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Taurine, an osteocyte metabolite, protects against oxidative
stress-induced cell death and decreases inhibitors of the Wnt/p-
catenin signaling pathway.
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Abstract

Taurine has been shown to have positive effects on bone mass, which are thought to be due in part
to its cytoprotective effects on osteoblasts and here we show that taurine also protects osteocytes
against cell death due to reactive oxygen species. Using the IDG-SW3 cell line, the expression of
the taurine uptake transporter Taut/Slc6a6 is increased during osteoblast to osteocyte
differentiation. Taurine had no effect on genes associated with osteoblast to osteocyte
differentiation such as Dmp1, Phex or osteocalcin, even at high doses, but a slight yet significant
inhibition of alkaline phosphatase was observed at the highest dose (50 mM). No effect was seen
on the osteoclast regulatory genes Rankl and Opg, however the wnt antagonist Sos#isclerostin was
potently and dose-dependently downregulated in response to taurine supplementation. Taurine also
significantly inhibited Dkk1 mRNA expression, but only at 50mM. Interestingly, osteocytes were
found to also be able to synthesize taurine intracellularly, potentially as a self-protective
mechanism, but do not secrete the metabolite. A highly significant increase in the expression of
cysteine dioxygenase (Cdo), a key enzyme necessary for the production of taurine, was observed
with osteoblast to osteocyte differentiation along with a decrease in methionine, the precursor of
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taurine. For the first time, we describe the synthesis of taurine by osteocytes, potentially to
preserve viability and to regulate bone formation through inhibition of sclerostin.
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Introduction

Osteocytes are the longest-lived and most numerous of bone cells and play essential roles
during bone growth and homeostasis [1]. During terminal differentiation, an osteoblast on
the bone surface becomes embedded in a collagenous extracellular matrix, which is
mineralized by hydroxyapatite deposits as the cell matures into an osteocyte. The mature
osteocyte expresses several genes that have important functions in regulating bone
remodeling. These include Sostisclerostin and Dikkopf-1 (DkkZ), which inhibit the Wnt
signaling pathway and subsequently bone formation [2-4], in addition to Receptor activator
of nuclear factor kappa-B ligand (Rankl) and Osteoprotegerin (Opg), which promote and
inhibit bone resorption respectively [5]. Therefore, the osteocyte is an important target for
therapeutics to maintain bone mass and health.

Taurine is a non-essential amino acid in humans, which can be synthesized from the sulfur-
containing amino acids methionine and cysteine [6], but is mainly obtained from dietary
sources such as meat and fish. The main sites for the biosynthesis of taurine are the liver and
the pancreas, but it has also been found to be produced in neuronal cells such as astrocytes
and neurons [7] as well as adipocytes [8]. In tissues that do not produce endogenous taurine,
it is instead taken up from the plasma by the taurine uptake transporter TauT (encoded by the
gene Slcéab) [9].

There is an increased interest in the biological activities of taurine due to its effects as a
cytoprotective agent. Taurine supplementation has been shown to protect against
cardiomyopathy by regulating intracellular calcium levels, reducing blood pressure and
acting as an antioxidant [10]. It is also known to reduce inflammation in alcoholic liver
disease [11] and to protect against inflammation and disease progression in a mouse model
of Parkinson’s disease [12]. Furthermore, mice lacking the taurine transporter TauT have a
reduced exercise capacity and increased muscle fatigability [13].

There is some evidence that taurine may play a beneficial role in regulating bone mass. Male
mice given a diet supplemented with 2% taurine for 6 weeks had lower urinary calcium
excretion and higher femur bone mineral content, compared to mice fed a control diet [14].
In addition, a twice-weekly dose of 50mg/kg taurine was found to protect against trabecular
and cortical bone loss in male mice fed a low protein diet [15]. In female rats, administration
of a 2% taurine diet for 6 weeks showed protective effects against the loss of bone mineral
content (BMC) following ovariectomy. However, the beneficial effects of taurine may be
dependent on calcium, as taurine supplementation was unable to prevent the decrease in
BMC in ovariectomized rats fed a low calcium diet [16, 17]. In humans, urinary taurine
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levels were decreased in post-menopausal Chinese women, with taurine found to be
consistently and significantly reduced in osteoporosis [18].

The mechanisms by which taurine regulates bone mass have not been fully elucidated. The
taurine transporter, TauT, is expressed in both osteoblasts [19] and osteoclasts [20]. In
RAW264.7 cells and primary bone marrow macrophages, osteoclast differentiation in
response to RANKL was decreased by taurine treatment and this was attenuated by
inhibiting TauT expression by siRNA targeting S/c6a6 [20]. In human osteoblasts /n vitro,
taurine supplementation increased proliferation through activating the ERK1/2 signaling
pathway [21]. Taurine was also shown to promote the differentiation of human mesenchymal
stem cells into osteoblasts and upregulate the expression of osteoblast markers osterix,
Runx2, osteopontin and alkaline phosphatase via ERK1/2 signaling [22]. In addition to
promoting differentiation, taurine was also able to protect against serum deprivation-induced
apoptosis in pre-osteoblastic MC3T3-EL1 cells by activating ERK1/2 [23]. Interestingly
though, culturing these cells under calcium-free conditions prevented taurine uptake [24].
This suggests that similar to the protective effects on the ovariectomized rats, interplay
between taurine and calcium is required.

In contrast to osteoblasts and osteoclasts, the effect of taurine on osteocytes has not yet been
explored. Given the beneficial effects of taurine on bone /n vivo and the essential role of
osteocytes in maintaining bone mass, we hypothesized that taurine may exert some of its
beneficial effects by acting directly on osteocytes, for example by maintaining osteocyte
viability or affecting the expression of osteocyte-secreted regulators of bone remodeling As
osteocytes are long-lived cells isolated within a mineralized environment, we used the
osteocyte cell lines IDG-SW3 and MLO-Y4 to investigate the effects of taurine
supplementation on osteocyte viability and the expression of bone remodeling genes.
Furthermore, as cells outside of the liver and pancreas such as neural cells have been shown
to make taurine, we investigated whether osteocytes are capable of synthesizing their own, a
more readily available source of taurine.

MLO-Y4 cell death assay

To determine whether taurine could protect against oxidative stress-induced cell death in
osteocyte-like cells, MLO-Y4 cells were seeded at a density of 1x10% cells/cm? on a
collagen-coated 96 well plate in a MEM supplemented with 2.5% fetal bovine serum (FBS),
2.5% calf serum, 100 U/ml penicillin and 50 ug/ml streptomycin (Themo-Fisher, Waltham,
MA). Cells were pre-treated with varying concentrations of taurine (1-50 mM) for 24 hours,
followed by treatment with 0.3 mM hydrogen peroxide (EMD Millipore, Burlington, MA)
for 4 hours to induce approximately 20 % cell death. 100 uM 5-Aminoimidazole-4-
carboxamide ribonucleotide (AICAR, Sigma, St Louis, MO), which activates AMPK and
protects against cell death, was used as a positive control. Cells were stained with 2 pM
ethidium homodimer 1 (Themo-Fisher) for 20 min to detect dead cells. Percentage of cell
death was calculated as EthD-1 positive cells divided by the total number of cells stained
with 5 ug/mL Hoechst 33342 (Thermo-Fisher) as a nuclear counterstain.
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IDG-SW3 cell culture

IDG-SW3 cells were cultured as previously described [25, 26].

Lactate Dehydrogenase (LDH) Assay—As the cell death assay as performed on MLO-
Y4 cells cannot be performed on the mineralized IDG-SW3 cells, the CyQuant LDH
Cytotoxicity Assay (Thermo-Fisher) was used to determine whether taurine could protect
against oxidative stress-induced cytotoxicity in mature osteocyte-like cells. The assay was
performed according to the manufacturer’s instructions. Briefly, day 28 IDG-SW3 cells were
pre-treated with increasing concentrations of taurine (1-100 mM) for 24 hours. The media
was then replaced with fresh differentiation media containing taurine and 0.7 mM hydrogen
peroxide. 10X lysis buffer was used as a positive control to induce cell membrane damage
(maximum LDH activity). After 6 hours, 50 ul culture media was harvested and transferred
to a 96-well culture plate. 50 pl of reaction mixture was added to each sample and the
positive controls and incubated at room temperature for 30 minutes. After stopping the
reaction with 50 pl stop solution, the plate was read in a spectrophotometer (Synergy HTX,
BioTek, Winooski, VT) at 490 and 680 nm. To determine LDH activity, the 680 nm values
were subtracted from the 490 nm values. This data was used to calculate the % cytotoxicity
using the following equation: % cytotoxicity= (compound-treated LDH activity -
spontaneous LDH activity/maximum LDH activity — spontaneous LDH activity) x 100.

Metabolic Profiling of IDG-SWa3 cells: For metabolic profiling, the cells were seeded at a
density of 4x10* cells/cm? in a collagen-coated T75 culture flask (Corning Inc., Corning,
NY) and cultured under proliferation conditions (33°C and 5% CQO,) for 48 hours in growth
media (a-MEM with 10% FBS, 100 U/ml penicillin, 50 pg/ml streptomycin and 50U/ml
IFN-7), until confluent. The media was then changed for differentiation media (a-MEM
with 10% FBS, 100 U/ml penicillin, 50 pg/ml streptomycin, 50 ug/ml ascorbic acid and 4
mM B-glycerophosphate) and the cells were cultured at 37°C and 8% CO» to induce
differentiation and matrix mineralization. The media was replenished every 3 days during
differentiation and 48 hours prior to harvesting at each time point.

In order to investigate the levels of taurine and related metabolites during differentiation,
culture media was removed from the flask at day 4, 9, 18 and 28 and frozen at —80°C. The
cell layer was washed three times with ice-cold PBS (Hyclone, GE Healthcare, Chicago, IL)
and then the cells were scraped in 2 ml icecold methanol and transferred to a glass vial
(SUN-SRI, Rockwood, TN) on ice. 2 ml chloroform was added and the vials vortexed and
incubated on ice for 10 minutes. 2 ml water was added, vortexed and then incubated
overnight at 4°C. The mixture was centrifuged at 4000 rpm at 4°C for 30 minutes to separate
the fractions. The top layer was carefully removed and frozen at —80°C for subsequent NMR
analysis.

Gene Expression Profiling: To investigate the effects of exogenous taurine on IDG-SW3
cell gene expression, IDG-SW3 cells were seeded at a density of 4x10% cells/cm? in 12 well
plates (Corning) and cultured until confluent under proliferation conditions. The cells were
then cultured for 28 days under differentiation conditions to acquire a mature osteocyte-like
phenotype [25, 26]. The cells were then cultured in differentiation media supplemented with
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1-50 mM taurine (Sigma) for 24 hours and the cell lysate was harvested for RNA or protein
isolation as described below.

Primary bone cell isolation and culture

RT-PCR

To examine whether primary bone cells at different stages of differentiation also synthesize
taurine, bone cells were isolated from 7 day old mouse pups. This age of mice was chosen
due to the higher yield of bone cells required for metabolomics analysis by NMR. Tibiae and
femora were dissected from eight C57BI/6 mice, the soft tissue removed and the periosteum
scraped with a scalpel. The epiphyses were removed and the marrow flushed with a 27
gauge needle and sterile PBS. The bone was cut into 1-2 mm pieces and washed three times
in sterile HBSS (Hyclone). The bone pieces were then digested in 2 mg/ml collagenase
(Sigma) for 25 minutes at 37°C on a rotating platform. The bone pieces were then washed
three times in HBSS and digested a second time in 2 mg/ml collagenase for 25 minutes.
After a further three washes in HBSS the bone pieces were incubated in a solution of 5 mM
EDTA/0.1% BSA (Sigma) for 25 mins. The bone pieces were then washed in HBSS and
divided between three T75 flasks (Corning) in growth media (aMEM, 10% FBS, 100 U/ml
penicillin, 50 pg/ml streptomycin) and incubated at 37°C and 5% CO2 for 14 days to allow
cells to grow out of the bone chips.

The outgrown cells were plated into T25 flasks (Corning) at a density of 2x10* cells/cm?
and cultured in growth media at 37°C and 5% CO, for 72 hours, until confluent. The media
was then changed for differentiation media (a.-MEM with 10% FBS, 100 U/ml penicillin, 50
pg/ml streptomyecin, 50 pg/ml ascorbic acid and 4 mM B-glycerophosphate) and the cells
were cultured for 28 days, with media changes every three days. Culture media and cell
lysates were harvested at day 7 (early differentiation stage) and day 28 (late differentiation)
as for the IDG-SW3 cells. Media was changed 24 hours prior to harvesting.

To extract metabolites from the primary cells, methanol/chloroform/water extraction was
used as for the IDG-SW3 cells, but using 1 ml volume of solvents.

Total RNA was isolated from the cell cultures using Trizol according to the manufacturer’s
instructions (Thermo-Fisher). 1 pg RNA was reverse transcribed into cDNA using the High
Capacity cDNA synthesis kit (Thermo-Fisher). Real-time PCR was performed using 25 ng
of template cDNA and either Tagman Gene Arrays (Thermo-Fisher) or PrimeTime gPCR
Primer Assays (Integrated DNA Technologies, Coralville, lowa). The data was normalized
to the housekeeping gene Actb. Relative expression was determined using the 2-2ACt
method [27].

Western blotting

Western blotting was performed to examine the effects of taurine supplementation on
intracellular sclerostin levels. IDG-SW3 cells differentiated for 28 days were treated with 50
mM taurine for 24 hours. Culture media was then removed and the cell layers were washed
three times with PBS and lysed in ice-cold RIPA buffer (100 mM Tris, 300 mM NaCl, 1%
sodium deoxycholate, 2% NP-40, 0.2% SDS) (Boston Bioproducts, Ashland, MA)
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containing proteinase inhibitors (Sigma). All steps were performed on ice to prevent protein
degradation. 10 ug total protein from each sample was loaded onto a 4-20% Tris-glycine
mini Proteon gel (Biorad, Hercules, CA) and separated by SDS PAGE electrophoresis. The
protein was electroblotted to a PVDF membrane (GE Heathcare, Pittsburg, PA) for 45
minutes at 360 mA on ice. Background staining was blocked by incubating the membrane in
5% BSA/1% milk prior to overnight incubation with polyclonal anti-sclerostin antibody
AF1589 (R&D Systems, Minneapolis, MN) at 1:500 dilution. HRP-conjugated rabbit anti-
goat (1:1000, Thermo-Fisher) was used as the secondary antibody. Membranes were
stripped using Restore stripping buffer (Thermo-Fisher) and re-probed using a monoclonal,
HRP-conjugated B-actin antibody (1:25,000 dilution, Sigma) as a loading control.
Immunoreactive bands were detected using the SuperSignal West Dura Chemiluminescence
kit (Thermo-Fisher) and the FujiFilm LAS 4000 gel documentation system (FujiFilm,
Tokyo, Japan). Densitometry was performed using ImageJ software (NIH, Bethesda, MD).

Sclerostin ELISA

To examine the effects of taurine on sclerostin secretion, an enzyme-linked immunosorbent
assay (ELISA) was performed. IDG-SW3 cells were cultured as described previously and
differentiated for 28 days into a mature osteocyte-like phenotype. The cells were then treated
with increasing concentrations of taurine (1-50 mM) for 48 hours. Cell culture media was
then harvested, centrifuged at 2000 x g for 5 mins to remove cellular debris and frozen at
-80. The media was used to run the sclerostin ELISA (R&D Systems) according to the
manufacturer’s instructions. Briefly, 50 ul of media or standards were added to a 96-well
plate conjugated to the primary antibody and incubated with 50 pl diluent solution for 3
hours at room temperature. 100 pl mouse SOST conjugate was then added to each well and
incubated at room temperature for 1 hour. 100 ul of substrate was then added and incubated
for 30 minutes. The reaction was stopped with 100 pl stop solution and the plate was read at
450 nm with a wavelength correction of 540 nm. The sclerostin concentration was
determined by interpolating from a four parameter logistic curve (Prism 8, GraphPad).

Nuclear Magnetic Resonance (NMR) spectroscopy data collection and processing

The intracellular and extracellular levels of taurine and related metabolites were determined
by nuclear magnetic resonance spectroscopy. Culture media was filtered through a 10 kD
MWCO Amicon filter (EMD Millipore, Burlington, MA) to remove large molecular weight
proteins. The methanol fraction from the cell lysate was dried in a vacuum centrifuge and
resuspended in deuterated sodium phosphate buffer (Sigma). Chenomx reference standard
solution (Chenomx Inc., Canada) containing 4,4-dimethyl-4silapentane-1-sulfonic acid-d6
(DSS-d6) was added for NMR analysis.

NMR data were acquired on a Bruker Avance 111 700MHz NMR spectrometer with a TXI
triple resonance probe operating at 25C. Spectra were collected with a 1D NOESY pulse
sequence covering 12 ppm. The spectra were digitized with 32768 points during a 3.9
second acquisition time. The mixing time was set to 100 ms and the relaxation delay
between scans was set to 2.0 seconds.
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The data were processed using Advanced Chemistry Development Spectrus Processor
(version 2016.1, Toronto, Canada). The spectra were zero filled to 65536 points, apodized
using a 0.3Hz decaying exponential function and fast Fourier transformed. Automated phase
correction and linear baseline correction was applied to all samples. Metabolite
concentrations were quantified using the Chenomx NMR Suite (version 8.2, Edmonton,
Canada). The DSS-d6 was used as a chemical shift and quantification reference for all
spectra and was set to a chemical shift of 0.00 and a concentration of 0.5 mM. Quantitative
fitting of each spectrum was carried out in batch mode, followed by manual adjustment for
some spectra to correct for errors arising from spectral overlap.

Statistical analysis

Results

Graphpad Prism 8 (GraphPad, La Jolla, CA) was used to perform a one-way ANOVA with
Tukey’s post-hoc test or Student’s t-test. All data is shown as mean+SD, with *P<0.05,
**P<0.01 and ***P<0.001.

Taurine protects against hydrogen peroxide-induced cytotoxicity of osteocyte-like cells.

Taurine has previously been shown to protect against cell death in cells such as
cardiomyocytes, neurons and pancreatic B-cells [6]. To examine whether taurine may play a
similar role in maintaining osteocyte viability, we induced oxidative stress in differentiated
IDG-SW3 cells using 0.7 mM hydrogen peroxide. H,O5 treatment resulted in approximately
15% cytotoxicity, as measured by lactate dehydrogenase release (Figure 1). Pretreatment
with taurine was able to ameliorate the cytotoxicity, particularly at the higher concentrations.
The potential protective effect of taurine against oxidative stress-induced cell death was also
examined in the early osteocyte cell line MLO-Y4. Similar to IDG-SW3 cells, taurine was
able to significantly reduce cell death in HoO,-treated MLO-Y4 cells at 25 and 50 mM
concentrations, although a small but significant increase in cell death was observed at 1 mM
(Supplemental Figure 1).

Taurine uptake transporter expression is increased during osteoblast to osteocyte
differentiation

Given the ability of taurine supplementation to regulate bone mineral content and protect
against bone loss in rodents [14, 16], we hypothesized that some of these effects may be due
to taurine regulation of osteocyte function. To examine this we used the IDG-SW3 cell line,
which has been shown to recapitulate the osteoblast to osteocyte differentiation process /n
vitro, characterized by robust extracellular matrix mineralization and mature osteocyte
marker gene expression. The cells also express GFP under control of the dentin matrix 1
(Dmpl) promoter, which is expressed during osteocyte differentiation [25]. At early stages
of differentiation the IDG-SW3 cells showed no evidence of matrix mineralization and
minimal Dmp1-GFP expression, but by day 18 robust GFP expression was observed co-
localized with areas of matrix mineralization (Figure 2A). The increase in mineral
deposition and Dmp1-GFP expression was correlated with elevated expression of the taurine
uptake transporter Taut/ S/c6a6 mRNA, which reached maximal levels at day 28 (Figure 2B).
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Taurine regulates the expression of Wnt signaling inhibitors in IDG-SW3 cells

To determine the potential effects of taurine on osteocyte function, IDG-SW3 cells were
differentiated for 28 days into a mature osteocyte phenotype and treated with increasing
concentrations of taurine for 24 hours. The expression of genes associated with matrix
mineralization and positive regulation of bone formation, Osteocalcin (Ocri), Phosphate-
regulating endopeptidase, X-linked (Phex) and Dmpl were all unaffected by taurine
supplementation, even at the higher concentrations (Figure 3). Alkaline phosphatase (A/p/)
expression was slightly decreased at 50 mM taurine. Expression of Rank/, which promotes
osteoclast formation and Opg, which inhibits osteoclast formation were not affected by
taurine treatment (Figure 3).

Interestingly, Sost mRNA expression showed a robust and dose-dependent decrease in
response to taurine (Figure 4A). As the protein product of Sost, sclerostin, is a well-known
inhibitor of the Wnt signaling pathway [28], we also investigated the expression of another
Whnt inhibitor, DkkI. Similar to Sost, Dkk1 expression was also decreased in response to
taurine, although the effects were less dramatic than Sostand only reached significance at
the highest dose (50 mM) (Figure 4B).

To confirm that sclerostin is indeed a target of taurine, we examined sclerostin protein
expression in IDG-SWa3 cells treated with 50 mM taurine by Western blotting and by
ELISA. Intracellular sclerostin levels were reproducibly downregulated in response to 24
hours of taurine supplementation (Figure 3C). Densitometric analysis of sclerostin staining
revealed a 70% reduction in sclerostin protein levels when normalized to beta-actin (Figure
3D). Additionally, 25 and 50 mM taurine was able to inhibit secretion of sclerostin into the
culture medium by 40 and 75% respectively compared to untreated control cells (Figure 3E).

IDG-SW3 and primary bone cells synthesize taurine

To examine whether osteocytes may be a source of taurine, we examined culture media and
cell lysate from IDG-SW3 cells at different stages of osteoblast to osteocyte differentiation
by NMR. NMR analysis of the cell lysate detected the presence of taurine in the early
differentiated cultures and this was increased from 0.4+0.1 mM at day 4 to 1.1+0.09 mM at
day 18 and remained elevated at day 28 (Figure 5A). Interestingly, taurine was not detectable
by NMR analysis of the cell culture media at any time point (Figure 5A). This suggests that
the taurine synthesized by these cells is retained within the cell and not secreted into the
surrounding media at least at the levels of detection by NMR. The absence of taurine peaks
in the NMR spectra of cell media is demonstrated in Supplemental Figure 3.

To confirm that the biosynthesis of taurine is not confined to cell lines, we examined the
production of taurine in primary bone cells isolated from 7 day old mouse long bones.
Isolated cells were differentiated for 7 or 28 days into an osteoblastic or osteocytic
differentiation stage. Matrix mineralization was not seen at day 7 of differentiation, but
strong mineral deposition was observed by day 28 (data not shown). NMR analysis showed
the presence of taurine in the cell lysate, but not in the culture media, similar the IDG-SW3
cells. Similar to the IDG-SW3 cells, taurine levels in the primary cell lysate was increased
with differentiation (Figure 5B). However, the intracellular taurine levels were lower than
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those observed for the IDG-SW3 cells. Therefore, unlike cells in the liver and pancreas,
osteoblasts/osteocytes produce taurine but do not appear to secrete it.

IDG-SW3 cells express genes essential for taurine biosynthesis and uptake

The process of taurine biosynthesis involves the conversion of methionine and cysteine into
taurine via the production of several intermediates. Cysteine is converted to cysteinesulfinate
by the enzyme cysteine dioxygenase, which is decarboxylated into hypotaurine by
cysteinesulfinate decarboxylase. Hypotaurine is oxidized into taurine by a yet undefined
mechanism [29](outlined in Figure 6A). We found that methionine levels in the culture
media of the IDG-SWa3 cells decreased with differentiation of the cells, consistent with it
being used in the synthesis of taurine (Figure 6B). Cysteine was undetectable in the culture
media or lysate (data not shown). The intermediates cysteinsulfinate and hypotaurine were
also undetectable in either the culture media or the cell lysate by NMR. The levels of
pyruvate, an alternative product of methionine metabolism, decreased in the culture media
similar to methionine. Pyruvate levels in the cell lysate were very low and showed a
temporal increase at day 9, but not at day 18 and 28 (Supplemental Figure 2).

Cdo, the gene encoding for cysteine dioxygenase, was very highly expressed in IDG-SW3
cells (Ct values 17-19) and increased 3-fold in expression by day 18 of differentiation
(Figure 6C). Csad, the gene encoding cysteinesulfinate decarboxylase, was also highly
expressed (Ct values, 19-20), although its expression was decreased during differentiation
(Figure 6D). Therefore, in addition to being responsive to exogenous taurine
supplementation, osteocytes also possess the cellular machinery for taurine biosynthesis.

Discussion

Taurine has been shown to have beneficial effects on bone /in vivo, however the mechanisms
by which taurine exerts its effects have not been fully described. One of the primary
functions of taurine in many different cell types is to protect against cell stress, due to
conditions such as aging, disease and inflammation [6]. We found that taurine
supplementation was able to protect IDG-SW3 and MLO-Y4 osteocyte-like cells from cell
death triggered by H,O5 treatment. This suggests that taurine may have similar protective
properties on osteocytes. In the liver, taurine was shown to protect against reactive oxygen
species-induced apoptosis and mitochondrial damage by acting as a free radical scavenger
[30]. Similar effects have been observed in cardiomyocytes [31], skeletal muscle [32],
chondrocytes [33, 34] and neuronal cells [35]. In MC3T3 pre-osteoblastic cells, taurine was
shown to protect against apoptosis by activating ERK1/2 signaling pathway [23].

In addition to protecting against cell death, our data also suggests that taurine may directly
modulate genes that are important for osteocyte function and bone homeostasis. We found
that the gene encoding for the taurine uptake transporter, S/c6a6, was highly expressed in
IDG-SWa3 cells, particularly during late differentiation. This suggests that osteocytes may be
responsive to exogenous taurine supplementation, therefore we examined the effects of
taurine on osteocyte gene expression. We found that treating differentiated IDG-SW3 cells
with taurine did not affect the expression of Rank/or Opg, genes that regulate osteoclast
differentiation and activity. We also found no change in the expression of Ocn, Phex and
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Dmp1, genes associated with extracellular matrix mineralization, although a small decrease
in Alpl expression was observed in cells treated with high dose (50 mM) taurine. This result
is in contrast to that found by Zhou et al. [22], where taurine supplementation increased
alkaline phosphatase expression in mesenchymal stem cells suggesting that effects may be
due to stage of differentiation (osteoblast precursor cells as opposed to mature osteocyte-like
cells).

Interestingly, the expression of Sost mMRNA was dose dependently decreased by taurine
supplementation. Similar effects were also observed in sclerostin protein levels, which were
strongly downregulated by taurine. Sclerostin is a well known negative regulator of bone
formation [4], which acts via inhibiting the Wnt signaling pathway. Another Wnt inhibitor,
Dkk1, was also decreased by taurine supplementation, although to a lesser degree than Sost.
Positive effects of taurine supplementation have been observed on the bone of mice and rats
[14, 15], however the mechanism behind these beneficial effects have not yet been
elucidated. Our results raise the intriguing possibility that taurine may be regulating
sclerostin levels in bone to enhance Wnt signaling and increase bone mass.

Surprisingly, we found that taurine was synthesized by IDG-SW3 cells and primary bone
cells ex-vivo. The lower taurine levels detected in the primary cells is likely due in part to
the fewer number of cells cultured, as the primary cells were cultured at a density of 2x10%
cells/cm? in 25 cm? flasks versus 4x104 cells/cm? in 75 cm? flasks for the IDG-SW3 cells.
Additionally, the primary cells may be a more heterogeneous population containing some
cells that are not osteoblasts or osteocytes and do not synthesize taurine. Although taurine
has previously been detected in the bone /n vivo [36], the taurine was thought to originate
from other sources such as the liver or pancreas, which are considered to be the main sites of
taurine production [37, 38]. Interestingly, taurine was only detected in the cell lysate in both
the IDG-SW3 and primary cells, but not in the culture media. This suggests that the taurine
was retained intracellularly.

The importance of intracellular taurine levels in osteoblasts and osteocytes is unknown, but
taurine is known to play a key role in regulating essential intracellular pathways in other cell
types. For example, taurine has been shown to regulate intracellular calcium levels in
cardiomyocytes [39]. In microglia, taurine reduces inflammatory cytokine release and
inhibits activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) pathway [40]. Furthermore, depletion of taurine in heart muscle resulted in inhibition of
the key energy metabolism pathways oxidative phosphorylation and fatty acid oxidation
[41]. The inhibition of sclerostin secretion of osteocytes by taurine may also represent a
mechanism by which taurine indirectly affects the activity of osteoblasts or osteoclasts.

The biosynthesis of taurine requires the conversion of the sulfur-containing amino acids
methionine and cysteine into taurine via several intermediate steps. We found that
methionine levels in IDG-SW3 cell culture media were decreased with differentiation,
concomitant with increased taurine levels, therefore, suggesting that some of the
extracellular methionine is being used for the biosynthesis of taurine. Interestingly, we did
not detect cysteine in the media of these cells, but found that IDG-SW3 cells express very
high levels of Cdoand Csad mRNA, which encode for enzymes that convert cysteine into
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cysteinesulfinate and hypotaurine, respectively. Thus, any cysteine initially present may have
been converted into these intermediate metabolites. Furthermore, the decreased methionine
levels at day 18 and 28 of differentiation did not result in increased pyruvate in the culture
media or lysate at these time points, suggesting that the decreased methionine levels are not
due to pyruvate synthesis.

In summary, we show for the first time that osteocytes are capable of synthesizing taurine
but do not secrete detectable taurine /in vitro. Furthermore, taurine supplementation reduced
the expression of sclerostin and protected cells against oxidative stress-induced cell death.
These findings may help explain the beneficial effects of taurine supplementation on bone /in
vivo. Further studies are needed to examine whether taurine may also regulate essential
osteocyte functions such as mechanosensation and mechanotransduction.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
We describe a potential mechanism for the benefits of taurine on bone

Taurine protects from oxidative-stress induced cytotoxicity in osteocyte-like
cells

Taurine downregulates Sost MRNA and sclerostin protein expression in vitro

Osteocytes can synthesize taurine in vitro
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Figure 1. Exogenous taurine protects against hydrogen peroxide-induced cytotoxicity in IDG-
SW3 osteocyte cells.

Pretreatment with 50 and 100 mM taurine significantly reduced cytotoxicity induced in
IDG-SW3 cells by treatment with 0.7 mM hydrogen peroxide (n=6 + SD, ***=p<0.001.
One-way ANOVA with Tukey’s post hoc test).
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Figure 2. Taurine uptake transporter expression is increased during osteoblast to osteocyte
differentiation.

(A) Phase contrast (top) and Dmp1-GFP (bottom) images of IDG-SW3 cells during
osteoblast to osteocyte differentiation. The scale bar represents 1000 um. (B) mRNA
expression of the taurine uptake transporter S/c6a6 increased during IDG-SW3 cell
differentiation and peaked at day 28 (Ct values = 17-18.5). A significant difference was
observed at days 18 and 28 compared to day 4 (n=3 + SD, ** = p<0.01, ***=p<0.00. One-
way ANOVA with Tukey’s post hoc test1).

Day 4 Day9 Day18 Day28
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Figure 3. Exogenous taurine supplementation has minimal effects on genes associated with
matrix mineralization and osteoclast differentiation.

50 mM taurine slightly decreased the expression of A/lp/in differentiated day 28 IDG-SW3
cells, but other genes associated with mineralization and bone resorption were unaffected
(n=3 = SD, * = p<0.05. One-way ANOVA with Tukey’s post hoc test).
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Figure 4. Taurine dose-dependently decreased the expression of Wnt signaling inhibitors.
(A) Sostand (B) DkkI mRNA expression were downregulated in day 28 IDG-SW3 cells in

response to exogenous taurine supplementation (n=3 £ SD). (C) and (D) 50 mM taurine
significantly inhibited intracellular sclerostin protein expression in the mature IDG-SW3
cells and (E) significantly inhibited secretion of sclerostin in media (n=3 = SD ** = p<0.01,
*** = p<0.001. One-way ANOVA with Tukey’s post hoc test).
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Figure 5. Taurine synthesis increases with differentiation in IDG-SW3 and primary bone cells.
(A) Taurine levels peak at day 18 in the cell lysate but are undetectable in the media at all

time points (n=4 + SD, **=p<0.01, ***=p<0.001. One-way ANOVA with Tukey’s post hoc
test). (B) Taurine is also present in the lysate of cells isolated from mouse long bone and is
increased with differentiation. Taurine was not detected in the media (n.d. = not detected)
(n=3 £ SD, * = p<0.05. Two-tailed t-test).
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Figure 6. Regulators of taurine biosynthesis and transport are highly expressed in IDG-SW3

cells.

(A) Taurine biosynthesis pathway. (B) Levels of the cysteine/taurine precursor, methionine
were decreased in IDG-SW3 culture media during differentiation. (C) CdoI and (D) Csad
MRNA expression levels during IDG-SW3 differentiation (Ct values = 17-19 for Cdo1, 19—
21 for Csad). (n=4 £ SD, ** = p<0.01, *** = p<0.001. One-way ANOVA with Tukey’s post

hoc test).
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