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Abbreviations

ALP	 Alkaline phosphatase
BMD	 Bone mineral density
BS	 Bone surface
BV	 Bone volume
DEXA	 Dual-energy X-ray absorptiometry
TauT	 Taurine transporter
Tb.N	 Trabecular number
Tb.Sp	 Trabecular separation
Tb.Th	 Trabecular thickness
TV	 Total volume

1	� Introduction

Taurine, a sulfur-containing amino acid, has been 
shown to have multiple functions, including anti-
oxidative and membrane stabilization activities 
and roles in modulating the cell volume, ion 
channel activities, and intracellular calcium lev-
els (Pasantes-Morales and Cruz 1985; Gordon 
et al. 1992; Huxtable 1992; Camerino et al. 2004; 
Hoffmann et al. 2009; Kato et al. 2015). It is syn-
thesized primarily by the liver and accumulated 
in various tissues in the body (Moon et al. 2012). 
Depending on the species, intracellular concen-
trations of taurine can vary from 10 to 70 mmol/L 
in the mammalian heart, brain, neutrophils, skel-
etal muscle, liver, and retina (Suleiman et  al. 
1997). By contrast, its extracellular concentra-
tions have been shown to reach only 600–
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800 nmol/L in mice (Shigemi et al. 2011). This 
steep taurine concentration gradient between the 
intracellular and extracellular spaces is built up 
by a sodium-dependent transport system called 
the taurine transporter (TauT) (Rasgado-Flores 
et  al. 2012), which is expressed in mammalian 
tissues. Because the ability to synthesize taurine 
is limited in most tissues, the maintenance of 
high intracellular concentrations of this amino 
acid depends upon its uptake from the extracel-
lular space via TauT (Baliou et al. 2020).

In bone tissue, taurine accounts for 0.1% of 
the body weight, making it an effective element 
in the regulation of bone metabolism (Gupta 
et al. 2005; Jeon et al. 2007). Taurine promotes 
the differentiation of osteoblasts, which also 
express TauT to maintain a constant intracellular 
level of the amino acid (Yuan et al. 2006). This 
amino acid also mediates the activation of alka-
line phosphatase (ALP) activity and osteocalcin 
secretion and the inhibition of osteoclastogenesis 
(Yuan et  al. 2010). Additionally, taurine affects 
not only bone remodeling but also the expression 
of connective tissue growth factor and the synthe-
sis of collagen in osteoblast-like cells (Park et al. 
2001; Yuan et al. 2007). Choi (2009) has shown 
that the oral supplementation of taurine could 
increase the femur bone mineral content in grow-
ing rats and may have positive results on bone 
metabolism in alcohol-fed ovariectomized rats. 
However, the long-term administration of taurine 
may have an adverse effect on the bone micro-
structure. Because of the sulfur-containing char-
acteristic of taurine, its excessive intake could 
yield increased sulfuric acid production in the 
body, whereupon the skeleton may need to act as 
a buffer to neutralize the excess acid (Martiniakova 
et al. 2019). The effects of taurine on bone may 
depend on its dose and the subject’s general 
physical condition.

Previous studies have reported the correlation 
of severe taurine deficiency with the presentation 
of a variety of disorders in various tissues (e.g., 
the eye, kidney, heart, and muscle) of TauT 
knockout (TauT−/−) mice (Warskulat et al. 2004; 
Ito et al. 2008). However, the exact effects of tau-
rine deficiency or depletion on bone metabolism 
and bone quality have not been elucidated. 

Therefore, our aim in this study was to clarify 
this by comparing the bone mineral density 
(BMD) and bone microstructure of TauT−/− and 
TauT+/+ mice.

2	� Methods

2.1	� Animals and Chemicals

Male TauT−/− and TauT+/+ mice (20  months 
old) were obtained by mating heterozygous 
males and females (Ito et al. 2008). The animals 
were housed in a specific pathogen-free room 
kept at 22.0  °C and 45–55% relative humidity, 
under a 12-h light/dark cycle, and given ad libi-
tum access to water and food (MF, Oriental Yeast, 
Tokyo, Japan). For each experiment, five animals 
from each mouse group were euthanized, and 
their tissues were isolated for study. All animal 
experimental protocols were conducted in accor-
dance with the Guidelines for the Care and Use 
of Laboratory Animals and approved by the 
Animal Ethics Committee of Suzuka University 
of Medical Science, Suzuka, Mie, Japan.

2.2	� Histopathological 
and Immunohistochemical 
Studies

For each mouse, the right femur was evaluated 
for its bone microarchitecture and BMD, whereas 
the left femur was used to prepare a decalcified 
section for histomorphometric analysis. The 
femur bones were fixed with 4% formaldehyde in 
phosphate-buffered saline for 1 day. Then, after 
their dehydration and paraffin infiltration, the 
bones were embedded in paraffin blocks, which 
were subsequently sectioned to 6 μm thickness 
using a microtome (Leica Microsystems, Wetzlar, 
Germany) according to routine protocols. After a 
48-h heat treatment at 40 °C, the tissue sections 
were deparaffinized with xylene, hydrated with a 
gradient series of alcohol, and then washed once 
with tap water for 5 min. Thereafter, the sections 
were boiled in 5% urea for 5 min in a microwave 
oven (500  W) for antigen retrieval. Following 
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epitope retrieval, endogenous peroxidases were 
inactivated by incubating the samples with 1% 
H2O2 at 25 °C for 15 min. Then, after blocking 
the sections with 1% skimmed milk for 20 min, 
they were incubated with primary antibodies 
against TauT (1:200 dilution; cat. no. sc-393036; 
Santa Cruz Biotechnology Inc., Dallas, TX, 
USA) at 20 °C overnight, followed by biotinyl-
ated secondary antibodies (Vector Laboratories, 
Burlingame, CA, USA) at 25  °C for 1  h. The 
immunocomplexes were visualized using the 
Peroxidase Stain DAB Kit (Nacalai Tesque, Inc., 
Kyoto, Japan) according to the manufacturer’s 
instructions. The nuclei were counterstained with 
hematoxylin, and the sections were finally 
observed and photographed under a microscope 
(BX53; Olympus, Tokyo, Japan). Immunostaining 
without primary antibodies was carried out for 
the negative control sections, which subsequently 
revealed no positive staining (data not shown).

The histopathological appearance of the bones 
was evaluated by hematoxylin and eosin staining. 
The thickness of the femoral growth plate was 
measured using ImageJ software (version 1.48).

2.3	� Measurement of Bone Mineral 
Density

The BMD of the femur was assessed by dual-
energy X-ray absorptiometry (DEXA) using an 
apparatus for small animals (Dichroma Scan 
DCS-600; Aloka, Osaka, Japan) according to a 
previous study. Two femur regions were mea-
sured: proximal and mid-diaphysis. The proximal 
femur represented cancellous bone, whereas the 
mid-diaphysis of the femur was the cortical bone 
area.

2.4	� Micro-computed Tomography 
Bone Analysis

The bone microstructure in the proximal femur 
was assessed by micro-computed tomography 
(micro-CT) (SMX-90CT; Shimadzu, Kyoto, 
Japan). Three-dimensional microstructural imag-
ing data were reconstructed, and structural 

parameters were calculated using TRI/3D-BON 
software (RATOC System Engineering, Tokyo, 
Japan). The micro-CT imaging conditions used 
were as follows: tube current, 110 μA; tube volt-
age, 90 kV; integration time, 200 ms; and voxel 
size, 23 μm × 23 μm × 23 μm. The scan was con-
ducted at constant intervals of 23  μm over a 
region of 920 μm in length from the inferior bor-
der of the femur head. The structural parameters 
measured were the total volume (TV), bone vol-
ume (BV), bone surface (BS), bone volume frac-
tion (BV/TV), bone surface to total volume ratio 
(BS/TV), trabecular thickness (Tb.Th), trabecu-
lar number (Tb.N), and trabecular separation (Tb.
Sp).

2.5	� Statistical Analysis

All data are presented as the mean  ±  standard 
deviation. Student’s t-test (SPSS 21.0) was used 
to examine differences between the TauT−/− and 
TauT+/+ mice. Differences in values were con-
sidered statistically significant at P < 0.05.

3	� Results

3.1	� External Appearance, 
Histopathology, 
and Immunohistochemistry 
of the TauT−/− Mouse Femurs

The external appearance of the femurs and histo-
logical staining of the tissue are shown in Fig. 1. 
The femurs of the TauT−/− mice showed normal 
external morphology and appeared similar to 
those of the TauT+/+ mice (Fig. 1a). There was 
also no significant difference in femur length 
between the TauT−/− and TauT+/+ groups 
(17.0 ± 0.06 and 17.1 ± 0.12 mm, respectively; 
P = 0.563). The TauT−/− mouse femur had the 
following specific histological features: (1) a 
small number of trabeculae, (2) thin cortical bone 
and epiphyseal plate thicknesses, and (3) a wide 
bone marrow space (Fig.  1b). Next, TauT anti-
bodies were used to localize TauT expression in 
the bones (Fig.  2). Tissues from the femurs of 
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Fig. 1  External morphological and histopathological 
analyses of the femurs of TauT−/− mice. (a) There were 
no abnormal changes in external appearance of the femurs 
from the TauT−/− mice, which were similar to those from 
the TauT+/+ mice. The femur lengths were also not sig-

nificantly different between the TauT−/− and TauT+/+ 
mice (P = 0.563). (b) The specific histological features of 
the TauT−/− mouse femur were a small number of tra-
beculae, the thin cortical bone and epiphyseal plate thick-
nesses, and a wide bone marrow space

TauT−/− and TauT+/+ mice were immunos-
tained using the avidin–biotin complex method. 
Osteoblasts are normally distributed throughout 
the surface of a trabecula. Numerous TauT-
immunopositive cells were observed in the broad 
part of the trabecula in all TauT+/+ mice, but not 
in the TauT−/− mice (Fig. 2). Osteoblasts were 
observed on the surface of the bone matrix. There 
was a mixture of cuboidal activated osteoblasts 
and flattened differentiated osteoblasts in the 
bone tissue of the TauT+/+ mice, whereas undif-
ferentiated osteoblasts were more frequently 
observed in that of the TauT−/− mice. Since the 
thickness of the growth plate affects bone forma-
tion, we analyzed the growth plate cartilage in 
these mice. The ossification zone of the TauT+/+ 

mouse femur shown in Fig. 1b revealed that the 
growth plate was of equivalent thickness. By 
contrast, the growth plate of the TauT−/− mouse 
femur was of unequal thickness, and some areas 
were interrupted. However, the difference in 
growth plate thickness between the TauT−/− and 
TauT+/+ groups was not statistically significant 
(314.2  ±  47.8 and 443.0  ±  123.5  μm, respec-
tively; P = 0.114).

3.2	� Analysis of Bone Mineral 
Density in TauT−/− Mice

To assess the function of taurine, the BMDs of 
the TauT−/− and TauT+/+ mice were evaluated 
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Fig. 2  Localization of taurine transporter (TauT) expres-
sion in bone tissue of TauT+/+ and TauT−/− mice. The 
spatial distributions of taurine and TauT in osteoblasts on 
the bone surface are shown. Intense TauT immunoreactiv-

ity was observed in the osteoblasts of the TauT+/+ mouse 
femur, whereas weak TauT immunoreactivity was 
observed in those of the TauT−/− mouse femur

Fig. 3  Comparative 
analysis of the bone 
mineral density (BMD) 
in TauT−/− and 
TauT+/+ mice. In the 
mid-diaphysis region, 
the BMD was not 
significantly different 
between the TauT−/− 
and TauT+/+ groups 
(P = 0.261). In the 
proximal region, the 
BMD in the TauT−/− 
mice was significantly 
lower (P = 0.003)

by DEXA scanning of the proximal and mid-
diaphysis regions (Fig. 3). In the mid-diaphysis 
region (Fig. 3), the BMD of the TauT−/− group 
was not significantly different from that of the 
TauT+/+ group (35.7 ± 1.5 and 38.5 ± 5.2 g/cm2, 
respectively; P  =  0.261). By contrast, in the 
proximal region (Fig. 3), the BMD was signifi-
cantly lower in the TauT−/− mice than in the 
TauT+/+ mice (39.7 ± 5.2 and 49.1 ± 6.1 g/cm2, 
respectively; P = 0.003).

3.3	� Structural Analysis of Femoral 
Trabeculae in TauT−/− Mice 
Using Micro-computed 
Tomography

Femurs from the TauT−/− and TauT+/+ mice 
were analyzed using micro-CT, and the represen-
tative 3D reconstructions are shown in Fig.  4a. 
With regard to the trabecular bone parameters, the 
BV (0.13 ± 0.03 and 0.18 ± 0.02 mm3, P = 0.015) 
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Fig. 4  Structural analysis of femoral trabeculae in 
TauT−/− mice using micro-CT. The bone microstructure 
was evaluated in both TauT−/− and TauT+/+ mice. (a) 
Three-dimensional microstructural images of the proxi-
mal region of the femurs in both mouse groups. (b) The 

specific micro-CT features of the TauT−/− mouse femur 
were a significantly smaller bone volume (BV; P = 0.015), 
bone surface (BS; P  =  0.015), and trabecular number 
(Tb.N; P = 0.002)

and BS values (4.72 ± 1.04 and 6.05 ± 0.48 mm2, 
P  =  0.015) were significantly decreased in the 
TauT−/− mice relative to the values in the 
TauT+/+ mice (Fig. 4b). By contrast, there was no 
significant difference between the two mouse 
groups in terms of the TV, BV/TV, and BS/TV 
values. The Tb.N was also significantly lower in 
the TauT−/− mice (1.00 ± 0.16 n/mm) than in the 
TauT+/+ mice (1.34 ± 0.04 n/mm). Additionally, 
no differences in Tb.Th (81.8  ±  14.0 and 
80.9  ±  10.9  μm, respectively; P  =  0.146) and 
Tb.Sp (175.8 ± 42.5 and 161.9 ± 33.9 μm, respec-
tively; P  =  0.192) were observed between the 
TauT−/− and TauT−/− mice.

4	� Discussion

In this study, the bone status (e.g., femoral growth 
plate, BMD, and bone microstructure) in 
TauT−/− mice was investigated. The results 
revealed that TauT−/− mice had a lower BMD 
and poorer bone microstructure than TauT+/+ 
mice, suggesting that taurine deficiency decreases 
bone density and quality and therefore increases 
the risk of fracture. To the best of our knowledge, 
this is the first study to assess the bone status in 
TauT−/− mice.

As previously described, TauT, which is also 
expressed in osteoblasts, maintains a constant 
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level of taurine in the bone tissue, allowing the 
amino acid to perform important bone functions 
and promote osteoblast differentiation. Taurine 
supplementation has been shown to improve 
bone formation and differentiation in ovariecto-
mized rats (Choi 2017) and in a rabbit model of 
glucocorticoid-induced osteonecrosis (Hirata 
et  al. 2020). Taurine affects the expression of 
connective tissue growth factor through cell sig-
naling pathways in osteogenic cells and has been 
associated with increased ALP activity and col-
lagen synthesis in osteoblast-like UMR-106 cells 
(Park et al. 2001). It also activates nuclear factor 
erythroid 2-related factor 2 (Nrf2); induces the 
expression of the antioxidant enzymes NAD(P)H 
dehydrogenase [quinone] 1 (NQO1), heme oxy-
genase 1 (HO1), and glutamate–cysteine ligase 
catalytic subunit (GCLC); and reduces H2O2-
induced cell death by activating extracellular 
signal-regulated kinase (ERK) and the Wnt/β--
catenin pathway in osteoblasts. Additionally, the 
partial reduction in ERK, antioxidant, and ALP 
activities by a Wnt/β-catenin inhibitor suggests 
the involvement of other signaling molecules and 
pathways (Lou et  al. 2018). Taurine has been 
found to mediate the activation of ALP activity 
and osteocalcin secretion and the inhibition of 
intracellular reactive oxygen species (Lou et al. 
2018). Our findings are consistent with these pre-
vious reports. In particular, we found that the 
TauT−/− mice, which are inherently taurine defi-
cient, had many undifferentiated osteoblasts and 
a low BMD. Our findings indicate that taurine 
deficiency may result in osteoblast immaturity 
and a decrease in the bone density. Considering 
that oxidative stress is a biomarker of postmeno-
pausal osteoporosis, it is possible that the antioxi-
dative effect of taurine could be involved.

Taurine deficiency leads to poor bone micro-
structure. Bone strength depends on the intrinsic 
properties of the materials that take part in bone 
matrix mineralization, the BMD, and the bone 
microstructure. The mechanical properties of tra-
becular bone tissue are determined by the bone 
microstructure (Fritsch and Hellmich 2007). In 
normal bone formation, the volume per year turn-
over rate is 26% for trabecular bone and 3% for 
cortical bone. Because trabecular bone is more 

active in remodeling, it is less mineralized than 
cortical bone (Webster and Jee 1983). The 
strength of trabecular bone is related to bone 
fracture and damage, which cause bone remodel-
ing (Lotz et  al. 1991). Bone strength is 70% 
determined by the bone density and 30% by the 
bone quality (Klibanski et  al. 2001). The bone 
microstructure is the most critical factor for good 
bone quality. Several reports have been published 
on the effects of taurine supplementation on the 
bone microstructure. For example, in vitamin 
B12-deficient mice, oral taurine administration 
increased the BV/TV by inducing an increase in 
insulin growth factor 1 (IGF-1) (Roman-Garcia 
et  al. 2014). Oyster shell powder, which has a 
high taurine content, increased the femoral BMD, 
trabecular BV, Tb.Th, and Tb.N in ovariecto-
mized mice, suggesting its potential for the treat-
ment of osteoporosis (Han et  al. 2007). By 
contrast, taurine exposure at the dose of 40 mg/kg 
bodyweight for 8  weeks was ineffective on the 
microstructures of both compact and trabecular 
bone tissues (Martiniakova et  al. 2019). In this 
present study, the decrease in Tb.N in the 
TauT−/− mouse femur was not consistent with a 
bigger space between the trabeculae or an 
increase in Tb.Sp. Collectively, the micro-CT 
features of the proximal femur of the TauT−/− 
mouse were a smaller BV, BS, and Tb.N, sug-
gesting that taurine is required for skeletal 
development of the trabecular bone in mice. The 
difference from previous studies is that the 
TauT−/− mice used in this study are unable to 
take up taurine into the cell. Hence, lifelong tau-
rine deficiency may lead to the degradation of the 
bone microstructure and a reduction in bone 
quality.

5	� Conclusion

In summary, we found that the bone of TauT−/− 
mice was characterized by a low BMD and poor 
bone quality, which decreased the bone strength. 
These findings support the importance of taurine 
for bone metabolism. The TauT expressed in 
osteoblasts ensures the maintenance of a high 
intracellular taurine concentration, indicating 
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that taurine can promote osteoblast differentia-
tion during bone formation. Lifelong taurine defi-
ciency may result in the degradation of the bone 
microstructure and a subsequent reduction in 
bone quality. Further research is needed to deter-
mine the exact role of taurine in the maintenance 
of bone health.
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