal osteoporosis is an imbalance between osteo-
blastic bone formation and osteoclastic bone resorption, and 
estrogen deficiency is known to promote osteoclast activity 
[3, 4]. We previously reported that estrogen inhibited the 
formation of osteoclast-like cells stimulated by parathyroid 
hormone (PTH) by selectively acting on the PTH-responsive 
cyclic adenosine monophosphate pathway [5, 6]. A recent 
study demonstrated the involvement of hypoxia-inducible 

factor-1α in osteoclast formation in postmenopausal osteo-
penia in mice [7]. Estrogen-mediated epigenetic regulation 
has been shown to play a number of roles in the regulation 
of osteogenic responses by estrogen in human mesenchy-
mal stem cells [8]. These findings suggest that numerous 
mechanisms are responsible for the effects of estrogen on 
bone and osteoporosis.

Tmem119 is a single-pass type 1a membrane protein, 
and we identified Tmem119 as a gene whose expression is 
enhanced by TGF-β-responsive Smad3 signaling with osteo-
genic activity based on a comprehensive gene transcriptome 
analysis of mouse osteoblastic cells [9]. Calabrese et al. iden-
tified Tmem119 as an important gene in osteoblast lineage 
cells in mice [10]. A clinical study showed that Tmem119 
was one of the genes related to aging-associated osteopenia 
in human genome-wide association studies [11]. Based on 
the findings of in vitro studies, Tmem119 mutations have 
been implicated in the pathogenic mechanisms of the pri-
mary failure of eruption, a rare oral disease characterized by 
abnormal tooth eruption, by affecting glucose metabolism 

 *	 Hiroshi Kaji 
	 hkaji@med.kindai.ac.jp

1	 Department of Orthopaedic Surgery, Faculty of Medicine, 
Kindai University, Osakasayama, Japan

2	 Department of Physiology and Regenerative Medicine, 
Faculty of Medicine, Kindai University, Osakasayama, Japan

http://orcid.org/0000-0001-7433-5135
http://crossmark.crossref.org/dialog/?doi=10.1007/s00774-025-01644-5&domain=pdf


	 Journal of Bone and Mineral Metabolism

and osteoblastic mineralization partly through activation 
transcription factor 4 (ATF4) [12]. We previously revealed 
the involvement of Tmem119 in the bone anabolic effects of 
PTH partly through the enhancement of osteoblastic bone 
formation in mice [9, 13]. Moreover, Tmem119 is related 
to bone morphogenetic protein (BMP) and Runx2 signal-
ing through interactions with BMP-specific Smad1/5 and 
Runx2 during osteogenic differentiation in mice [14, 15]. 
We previously suggested that the commitment of Tmem119 
in bone mass and PTH-enhanced bone formation was more 
pronounced in female mice than in male mice [13]. A recent 
study showed that ovariectomy (OVX) reduced Tmem119 
mRNA levels in mouse bone marrow stromal cells [16]. 
However, the roles of Tmem119 in the effects of estrogen on 
bone and the pathogenesis of postmenopausal osteoporosis 
remain unknown.

Therefore, we herein investigated the roles of Tmem119 
in the effects of estrogen on bone in OVX mice with 
Tmem119 deficiency.

Materials and methods

Animal experiments

All animal experiments were performed in accordance with 
the guidelines of the National Institutes of Health and the 
institutional rules for the use and care of laboratory animals 
at Kindai University. All procedures were approved by the 
Experimental Animal Welfare Committee of Kindai Univer-
sity (Permit number: KAME-2024-009).

Tmem119-deficient (Tmem119−/−) mice were prepared 
as previously described [13]. Tmem119−/− mice were gen-
erated using CRISPR/Cas9 technology in C57BL/6J mouse 
embryos. Heterozygous Tmem119 mutant mice were inter-
crossed to obtain homozygous Tmem119−/− littermates. 
Twelve-week-old Tmem119−/− mice and their wild-type lit-
termates (Tmem119+/+) were used. Mice were divided into 
5 groups: sham/control/Tmem119+/+ (n = 7), OVX/control/
Tmem119+/+ (n = 7), OVX/control/Tmem119−/− (n = 11), 
OVX/17β-estradiol/Tmem119+/+ (n = 8), and OVX/17β-
estradiol/Tmem119−/− (n = 10). At 12 weeks of age, mice 
were randomly assigned to undergo OVX or sham surgery. 
Tmem119+/+ mice that had undergone sham surgery then 
received subcutaneous injections of corn oil for 6 weeks, 
while Tmem119+/+ and Tmem119−/− mice that had under-
gone OVX received subcutaneous injections of corn oil for 
6 weeks, and a total of five groups were established, includ-
ing a group of Tmem119+/+ and Tmem119−/− mice that had 
undergone OVX and received subcutaneous injections of 
100 μg/kg 17β-estradiol (FUJIFILM, Wako Pure Chem. 
Osaka, Japan) dissolved in corn oil three times per week for 
6 weeks. Mice were injected intraperitoneally with 20 mg/

kg calcein 2 and 7 days prior to euthanasia. One day after 
the final injection of 17β-estradiol or corn oil, mice were 
euthanized by excess isoflurane. All mice were given food 
and water ad libitum. Room temperature was maintained at 
24 ± 1 °C with a 12:12 h light/dark cycle.

Micro‑computed tomography (μCT) analysis

A μCT analysis was performed according to previous stud-
ies [17] and the guidelines of the American Society for 
Bone and Mineral Research [18]. The distal femur was 
scanned using CosmoScan GXII (Rigaku Corporation, 
Yamanashi, Japan) with the following parameters: voxel 
size = 10 × 10 × 10 μm, X-ray voltage = 90 kV, X-ray tube 
current = 88 μA, exposure time = 4 min. Beam-hardening 
artifacts were reduced using a copper filter (0.06 mm) and 
an aluminum filter (0.5 mm). Prior to an analysis of the bone 
microstructure, raw images were reconstructed using Cos-
moScan GX image analysis software (Rigaku Corporation) 
with an isotropic voxel size of 5.5 μm. The microstructural 
parameters of the femur were evaluated using Analyze 14.0 
(AnalyzeDirect, Inc., KS, USA). A 1-mm-thick region from 
the end of the growth plate was used in the trabecular analy-
sis, and the following parameters were evaluated: trabecular 
bone mineral density (BMD), bone volume fraction (BV/
TV), trabecular number (Tb.N), trabecular thickness (Tb.
Th), trabecular separation (Tb.Sp), and trabecular connec-
tivity density (Conn.D). A 1-mm-thick region of the mid-
diaphysis of the femur was used in the analysis of cortical 
bone, and the following parameters were evaluated: cortical 
bone BMD, cortical bone area (Ct.Ar), and cortical bone 
thickness (Ct.Th).

Bone histomorphometry

Bone histomorphometric analysis was performed, as previ-
ously described [13]. Femurs were fixed in neutral buffered 
4% paraformaldehyde at 4 °C overnight. They were then 
incubated in 6.8% sucrose in neutral phosphate buffer at 4 °C 
overnight and embedded in Technovit 8100 (Heraeus Kulzer, 
Wehrheim, Germany). Five-micrometer-thick undecalcified 
sections were prepared. To assess the mineral apposition rate 
(MAR) and bone formation rate/bone surface (BFR/BS), the 
region of interest was defined as a 1-mm region from the 
end of the growth plate, excluding the primary spongiosa 
of the femur.

Immunohistochemistry

Immunohistochemical analysis was performed, as previously 
described [17]. Femurs were fixed in neutral buffered 4% 
paraformaldehyde at 4 °C overnight. They were then demin-
eralized in a 22.5% formic acid and 340 mM sodium citrate 
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solution at 4 °C for 24 h, and embedded in paraffin. Four-
micrometer-thick decalcified sections were prepared. The 
sections were incubated with the anti-tartrate-resistant acid 
phosphatase (TRAP) antibody (Cat. No. sc-30833, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution 
of 1:100 or the anti-ALP antibody (Cat. No. PAB12279, 
Abnova, Taipei, Taiwan) at a dilution of 1:200, and then 
incubated with appropriate secondary antibodies. Immu-
nopositive signals were detected using the tyramide signal 
amplification system (PerkinElmer, Waltham, MS, USA), 
and distal metaphyseal regions of the femurs were photo-
graphed under a fluorescence microscope (BZ-810, Keyence, 
Osaka, Japan) after 4′,6-diamidino-2-phenylindole (DAPI) 
staining. The numbers of TRAP-positive multinuclear cells 
(MNCs) with three or more nuclei and ALP-positive cells at 
the bone surface were measured using ImageJ.

Quantitative real‑time polymerase chain reaction 
(PCR)

Total RNA was isolated from cells using an RNeasy Mini 
Kit (Qiagen, Hilden, Germany), as previously described 
[19]. Reverse transcription was performed using a High-
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster city, CA, USA). The incorporation of SYBR 
Green into double-stranded DNA, which was performed 
using a QuantStudio 7 Flex Real-Time PCR System (Applied 
Biosystems), was assessed by quantitative real-time PCR. 
Each PCR primer is shown in Table 1. The specific mRNA 
amplification of the target was measured as the Ct value, 
which was followed by normalization with the 18S rRNA 
level.

Preparation of primary osteoblasts

Calvarial osteoblasts were obtained from Tmem119+/+ and 
Tmem119−/− mice according to a previously described 
method [13]. Briefly, after 3-day-old female mice were 
euthanized with excess isoflurane, the calvaria was removed 
and digested four times with 1 mg/ml collagenase and 0.25% 
trypsin at 37 °C for 20 min. Cells were collected from the 
second, third, and fourth digestions and grown in Minimum 
Essential Medium Alpha Modification (α-MEM, Gibco, 
Grand Island, NY, USA) with 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin.

Alkaline phosphatase (ALP) activity

ALP activity in osteoblasts was analyzed, as previously 
described [13]. ALP activity was assessed using a Lab assay 
ALP kit (FUJIFILM, Wako Pure Chem.), according to the 
manufacturer’s instructions. Absorbance was measured at 

405 nm using a microplate reader and normalized to the 
total protein content.

Osteoclast formation

Osteoclast formation in mouse bone marrow cells was 
analyzed, as previously described [13]. Femurs were 
removed from 12-week-old female Tmem119+/+ and 
Tmem119−/− mice, and adhering tissue was cleaned off. The 
bone ends were cut and the marrow cavity was flushed out 
with 1 ml α-MEM using a 24G needle. Unfractionated whole 
bone marrow cells were seeded in a 96-well plate (5.0 × 104 
cells/well) and cultured in 150 µl α-MEM with 10% FBS and 
50 ng/ml macrophage colony-stimulating factor (M-CSF) at 
37 °C for 3 days without a medium change. Osteoclast for-
mation in 150 µl α-MEM with 10% FBS, 50 ng/ml M-CSF, 
and 100 ng/ml receptor activator of nuclear factor-κB ligand 
(RANKL) in the presence or absence of 10–8 M 17β-estradiol 
was continued at 37 °C for a further 4 days. Osteoclasts were 
detected using a TRAP staining kit (FUJIFILM Wako Pure 
Chem). The number of TRAP-positive MNCs with three or 
more nuclei was counted in each well.

Statistical analysis

Data are expressed as the mean with the standard error of the 
mean (SEM). The significance of differences was evaluated 

Table 1   Primers used for real-time PCR experiments

ALP alkaline phosphatase, TRAP tartrate-resistant acid phosphatase, 
RANKL receptor activator of nuclear factor κB ligand, OPG osteopro-
tegerin

Gene Primer sequence

Tmem119 Forward 5′-CCT​ACT​CTG​TGT​CAC​TCC​CG-3′
Reverse 5′-CAC​GTA​CTG​CCG​GAA​GAA​ATC-3′

Osterix Forward 5′-AGC​GAC​CAC​TTG​AGC​AAA​CAT-3′
Reverse 5′-GCG​GCT​GAT​TGG​CTT​CTT​CT-3′

ALP Forward 5′-ATC​TTT​GGT​CTG​GCT​CCC​ATG-3′
Reverse 5′-TTT​CCC​GTT​CAC​CGT​CCA​C-3′

Osteocalcin Forward 5′-CCT​GAG​TCT​GAC​AAA​GCC​TTCA-3′
Reverse 5′-GCC​GGA​GTC​TGT​TCA​CTA​CCTT-3′

TRAP Forward 5′-CAG​CTG​TCC​TGG​CTC​AAA​A-3′
Reverse 5′-ACA​TAG​CCC​ACA​CCG​TTC​TC-3′

Cathepsin K Forward 5′-GAG​GGC​CAA​CTC​AAG​AAG​AA-3′
Reverse 5′-GCC​GTG​GCG​TTA​TAC​ATA​CA-3′

RANKL Forward 5′-CAC​AGC​GCT​TCT​CAG​GAG​CT-3′
Reverse 5′-CAT​CCA​ACC​ATG​AGC​CTT​CC-3′

OPG Forward 5′-AGT​CCG​TGA​AGC​AGG​AGT​-3′
Reverse 5′-CCA​TCT​GGA​CAT​TTT​TTG​CAAA-3′

18S rRNA Forward 5′-CGG​CTA​CCA​CAT​CCA​AGG​AA-3′
Reverse 5′-GCT​GGA​ATT​ACC​GCG​GCT​-3′
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using the Mann–Whitney U test for comparisons of 2 groups 
and a two-way analysis of variance (ANOVA) followed by 
the Tukey–Kramer test for multiple comparisons. The sig-
nificance level was set at P < 0.05. All statistical analyses 
were performed using GraphPad PRISM 7.01 software.

Results

Effects of Tmem119 deficiency on estrogen‑induced 
changes in body weight, food intake, and visceral 
white adipose tissue and uterine tissue weights

Tmem119 deficiency significantly reduced body weight in 
female mice, but did not affect food intake or visceral white 
adipose tissue or uterine weights (Fig. S1). Body weight was 
significantly lower in OVX Tmem119−/− mice than in OVX 
Tmem119+/+ mice with or without the administration of 
17β-estradiol (Fig. 1A), while Tmem119 deficiency did not 
affect food intake with or without OVX and/or the admin-
istration of 17β-estradiol (Fig. 1B). The administration of 
17β-estradiol significantly reduced OVX-induced increases 

in visceral white adipose tissue weights in Tmem119+/+ 
mice, while Tmem119 deficiency did not affect visceral 
white adipose tissue weights with or without OVX and/
or the administration of 17β-estradiol (Fig. 1C). Uterine 
weights significantly decreased after OVX in Tmem119+/+ 
mice, which was significantly increased by the administra-
tion of 17β-estradiol (Fig. 1D). Tmem119 deficiency sig-
nificantly blunted 17β-estradiol-induced increases in uterine 
weights in OVX mice (Fig. 1D).

Effects of Tmem119 deficiency on estrogen‑induced 
changes in trabecular bone parameters in femurs

Tmem119 deficiency significantly reduced BV/TV, Tb.N, 
and cortical BMD in the femurs of mice, but did not affect 
trabecular BMD, Tb.Th, Tb.Sp, Conn.D, Ct.Ar, or Ct.Th 
(Fig. S2), which were compatible with our previous study 
[13]. OVX significantly reduced trabecular BMD, BV/TV, 
Tb.N, and Conn.D, but increased Tb.Sp in Tmem119+/+ 
mice, while the administration of 17β-estradiol sig-
nificantly increased trabecular BMD, BV/TV, Tb.N, 
Tb.Th, and Conn.D decreased by OVX, but suppressed 

Fig. 1   Effects of Tmem119 
deficiency in OVX mice treated 
with or without estrogen. 
A Data on body weights in 
Tmem119+/+ and Tmem119−/− 
mice treated with or without 
17β-estradiol (E2). Body weight 
was measured 6 weeks after the 
first administration of 17β-E2 
or corn oil. B Data on food 
intake in Tmem119+/+ and 
Tmem119−/− mice treated with 
or without 17β-E2. Food intake 
was measured for 3 days on 
days 40–42 after OVX or the 
sham surgery as a representative 
of average daily food intake. C, 
D The visceral white adipose 
tissue (WAT) and uterus of 
Tmem119+/+ and Tmem119−/− 
mice were weighed 6 weeks 
after OVX or the sham surgery. 
Data represent the mean ± SEM 
(n = 7 mice in the sham/con-
trol/Tmem119+/+ and OVX/
control/Tmem119+/+ groups, 
n = 11 mice in the OVX/
control/Tmem119−/− group, 
n = 8 mice in the OVX/17β-E2/
Tmem119+/+ group, and n = 10 
mice in the OVX/17β-E2/
Tmem119−/− group). *P < 0.05, 
**P < 0.01
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Tb.Sp enhanced by OVX in Tmem119+/+ mice (Fig. 2). 
Tmem119 deficiency significantly blunted 17β-estradiol-
induced increases in BV/TV and Tb.Th (Fig. 2). On the 
other hand, OVX did not affect cortical BMD, Ct.Ar, 
or Ct.Th in Tmem119+/+ mice, whereas the administra-
tion of 17β-estradiol significantly increased these corti-
cal parameters in Tmem119+/+ mice with OVX (Fig. 3). 
Tmem119 deficiency did not affect cortical BMD, Ct.Ar, 
or Ct.Th with or without OVX and/or the administration 
of 17β-estradiol (Fig. 3). 

Effects of Tmem119 deficiency on estrogen‑induced 
changes in bone histomorphometric parameters

OVX did not affect MAR or BFR/BS in the femurs of 
Tmem119+/+ mice (Fig.  4A). The administration of 
17β-estradiol significantly increased MAR and BFR/BS 
in Tmem119+/+ mice with OVX (Fig.  4A). Tmem119 
deficiency significantly decreased 17β-estradiol-induced 
increases in MAR and BFR/BS in OVX mice (Fig. 4A). 
Moreover, OVX significantly increased the number of 
TRAP-positive MNCs at the bone surface in Tmem119+/+ 
mice, which had been significantly decreased by the 

Fig. 2   Effects of Tmem119 
deficiency on trabecular bone 
in femurs of OVX mice treated 
with or without estrogen. 
Trabecular BMD (TbBMD), 
BV/TV, Tb.N, Tb.Th, Tb.Sp, 
and Conn.D in the femurs of 
Tmem119+/+ and Tmem119−/− 
mice were assessed by µCT 
6 weeks after OVX or the 
sham surgery. Data represent 
the mean ± SEM (n = 7 mice in 
the sham/control/Tmem119+/+ 
and OVX/control/Tmem119+/+ 
groups, n = 11 mice in the OVX/
control/Tmem119−/− group, 
n = 8 mice in the OVX/17β-
estradiol (E2)/Tmem119+/+ 
group, and n = 10 mice in the 
OVX/17β-E2/Tmem119−/− 
group). *P < 0.05, **P < 0.01
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administration of 17β-estradiol (Fig.  4B). Tmem119 
deficiency did not affect the number of TARP-positive 
MNCs in OVX mice with or without the administration of 
17β-estradiol (Fig. 4B). Tmem119 deficiency or OVX did 
not affect the number of ALP-positive cells at the bone sur-
face in mice, although 17β-estradiol tended to increase the 
number of ALP-positive cells without any significant statisti-
cal differences (Fig. 4C).

Effects of Tmem119 deficiency on estrogen‑induced 
changes in mouse osteoblasts and osteoclast 
formation in vitro

17β-Estradiol enhanced the expression of Tmem119 mRNA 
in mouse osteoblasts (Fig. 5A). 17β-Estradiol significantly 
increased the mRNA levels of ALP, but not Osterix or 
osteocalcin, in mouse osteoblasts (Fig. 5B). Tmem119 defi-
ciency significantly blunted 17β-estradiol-induced increases 
in ALP mRNA levels (Fig. 5B). Tmem119 deficiency also 
significantly blunted 17β-estradiol-induced increases in 
ALP activity in mouse osteoblasts (Fig. 5C). RANKL and 
M-CSF, but not 17β-estradiol, increased Tmem119 mRNA 
levels in mouse bone marrow cells (Fig. 6A). 17β-Estradiol 
significantly reduced osteoclast formation and the mRNA 
levels of TRAP and cathepsin K in mouse bone marrow 
cells (Fig.  6B, C). Tmem119 deficiency did not affect 
17β-estradiol-induced changes in osteoclast formation in 

mouse bone marrow cells (Fig. 6B). 17β-Estradiol sig-
nificantly decreased the mRNA level of RANKL, but not 
OPG, and the ratio of RANKL/OPG in mouse osteoblasts 
(Fig. 6D). Tmem119 deficiency reduced RANKL mRNA 
levels and the ratio of RANKL/OPG in mouse osteoblasts, 
but did not affect 17β-estradiol-induced reductions in these 
parameters (Fig. 6D).

Discussion

The present results demonstrated that Tmem119 deficiency 
significantly blunted the effects of estrogen on some trabecu-
lar bone parameters as well as uterine weight decreased by 
estrogen deficiency in mice. In vitro studies revealed that 
estrogen increased the expression of Tmem119 in mouse 
osteoblasts. Moreover, Tmem119 deficiency significantly 
blunted the effects of estrogen on ALP activity in mouse 
osteoblasts.

We herein showed that Tmem119 deficiency significantly 
blunted 17β-estradiol-induced increases in trabecular BV/TV 
and Tb.Th in OVX mice, indicating that Tmem119 is partly 
involved in the protective effects of estrogen on trabecular 
bone loss associated with estrogen deficiency in mice. A 
previous study suggested that estrogen effectively prevented 
osteopenia through osteogenic differentiation via the nuclear 
factor erythroid 2-related factor 2 (Nrf2)-mediated activation 

Fig. 3   Effects of Tmem119 
deficiency on cortical bone in 
femurs of OVX mice treated 
with or without estrogen. Corti-
cal BMD (CtBMD), cortical 
area (Ct.Ar), and cortical thick-
ness (Ct.Th) at the femurs of 
Tmem119+/+ and Tmem119−/− 
mice were assessed by µCT 
6 weeks after OVX or the 
sham surgery. Data represent 
the mean ± SEM (n = 7 mice in 
the sham/control/Tmem119+/+ 
and OVX/control/Tmem119+/+ 
groups, n = 11 mice in the OVX/
control/Tmem119−/− group, 
n = 8 mice in the OVX/17β-
estradiol (E2)/Tmem119+/+ 
group, and n = 10 mice in the 
OVX/17β-E2/Tmem119−/− 
group). *P < 0.05, **P < 0.01
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of antioxidant signaling in mice [16]. The findings obtained 
showed that OVX or Nrf2 deficiency decreased Tmem119 
mRNA levels in mouse bone marrow stromal cells, and 
the Nrf2-binding site was present in the promoter region 
of Tmem119, suggesting that estrogen protects against 
osteoporosis through Nrf2-mediated antioxidant signaling 
and Tmem119 expression in mice. Numerous studies have 
indicated the importance of Tmem119 for osteoblastic bone 
formation [9, 12–15]. Therefore, Tmem119 may be crucial 
for estrogen-deficient osteoporosis.

Estrogen-deficient osteoporosis is more pronounced in 
trabecular bone than in cortical bone. In our previous study, 

Tmem119 deficiency seemed to reduce both trabecular bone 
volume and cortical BMD in female mice, and the involve-
ment of Tmem119 in the effects of PTH on bone were more 
prominent in trabecular bone [13]. In the present study, 
Tmem119 deficiency significantly blunted 17β-estradiol-
induced increases in trabecular BV/TV and Tb.Th in OVX 
mice, but did not affect cortical BMD, Ct.Ar, or Ct.Th with 
or without OVX and/or the administration of 17β-estradiol. 
These results suggest that the contribution of Tmem119 to 
osteopenia was more pronounced in trabecular bone than in 
cortical bone in mice, which is compatible with the domi-
nant effects of estrogen on trabecular bone. However, the 

Fig. 4   Effects of Tmem119 
deficiency on bone histomor-
phometric parameters in femurs 
of OVX mice treated with or 
without estrogen. A MAR 
and BFR/BS were examined 
in undecalcified sections of 
metaphyseal trabecular bone 
from the femurs of female 
Tmem119+/+ and Tmem119−/− 
mice 6 weeks after OVX or 
the sham surgery. Scale bars 
indicate 25 µm. Data represent 
the mean ± SEM (n = 7 mice in 
the sham/control/Tmem119+/+ 
and OVX/control/Tmem119+/+ 
groups, n = 11 mice in the OVX/
control/Tmem119−/− group, 
n = 8 mice in the OVX/17β-
estradiol (E2)/Tmem119+/+ 
group, and n = 10 mice in the 
OVX/17β-E2/Tmem119−/− 
group). B, C TRAP (B) or 
ALP (C) immunostaining 
was performed on decalci-
fied sections of metaphyseal 
trabecular bone from the femurs 
of female Tmem119+/+ and 
Tmem119−/− mice 6 weeks 
after OVX or the sham surgery. 
The number of TRAP-positive 
multinucleated cells (MNCs) 
or ALP-positive cells per 1 mm 
of the trabecular bone surface 
was counted. Data represent 
the mean ± SEM (n = 7 mice in 
the sham/control/Tmem119+/+ 
and OVX/control/Tmem119+/+ 
groups, n = 6 mice in the OVX/
control/Tmem119−/− group, 
OVX/17β-E2/Tmem119+/+ 
group, and OVX/17β-E2/
Tmem119−/− group). *P < 0.05, 
**P < 0.01
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effects of Tmem119 deficiency on estrogen-induced changes 
in trabecular BMD, Tb.N, Tb.Sp, and Conn.D in OVX mice 
were not significant in the present study. Therefore, the 
involvement of Tmem119 in the effects of estrogen may 
differ depending on the bone region and microarchitecture.

Our previous findings indicated that Tmem119 enhanced 
osteoblastic bone formation by enhancing Runx2, Osterix, 
ALP, osteocalcin, and canonical Wnt-β-catenin signaling in 
mice [9, 13, 14]. Moreover, Nrf2, ATF4, and BMP pathway 
may be related to the effects of Tmem119 in osteogenic dif-
ferentiation [14–16]. Collectively, these findings suggest 
that Tmem119 plays a more important role in osteoblastic 
bone formation than in osteoclastic bone resorption. The 
present study showed that Tmem119 deficiency significantly 
blunted estrogen-induced increases in ALP activity in mouse 

osteoblasts. Moreover, estrogen enhanced Tmem119 expres-
sion in mouse osteoblasts. However, Tmem119 deficiency 
did not affect osteoclast formation or the expressions of 
TRAP and cathepsin K suppressed by estrogen in mouse 
bone marrow cells in our data. In addition, Tmem119 defi-
ciency did not affect the ratio of RANKL/OPG decreased by 
estrogen in mouse osteoblasts. Therefore, Tmem119 may be 
involved in the effects of estrogen on osteopenia induced by 
estrogen deficiency presumably by affecting the influences 
of estrogen on osteoblasts in mice.

Due to their tissue-selective specificities, selective estro-
gen receptor modulators are used to treat postmenopausal 
osteoporosis and breast cancer [20]. Although Tmem119 
is widely expressed in various tissues, its role in mediat-
ing estrogen’s effects on bone suggests that it may mediate 

Fig. 5   Effects of Tmem119 
deficiency on mouse primary 
osteoblasts treated with or 
without estrogen. A Osteoblasts 
were obtained from female 
Tmem119+/+ mice. Total RNA 
was extracted from conflu-
ent osteoblasts treated with or 
without 10–8 M 17β-estradiol 
(E2) for 24 h. A real-time PCR 
analysis of Tmem119 and 18S 
rRNA was performed. Data 
are expressed relative to 18S 
rRNA levels. Data represent 
the mean ± SEM. n = 5 in 
each group. B Osteoblasts 
were obtained from female 
Tmem119+/+ and Tmem119−/− 
mice. Total RNA was extracted 
from confluent osteoblasts 
treated with or without 10–8 M 
17β-E2 for 24 h. A real-time 
PCR analysis of Osterix, ALP, 
osteocalcin, and 18S rRNA was 
performed. Data are expressed 
relative to 18S rRNA levels. 
Data represent the mean ± SEM. 
n = 5 in each group. C ALP 
activity was measured in 
confluent mouse osteoblasts 
cultured with or without 10–8 M 
17β-E2 for 48 h. Data represent 
the mean ± SEM. n = 5 in each 
group. *P < 0.05, **P < 0.01
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estrogen action in a tissue-selective manner [21]. The pre-
sent study showed that Tmem119 deficiency blunted estro-
gen-induced increases in uterine weight and trabecular bone 
mass, but did not affect estrogen-induced reductions in vis-
ceral adipose tissue weights in OVX mice. These results 
suggest that Tmem119 is involved in the effects of estrogen 
on both bone and uterine tissue, but not adipose tissue. How-
ever, the effects of estrogen may not be estrogen-specific 

effects on adipose tissue, but the secondary effects of estro-
gen mediated through other metabolic effects. In addition, 
Tmem119 deficiency slightly but significantly reduced BV/
TV, Tb.N, and cortical BMD at femurs of mice without 
OVX, although it did not affect MAR and BFR/BS as well 
as the numbers of TRAP-positive MNCs and ALP-positive 
cells per bone surface at the femurs of mice without OVX in 
our previous study with the similar experimental conditions 

Fig. 6   Effects of Tmem119 defi-
ciency on osteoclast formation 
in mouse bone marrow cells 
treated with or without estrogen. 
A–C Mouse bone marrow cells 
were pre-cultured with 50 ng/
ml M-CSF for 3 days, and 
further cultured with 50 ng/ml 
M-CSF and 100 ng/ml RANKL 
in the presence or absence of 
10–8 M 17β-estradiol (E2) for 
additional 4 days. Total RNA 
was extracted from mouse bone 
marrow cells and a real-time 
PCR analysis of Tmem119, 
TRAP, cathepsin K, and 18S 
rRNA was performed (A, C). 
The number of TRAP-positive 
multinucleated cells (MNCs) 
was counted in each well (B). 
D Total RNA was extracted 
from confluent osteoblasts 
treated with or without 10–8 M 
17β-E2 for 24 h. A real-time 
PCR analysis of RANKL, 
osteoprotegerin (OPG), and 
18S rRNA was performed. Data 
are expressed relative to 18S 
rRNA levels. Data represent 
the mean ± SEM. n = 4 (A, C), 
6 (B), and 5 (D) in each group. 
*P < 0.05, **P < 0.01
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[13]. Therefore, we cannot rule out the possibility that the 
effects of Tmem119 deficiency on estrogen-induced changes 
in bone mass in OVX mice were not estrogen-specific.

Tmem119 is a single-pass type 1a membrane protein 
that has a signal peptide targeted to the endoplasmic reticu-
lum membrane. We previously showed that Tmem119 was 
expressed in the cytoplasm as well as the cell membrane in 
mouse osteoblastic cells [9]. Moreover, we demonstrated 
that Tmem119 contributed to the endoplasmic reticulum 
stress response mediated by the BMP-2-induced PERK/
eIF2α/ATF4 axis during the commitment of myoblastic cells 
to osteoblastic cells [15]. Collectively, these findings sug-
gest that cytoplasmic estrogen receptors may interact with 
Tmem119 in the endoplasmic reticulum in the cytoplasm; 
however, the mechanisms by which estrogen interacts with 
Tmem119 for its genomic effects remain unknown.

In conclusion, the present study demonstrated that 
Tmem119 deficiency blunted effects of estrogen on trabecu-
lar bone loss and uterine weight in OVX mice presumably 
through its effects on osteoblasts. These results suggest that 
Tmem119 is partly involved in the pathophysiology of post-
menopausal osteoporosis. Tmem119 might be some clue for 
the medication of postmenopausal osteoporosis.
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