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Our recent animal and human studies revealed that chronic
hyponatremia is a previously unrecognized cause of osteoporo-
sis that is associated with increased osteoclast numbers in a rat
model of the human disease of the syndrome of inappropriate
antidiuretic hormone secretion (SIADH). We used cellular and
molecular approaches to demonstrate that sustained low extra-
cellular sodium ion concentrations ([Na*]) directly stimulate
osteoclastogenesis and resorptive activity and to explore the
mechanisms underlying this effect. Assays on murine preoste-
oclastic RAW 264.7 cells and on primary bone marrow mono-
cytes both indicated that lowering the medium [Na™] dose-de-
pendently increased osteoclast formation and resorptive
activity. Low [Na*], rather than low osmolality, triggered these
effects. Chronic reduction of [Na™] dose-dependently decreased
intracellular calcium without depleting endoplasmic reticulum
calcium stores. Moreover, we found that reduction of [Na*]
dose-dependently decreased cellular uptake of radiolabeled
ascorbic acid, and reduction of ascorbic acid in the culture
medium mimicked the osteoclastogenic effect of low [Na*]. We
also detected downstream effects of reduced ascorbic acid
uptake, namely evidence of hyponatremia-induced oxidative
stress. This was manifested by increased intracellular free oxy-
gen radical accumulation and proportional changes in protein
expression and phosphorylation, as indicated by Western blot
analysis from cellular extracts and by increased serum 8-hy-
droxy-2'-deoxyguanosine levels in vivo in rats. Our results
therefore reveal novel sodium signaling mechanisms in oste-
oclasts that may serve to mobilize sodium from bone stores dur-
ing prolonged hyponatremia, thereby leading to a resorptive
osteoporosis in patients with SIADH.

Hyponatremia, defined as serum sodium ion concentration
([Na™]) less than 135 mmol/liter, is a frequently encountered
electrolyte abnormality in patients. Chronic hyponatremia is an
especially common disorder in elderly people, often due to the
dysregulation of hypothalamic osmoregulatory mechanisms,
leading to the syndrome of inappropriate antidiuretic hormone
secretion (STADH).” Hyponatremia may also arise from chronic
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heart failure or cirrhosis and from treatment with a large num-
ber of drugs, including diuretics and selective serotonin
reuptake inhibitors. The estimated prevalence of chronic
hyponatremia in the United States is in the range of 3.2—-6.1
million persons annually, 75—80% of whom are without obvi-
ous neurological symptoms. Although chronic hyponatremia is
often considered to be “asymptomatic,” recent reports have
shown its adverse effects, namely impaired gait stability and
neurocognitive functions and, therefore, a greater risk of falls
and fractures. In one recent case-controlled study of asymp-
tomatic chronic hyponatremic patients, even mild hypona-
tremia was associated with a 67-fold increased odds ratio for
falling compared with normonatremic controls. Even more
alarming, a recent study from Belgium found that mild asymp-
tomatic hyponatremia was associated with bone fractures in
ambulatory elderly subjects (adjusted odds ratio of 4.16, 95%
confidence interval: 2.24-7.71) (1), and the incidence of
hyponatremia in patients aged 65 or older with skeletal frac-
tures was more than double that of patients with no fracture
(9.1 and 4.1%, respectively; p = 0.007) (2). Recent studies from
our laboratory have indicated that hyponatremia is also associ-
ated with osteoporosis due to increased osteoclastic bone
resorption in a rat model of SIADH (3). Histomorphometric
analysis indicated that osteoclast number was increased 5-10-
fold in excised femurs, tibia, and spine from hyponatremic rats,
and analysis of blood samples revealed no significant metabolic
or hormonal change that could account for the increased oste-
oclastic bone resorption (3).

Early studies of radionucleotide distribution indicated that
approximately one-third of the body’s sodium is stored in the
bone matrix along with calcium and phosphorus and is released
during osteoclastic resorption (4). A more recent study has also
shown that large amounts of sodium are stored in an osmoti-
cally inactive compartment in the bones of dogs and are
released from this store during prolonged dietary sodium dep-
rivation (5). The primary components of bone matrix are
removed by osteoclasts first by demineralization of the inor-
ganic mineral through acidification of the local bone microen-
vironment, followed by degradation of collagen by the cysteine
protease cathepsin K. Although the mechanisms that initiate
osteoclastogenesis and osteoclastic bone resorption in
response to hyponatremia have not been investigated, activa-
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tate; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; dDAVP, desmopressin; ROS,
reactive oxygen species.

VOLUME 286+NUMBER 12+MARCH 25,2011



Hyponatremia Stimulates Osteoclastic Bone Resorption

tion of osteoclastic bone resorption in response to calcium dep-
rivation and various other stimuli has been studied extensively
(reviewed in Refs. 6 and 7). Stimulation of osteoclastogenesis
and osteoclast activity is known to be associated with sex ste-
roid deficiency-related osteoporosis, metastasis-induced oste-
olysis, Paget disease, rheumatoid arthritis, and periodontal dis-
ease. Osteoclasts arise from hematopoietic precursors in the
monocyte-macrophage lineage from the blood or the bone
marrow. Cytokines and bone-resorbing agents act on osteoclast
lineage cells to promote osteoclastogenesis through a common
mechanism that requires the receptor activator of NF-«B
(RANK) ligand (RANKL) as the essential mediator of osteoclast
formation in response to all known stimuli. Osteoblasts/stro-
mal cells are also the source of macrophage colony-stimulating
factor (M-CSF), which plays a crucial role in osteoclast forma-
tion by promoting the proliferation of osteoclast precursors.
Osteoclastogenesis also requires exposure to calcitriol, the
active form of vitamin D. In addition, cytokine and tyrosine
kinase receptors on osteoclasts (6), as well as oxidative stress
(8), can modify RANK signaling. Bone resorption is also regu-
lated by G-protein-coupled receptors, estrogen receptors,
integrin, and calcium-mediated signals operating via the nitric
oxide signaling pathway (6).

Mechanisms underlying osmoregulation and sodium sensing
are best understood in the hypothalamus, but these are capabil-
ities essential for the survival of all eukaryotic cells as well.
Release of the antidiuretic hormone arginine vasopressin
(AVP) in response to increases in osmolality is controlled by
specific and highly sensitive osmoreceptors in the hypothala-
mus (9, 10). Hypoosmolar conditions trigger an adaptation to
maintain cell volume by extruding intracellular solutes, includ-
ing electrolytes and organic osmolytes, in cells of the brain and
peripheral tissues. This adaptation is accomplished by stretch-
activated, voltage-gated potassium channels and swelling-acti-
vated chloride channels. The TRPV4 (transient receptor poten-
tial vanilloid type 4) channel is postulated to comprise an
important element of the central tonicity-sensing mechanism
in the mammalian hypothalamus and is activated by hypotonic
stress in vitro (11). Sensing of the intracellular sodium concen-
tration and the responses to rising intracellular sodium concen-
trations is largely accomplished by the activity of the plasma
membrane Na®/K*-ATPase and its associated proteins, such
as the sucrose nonfermenting-1-related serine/threonine
kinase, SIK1 kinase (12). The molecular mechanism by which
low extracellular [Na™] is detected is not yet understood. High
[Na*] has been reported to inhibit the activity of the epithelial
Na™ channel, a phenomenon of self-inhibition of epithelial
sodium transport in the distal nephron, distal colon, and air-
ways (13). The calcium-sensing receptor and the cystic fibrosis
transmembrane conductance regulator are also involved in the
adaptation to high salinity in fish (14).

The experiments in this paper provide support for a direct
effect of low extracellular sodium concentration to stimulate
osteoclastogenesis and osteoclastic resorption without activa-
tion of signaling through osteoblasts, a key mechanism that is
unique to hyponatremia-induced osteoporosis. By manipulat-
ing culture media during osteoclastogenesis from RAW 264.7
murine monocytic preosteoclastic cells, we studied whether
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low sodium or low osmolality or both were responsible for acti-
vating osteoclast differentiation and bone resorbing activity.
We then explored the potential mechanisms underlying activa-
tion of osteoclastogenesis and osteoclastic resorption by low
extracellular sodium concentrations. Our findings indicate the
involvement of extracellular [Na™] in regulating ascorbic acid
uptake and providing protection from oxidative stress. Impor-
tantly, this mechanism is similar in many ways to the mecha-
nisms through which estrogen and androgen deficiency acti-
vate osteoclasts (15).

EXPERIMENTAL PROCEDURES

Cell Culture—Low passage number murine monocytic RAW
264.7 cells were obtained from the American Type Culture Col-
lection (Manassas, VA). These cells can differentiate into
mature osteoclasts upon stimulation with RANKL and M-CSF.
Cells were grown in minimal essential medium « (4.5 g/liter
glucose; Invitrogen). For selected experiments, we used mini-
mal essential medium « without ascorbic acid (custom-pro-
duced by Invitrogen) or the same medium with the addition of
50 mg/liter L-ascorbic acid. To generate media with the lower,
desired [Na*] of 131, 129, 121, and 112 mmol/liter, while main-
taining other parameters identical to the normal sodium
medium, we added a mixture of distilled water, glucose, miner-
als (except sodium), amino acid concentrate, and vitamins
(Mediatech Inc., Herndon, VA) in appropriate amounts. When
adjustment of osmolality was needed, mannitol was added to
each low [Na™] medium to reach 290 mosmol/kg H,O. Every
medium was supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, UT), 2 mM glutamine, and 1% penicillin/
streptomycin (Invitrogen) and was filter-sterilized. Sodium
concentration and osmolality of media were measured before
application to cells using a sodium analyzer (Coulter ELISE,
Beckman, Fullerton, CA) and a freezing point osmometer
(model 3900, Advanced Instruments, Inc., Norwood, MA). To
adapt cells to low sodium concentrations, the extracellular
sodium concentration was decreased gradually with daily
medium changes, with every medium change to lower [Na™] by
4 mmol/liter, until the desired final concentration was reached.
Adapted cells were grown in media with the target sodium con-
centration for at least 7 days before experiments. Cells were
cultured at 37 °C in a 5% CO,, incubator.

Cell Viability Measurements—RAW 264.7 cells were adapted
toand grown for 7 days at target [Na™ ] media and then plated to
96-well plates at 50,000 cells/well to grow for another 24 h at the
same graded [Na™] media in triplicates. Viability and cytotox-
icity were determined using the LIVE/DEAD® cell viability kit
(Invitrogen) according to manufacturer’s instructions. Calcein
fluorescence was measured using fluorescein optical filters and
ethidium homodimer-1 fluorescence using rhodamine filters
(PerkinElmer Life Sciences). Controls included digitonin-
treated cells, cells without indicator, and plating escalating
numbers of cells (from 100 to 100,000 cells/well).

Osteoclastogenesis Assays—Control and adapted RAW 264.7
cells were subcultured into 24-well plates (Costar) at 1 X 10*
cells/well, with each well containing 1 ml of medium. The next
day, media were changed to differentiation media generated
with the addition of 10 ng/ml recombinant mouse M-CSF (Sig-
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ma-Aldrich) and 50 ng/ml recombinant RANKL (R&D Sys-
tems, Inc., Minneapolis, MN) to the medium with the appro-
priate [Na™*]. Although RAW 264.7 cells form tartrate-resistant
acid phosphatase (TRAP™)-stained multinucleated cells with
RANKL alone, without M-CSF (16), we and others (17) found
that these cells did not resorb dentin to the same extent as cells
differentiated with both RANKL and M-CSF (data not shown).
Sodium concentrations were maintained during the differenti-
ation as indicated. Differentiation media were changed on
alternate days for 3—14 days for time course studies and for 7
days in every other experiment. At the termination of the
experiments, cells were fixed for 10 min in 3.7% formalin in
citrate buffer prepared with 65% acetone, pH 5.8, and stained
using the acid phosphatase kit and protocol from Sigma-Al-
drich. Each experiment was done in triplicate and repeated at
least three times.

Osteoclastogenesis was also evaluated in two experiments
from primary rat bone marrow monocyte (BMM) cultures, as
described previously (18, 19) with modifications. All proce-
dures concerning animal experiments were performed accord-
ing to the Guidelines for the Care and Use of Animals available
on the National Academies Press Web site. The Institutional
Animal Care and Use Committee of Georgetown University
approved all animal experimentation according to federal and
institutional policies and regulations. For the first experiment,
unfractionated bone cells were prepared from the marrow of
femora from four 11-month-old male Sprague-Dawley rats
(Taconic Farms Inc., Hudson, NY) and disaggregated in mini-
mal essential medium « supplemented with 10% FBS, Glu-
tamax, and penicillin/streptomycin (Invitrogen). Unfraction-
ated cells were washed three times by pelleting and
resuspension in fresh medium and then plated onto eight
10-cm culture dishes (Fisher) and cultured overnight in the
same medium supplemented with 0.2 ng/ml M-CSF (R&D Sys-
tems, Minneapolis, MN). Nonadherent cells were collected,
and mononuclear cells were recovered from the interface of
Ficoll-Paque Premium gradients (GE Healthcare Life Sciences).
BMMs were resuspended at a density of 5 X 10* cells/ml in
fresh medium supplemented with both 0.2 ng/ml M-CSF and
0.07 ng/ml RANKL (R&D Systems, 462 TEC/CF) and placed
into 6-well plates. Over the next 5 days, cells were adapted to
grow in the same medium while gradually lowering the [Na™] to
reach final [Na™] of 136, 131, 126, 121, and 117 mmol/liter.
Cells were then either allowed to continue to differentiate in the
6-well plates for 14 days or scraped and transferred to 24-well
plates with dentin slices for the resorption assay. At the end of
differentiation, cells were fixed and stained for TRAP.

In the second experiment, BMMs were prepared from seven
normonatremic and seven hyponatremic 11-month-old male
Sprague-Dawley rats. To generate hyponatremic rats, animals
were fed a liquid diet for 2 weeks and were infused with the
vasopressin V2R agonist desmopressin (AIDAVP, Aventis) via
subcutaneously implanted minipumps (Alzet model 2004,
Durect Co., Cupertino, CA) releasing dDAVP at a rate of 0.25
wul/h (5 ng/h). This infusion of dDAVP alone does not produce
hyponatremia in the absence of water loading. The hyponatre-
mic rats received an ad libitum (average 28 ml/day) liquid diet
(F5400sp, Bio-Serv) with a caloric density of 1.6 kcal/ml (72
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kcal/day/rat), vitamin D3 content of 3.2 IU/ml (144 IU/day/rat),
and calcium content of 2 mg/ml (90 mg/day/rat). The nor-
monatremic animals were pair-fed with the same liquid diet,
adjusting the volume every day, and received buffer-containing
pumps without dDAVP. Hyponatremia ([Na®™] = 117 * 3
mmol/liter) was maintained for 2 weeks before sacrifice and
collection of BMMs. To differentiate osteoclasts from BMMs of
hyponatremic rats, all medium [Na™] values were lowered,
while maintaining the other medium components the same as
described for the first experiment. Briefly, unfractionated cells
were cultured for 24 h in media with M-CSF, and then mono-
nuclear cells were separated with a Ficoll gradient. Cells were
cultured in differentiation media with M-CSF and RANKL for
11 days, with half of the media changed on alternate days.
TRAP-positive multinuclear cells were counted from a 10-mm?
area, and colonies formed on 10-cm culture dishes were scored
using a microscope.

Bone Resorption Assays—Control and adapted cells were
subcultured into 24-well resorption plates coated with calcium
hydroxyapatite (OAAS, Osteogenic Core Technologies USA,
Irvine, CA) at 1 X 10* cells/well, with 1 ml of differentiation
media as in the osteoclastogenesis assays. Differentiation media
were changed on alternate days for 14 days. In one set of exper-
iments, fully differentiated osteoclasts (after 7 days in differen-
tiation media with either normal or low [Na™]) were subcul-
tured into the OAAS wells at 4,000 cells/well and cultured for
an additional 7 days in the same differentiation media. At the
termination of the resorption experiments, cells were removed
by 1 N sodium hydroxide, and the remaining calcium hydroxy-
apatite was stained using 5% silver nitrate under intense light
exposure. Each experiment was done in triplicate and repeated
at least three times.

Sperm whale dentin slices (300 wm thick, 4-mm diameter;
generously provided by Dr. David Roodman (University of
Pittsburgh School of Medicine, Pittsburgh, PA)) were sterilized
overnight in 70% ethanol, air-dried, and presoaked in media
containing the appropriate target [Na™] for 24 h and then
placed into 12-well plates. RAW 264.7 cells adapted to grow in
media with reduced [Na*] as well as BMMs adapted to differ-
entiate in normal and reduced [Na*] media with M-CSF and
RANKL were seeded into 12-well plates with the dentin discs
(1 X 10 cells/well) and cultured for 14 days. Half of the differ-
entiation media were replaced with fresh media on alternate
days. Discs were removed, rubbed between fingers, washed,
soaked in 500 pl of CytoBuster™ solutions (Novagen, EMD
Chemicals Inc. San Diego, CA) to remove cells and debris,
stained for 3.5 min in 1% toluidine blue solution, and then
washed in H,O five times. The remaining osteoclasts in the
wells were fixed and stained for TRAP.

Microscopy—The number of TRAP-positive multinucleated
cells containing three or more nuclei was determined per mm?
of culture area using a Zeiss 410 inverted microscope fitted with
a motorized stage and a Sony color camera. 25 images were
collected from triplicate wells each, using the automated imag-
ing system driven by software (Osteo II) from BioQuant Image
Analysis Corp. (Nashville, TN). Resorption areas (unstained
areas) per mm” were determined from 25 images/well by auto-
mated gray scale segmentation, using the same imaging system
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and software. Resorption areas from the dentin slices were
measured from the entire area.

Fluorescence Measurement of Cytosolic Free [Ca®']—
RAW 264.7 cells were first adapted to grow in reduced sodium
media for 7 days as described under “Cell Culture.” The day
before experiments, 5 X 10° cells were plated into 6-well plates
in duplicates from each Na™ concentration. The next day, wells
were washed three times in appropriate Na " -containing buffer
A (0.1 mg/ml bovine serum albumin, 20 mm HEPES in Hanks’
balanced salt solution that was generated from components
with NaCl content adjusted to reach final [Na™] of 136, 131,
126, 121, and 117 mmol/liter) while maintaining other compo-
nents identical and then incubated with loading buffer contain-
ing the fluorescent calcium indicator Fluo-4/AM (Invitrogen; 4
uM in DMSO), pluronic F-127 (20% (w/v) in DMSO), Power-
Load™ concentrate (Invitrogen), and normal or appropriately
reduced [Na™] buffer A). After a 30-min incubation with the
indicator solution at 37 °C, cells were washed in indicator-free
normal or reduced [Na™] buffer A, harvested by scraping, and
resuspended in 1 ml of the same indicator-free buffer A to reach
10° cells/ml, and 1-ml aliquots of loaded cell solutions were
transferred to disposable polystyrene microcuvettes containing
a spin bar and incubated for 30 min at room temperature. Fluo-
rescence was measured with a spectrofluorometer with con-
tinuous mixing (Photon Technology International, Birming-
ham, NJ) (monochromator-based system with Felix software),
using 494 = 2-nm excitation and 516 * 2-nm emission fluores-
cence. Measurements were taken from duplicate samples of
each [Na™] before and immediately after the addition of thap-
sigargin (Tocris Bioscience, Ellsville, MO) (50 um in DMSO).
To measure [Ca®>"] in the presence of serum, normal and
reduced [Na™]-adapted cells were plated into a 96-well dish at
200,000 cells/well in triplicates for overnight. Indicator loading
and fluorescence measurements were with the Fluo-4 N'W
Direct™ calcium assay kit (Invitrogen) according to the man-
ufacturer’s instructions, except the assay buffer was replaced
with reduced [Na*] assay buffer when indicated, and fluores-
cence was measured with a 96-well plate reader with fluores-
cein filters (Wallac Victor reader). For both assays, calcium cal-
ibration buffer dilutions with Fluo-4 pentapotassium salt were
used for calibration according to instructions from Invitrogen.

Measurement of Ascorbic Acid Uptake—RAW 264.7 cells
were adapted to grow in media with the desired [Na™], as indi-
cated (139, 131, 124, and 112 mmol/liter). These medium [Na™]
values were maintained throughout each experiment. Cells
were subcultured into 12-well plates, and the next day, the
media were changed to FBS-free media three times 15 min
apart and then incubated in 250 ul of FBS-free media with 1 wCi
of 1-[1-"*CJascorbic acid (specific activity 8.2 mCi/mmol;
PerkinElmer Life Sciences) for 60 min. After removal of the
isotope, the reaction was terminated by repeatedly adding
(three times) 5 volumes of ice-cold Ca®* - and Mg** -free [Na "]
adjusted buffers with 10 mmol/liter unlabeled ascorbic acid.
Cells were solubilized in 10 mmol/liter Tris-HCI (pH 8.0) con-
taining 0.2% SDS, and the incorporated radioactivity was deter-
mined by liquid scintillation counting. Values were corrected
for protein content. Each experiment was done in triplicate and
repeated three times.
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Measurement of Reactive Oxygen Species (ROS) Generation—
RAW 264.7 cells grown in media with the indicated [Na*] were
subcultured into 96-well plates and incubated with 25 um
5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate
(DCEF) (Invitrogen) with and without 300 um hydrogen perox-
ide for 30 min and with 1 um Hoescht 33342 dye for the final 5
min (Image-IT™ LIVE Green detection kit, Invitrogen). Fluo-
rescence was measured using a fluorometer plate reader (Tecan
US Inc., Durham, NC; model Ultra384), and DCF fluorescence
values were corrected with values of Hoechst fluorescence
(DNA content).

Western Blot Analysis—Whole cells lysates from RAW 264.7
cells, grown in media with the indicated Na™ concentrations,
were generated using the CytoBuster™ protein extraction
reagents from Novagen, Inc. (Madison, WI) supplemented with
a Complete™ protease inhibitor mixture tablet (Roche
Applied Science) and HALT™ phosphatase inhibitor solution
(Thermo Scientific Pierce). Protein concentrations were deter-
mined using the Coomassie Plus kit (Pierce). Samples were
denatured, and equal amounts of protein (5 ug for B-catenin
and B-actin; 30 pg for everything else) were separated by 10%
SDS-polyacrylamide gel electrophoresis. Proteins were then
transferred to nitrocellulose membranes, and membranes were
blocked and probed with overnight incubation at 4 °C with
either of the following primary antibodies: mouse monoclonal
against Akt and phosphorylated Akt (Ser*”?) (Cell Signaling,
Technology, Danvers, MA; 1:1000 dilution for both), mouse
monoclonal against p53 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA; 1:5000), polyclonal rabbit against TNF-a (Pepro-
Tech, Rocky Hill, NJ; 1:1000 dilution), mouse monoclonal
against (-catenin (BD Transduction Laboratories, San Jose,
CA; 1:500 dilution), polyclonal rabbit against native p66Shc
(BD Biosciences Transduction Laboratories, 1:1000 dilution),
rabbit polyclonal against phosphorylated p66Shc (Tyr*'”) (Mil-
lipore/Upstate, Billerica, MA; 1:2,000 dilution), monoclonal
rabbit against total NF-«B p65 and against phospho-NF-«B p65
(Ser®®) (Cell Signaling Technologies; 1:1,000 dilution for both),
rabbit polyclonal against c-Myc (Sigma-Aldrich; 1:1000 dilu-
tion), mouse monoclonal against JNK (Pierce; 1:1,000 dilution).
We used B-actin as an internal standard for protein loading
(antibody from Sigma-Aldrich; 1:5,000 dilution). Membranes
were incubated with goat anti-mouse (Santa Cruz Biotechnol-
ogy, Inc.; 1:5,000 dilution) or anti-rabbit (Pierce) HRP-conju-
gated secondary antibodies for 1 h, washed, and developed
using the enhanced chemiluminescence detection kit from
Pierce. Densitometry of band intensities was performed using
GeneTools (Syngene, Frederick, MD). Western blot analyses
for each protein were done from three separate extracts.

In Vivo Oxidative Damage Marker—22-month-old male
F344 Brown Norway hybrid rats weighting 200 = 9 g were
obtained from the NIA, National Institutes of Health, supplied
by Harlan-Sprague-Dawley (Indianapolis, IN). Rats were
infused with dDAVP via subcutaneously implanted minipumps
at a rate of 0.25 ul/h (5 ng/h) and were fed the liquid diet
described under “Osteoclastogenesis Assays.” The pumps were
replaced monthly to maintain continuous antidiuresis. The
normonatremic animals were pair-fed with the same liquid
diet, adjusting the volume every day, and received buffer-con-
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FIGURE 1. Lowering [Na*] proportionally stimulates osteoclastogenesis.
A, murine RAW 264.7 monocytic cells were grown in medium with the indi-
cated [Na™] and treated for 7 days with recombinant RANKL (50 ng/ml) and
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taining pumps without dDAVP. Serum samples were collected
from nine normonatremic (serum [Na®] = 147 = 1.1 mmol/
liter; plasma osmolality = 302 = 1.5 mosmol/kg H,O) and 13
hyponatremic (serum [Na™] = 109.3 * 1.1 mmol/liter; plasma
osmolality = 236 = 3 mosmol/kg H,O) rats after 3 months
from the start of the experiment. Serum 8-hydroxy-2’-deox-
yguanosine (8-OHdG) concentrations, a marker of oxidative
DNA damage, were measured using a 96-well plate ELISA kit
from Cell Biolabs, Inc. (San Diego, CA), according to the man-
ufacturer’s instructions on the Cell Biolabs Web site.

RESULTS

Osteoclastogenic Activity of Low Extracellular [Na™]—We
explored the possibility that hyponatremia might have a direct
effect on osteoclasts in two models: in a well established cellular
model of murine RAW 264.7 preosteoclastic cells and in pri-
mary BMMs. RAW 264.7 cells form bone-resorbing osteoclasts
when treated with recombinant RANKL and M-CSF (20-22).
Using this model, we found that lowering the [Na™] in the cul-
ture media increased the number of mature osteoclasts
(TRAP" multinucleated cells) per mm? of culture area. To
mimic chronic hyponatremia, cells were fist adapted to grow in
media with the desired [Na™] (graded concentrations between
136 and 112 mmol/liter) and were then cultured in differentia-
tion media maintaining the same [Na™]. Results showed an
inverse association between extracellular [Na™*] and osteoclast
number (Fig. 14). Osteoclasts growing in low [Na "] were more
numerous, larger, contained more nuclei, and were more inter-
connected than osteoclasts grown in normal [Na "] (see images
in Fig. 1A). Additional time course studies compared osteoclas-
togenesis in medium with [Na™] = 112 mmol/liter and oste-
oclastogenesis in medium with normal [Na™]. After fixation,
we counted the mature osteoclasts in triplicate wells on days 3,

M-CSF (10 ng/ml) to induce osteoclast differentiation. After fixation, cells
were stained for TRAP activity, and quantification of TRAP-positive multinu-
cleated cells was performed in triplicate wells. The graph (top) shows that
lowering the [Na™] in the medium dose-dependently increased osteoclast
formation. This direct effect was significant even with mild changes in [Na™]
(e.g. 129 mmol/liter), a concentration that is associated with no symptoms in
most patients. Data represent means =+ S.E. (error bars).*, p < 0.01 comparing
samples with one-step lower [Na*]. Representative images of TRAP-positive
osteoclast cultures at medium [Na™] = 136 mmol/liter and medium [Na*] =
112 mmol/liter show marked differences of TRAP-positive cell density. Scale
bars, 50 um. B, RAW 264.7 cells were adapted to grow in media with the
desired [Na™]. Equal numbers of cells were transferred to 96-well plates in
triplicates. Cell viability was measured using a LIVE/DEAD cell kit. Calcein fluo-
rescence emission intensities are expressed as percentage of control (emis-
sion from cells killed by incubation with digitonin according to the manufac-
turer’s instructions). Data are expressed as mean = S.E. No statistically
significant differences were detected in viability of cells upon lowering [Na*].
C, BMMs were prepared from femora of four Sprague-Dawley rats, and mono-
cytes were enriched by Ficoll gradient centrifugation, plated into 12-well cul-
ture dishes, adapted, and differentiated in media with target [Na*], as
depicted on the graph. After 14 days, cells were fixed and stained for TRAP
and counted. Shown are representative images from cells grown in medium
with [Na*] = 136 mmol/liter and [Na*] = 117 mmol/liter; TRAP activity
appears as a dark brown signal. Scale bars, 10 um. Data are expressed as
means = S.E. from triplicates. ¥, p < 0.01; **, p < 0.001 comparing samples
with one-step lower [Na™]. D, BMMs from hyponatremic and normonatremic
rats were differentiated into osteoclasts while maintaining normal or low
[Na™] as appropriate. Both the [Na™] = 117 mmol/liter and the [Na™] = 136
mmol/liter media were supplemented with M-CSF and RANKL. Images from
representative 10-cm culture plates and the graph indicate that low [Na*]
promoted formation of more TRAP™ colonies than normal [Na*]. Data are
means £ S.E,; ¥, p < 0.001.
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5,7,11, and 14 and found that the osteoclast number increased
in the samples with low extracellular [Na™] significantly after 3
days in culture (p < 0.05), and the difference was maximal after
11 days (p < 0.001) (data not shown). Culturing RAW 264.7
cells in reduced [Na™] media did not significantly alter cell via-
bility as measured with the LIVE/DEAD assay. Fig. 1B shows
[Na™"]-dependent differences in dead cell number; the live cell
assay did not show [Na*]-dependent changes either, except for
a 15% increase of live cells at the lowest [Na™*] (data not shown).

We found similar osteoclastogenic effects of reduced [Na™]
culturing in experiments with primary BMMs (Fig. 1C). BMMs
from normonatremic rats were adapted to grow in gradually
lower [Na™] differentiation media. We found a [Na™]-depen-
dent increase in mature osteoclast counts (Fig. 1C) and mor-
phological changes similar to what we observed in the RAW
264.7 model, as depicted on representative images (Fig. 1C).
Osteoclast counts were already increased significantly at mod-
erately decreased [Na®] = 131 and [Na™*] = 126 mmol/liter
(p < 0.01), a range found in patients with mild, asymptomatic
hyponatremia. To understand whether reduced [Na™] alters
early or later stage osteoclastogenesis, we carried out an exper-
iment on BMMs from seven rats kept hyponatremic (serum
[Na®] = 110 = 3 mmol/liter) and normonatremic (serum
[Na*] = 142 * 1.5 mmol/liter) for 2 weeks. The reduced [Na*]
was maintained throughout BMM preparation and differentia-
tion. We found a significant 3-fold increase of osteoclast counts
on plates from hyponatremic BMMs compared with plates
from normonatremic rats (data not shown). Interestingly, we
found significantly more colonies of osteoclasts per 10-cm cul-
ture dish derived from hyponatremic than in dishes from nor-
monatremic rats (Fig. 1D). BMMs are mixed colonies of oste-
oclastogenic cells at various stages of differentiation. The
granulocyte-macrophage progenitors are multipotent cells that
differentiate into osteoclasts with much higher efficiency than
later stage, more committed macrophages. Therefore, the oste-
oclast colony-forming unit numbers indicate the proportion of
early stage progenitors isolated from BMMs. Thus, these
results are consistent with an effect of hyponatremia to increase
formation of osteoclast progenitors.

Low Extracellular [Na™] Increases Osteoclastic Resorption—
We found that reducing [Na*] increased resorbing activities
proportionally to increased osteoclast formation from both
RAW 264.7 cells and primary BMMs, using either OAAS plates
or dentin slices as substrate. We first demonstrated that the
increased number of RAW 264.7-derived osteoclasts formed in
culture with a lower [Na™] functioned to degrade more calcium
phosphate apatite in OAAS wells. Cells adapted to grow in
media with the desired [Na™] were plated into OAAS wells and
differentiated for 14 days. At the termination of the experiment,
cells were removed, and the remaining calcium phosphate apa-
tite coating was labeled with silver nitrate staining. Unstained
resorption area per mm? was determined from 25 random
images taken from each well of triplicates, and results are
shown as the mean resorption area/mm? = S.E. (Fig. 2A). The
graph and representative images demonstrate that the un-
stained surface areas increased with lower medium [Na™] in a
dose-dependent manner; the differences between the wells
with low and normal [Na™] media were statistically significant
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FIGURE 2. Lowering [Na*] stimulates resorptive activities of RAW 264.7
and bone marrow-derived osteoclastic cells. A, murine RAW 264.7 mono-
cytic cells were grown in medium with the indicated [Na™] concentration in
24-well OAAS plates for 14 days with recombinant RANKL (50 ng/ml) and
M-CSF (10 ng/ml). At the termination of the experiment, osteoclasts were
removed, and the remaining calcium hydroxyapatite was stained using 5%
silver nitrate under intense light exposure (dark). Resorbed surfaces
(unstained areas) were assessed in triplicate wells, and the results show that
the areas were inversely proportional to [Na™] in the extracellular medium.
Data represent the means = S.E. (error bars). *, p < 0.01 comparing samples
with one-step higher [Na™]. Representative photomicrographs showing
enlarged resorbed areas (gray) in wells where osteoclasts were cultured with
normal or low [Na*] media. Scale bars, 50 um. B, bone marrow macrophages
were grown in differentiation media of decreasing [Na™], supplemented with
M-CSF and RANKL for 5 days, and then overlaid onto whale dentin slices to
differentiate another 9 days. Osteoclasts were removed, and dentin slices
were stained with 1% toluidine blue to visualize resorption areas. The graph
shows that resorption areas increased proportionally to lowered [Na™'1. Aver-
age resorbed areas are expressed as a percentage of the total dentin area of
two discs from each [Na*]. Data are mean + S.D. *, p < 0.01; **, p < 0.001,
compared with control samples ([Na*] = 136 mmol/liter). Representative
images depicting [Na*]-dependent difference in resorbed areas (blue). Scale
bars, 500 pm.

(p < 0.01) even with small decreases of [Na™] to values that are
analogous to serum [Na™] in patients with mild hyponatremia
(129 mmol/liter). We then tested whether lowering extracellu-
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lar [Na™] influences the resorbing activities of mature oste-
oclasts. The same number of RAW 264.7-derived mature oste-
oclasts, which were already differentiated for 7 days with either
normal (142 mmol/liter) or low (115 mmol/liter) [Na*], were
plated into triplicate calcium phosphate apatite-coated wells
and cultured in normal or low [Na™] media without RANKL
and M-CSF for an additional 7 days. Measurements of the
resorptive areas showed a small but significant increase in
the low [Na™] wells (4,909 + 520 wm?*/mm?) compared with
the normal [Na™] wells (2,555 *+ 430 um?*/mm?) (p < 0.01). In
addition, we found that RAW 264.7 cells grown and differenti-
ated in reduced [Na*] media ([Na*] = 131, 126, 121, and 117
mmol/liter) formed increasingly more resorption pits with
larger resorption areas per total bone area (2.4-,9.2-,17.1-, and
47.7-fold, respectively) on dentin slices than cells grown in
medium [Na™] = 136 mmol/liter (data not shown). Similarly,
BMMs were differentiated in media with the same series of
[Na*] for 14 days on dentin discs. Data representing mean *
S.E. of toluidine blue-positive (i.e. resorbed) areas demon-
strated that reducing [Na™] dose-dependently increased
resorption area (p < 0.01 for each, compared with [Na™] = 136
mmol/liter, control) (Fig. 2B). Representative images show
resorption areas from discs with [Na™] = 136 and [Na™*] = 117
mmol/liter, where the resorption areas are stained dark blue
with toluidine blue. This increase in resorptive activity paral-
leled the increase in osteoclast number (compare with Fig. 1C).

Osteoclastogenic Effects of Hyponatremia Involve Sodium
Sensing Rather than Osmolality Sensing—In the osteoclasto-
genesis and resorption experiments described above, the dilu-
tional hyponatremia of SIADH with low extracellular sodium
and hypo-osmolality was reproduced. To understand the
underlying mechanisms by which osteoclastogenesis is trig-
gered, we next manipulated the [Na™] in the culture media with
and without correction of osmolality by the addition of manni-
tol. Results show that when we decreased both sodium and
osmolality (from control [Na*] = 137 mmol/liter and osmola-
lity = 290 mosmol/kg H,O to [Na™] = 112 mmol/liter and
osmolality = 237 mosmol/kg H,O), this change increased the
number of osteoclasts formed after 11 days per mm? of culture
area compared with control (p < 0.001). Surprisingly, growing
RAW 264.7 cells in differentiation medium with low [Na*] (112
mmol/liter) while correcting osmolality to normal (290
mosmol/kg H,O) with the addition of mannitol did not
decrease but rather increased the number of osteoclasts formed
(p < 0.001) (Fig. 3A). Adjusting osmolality to normal also
increased the resorptive activity of osteoclasts even more than
low extracellular [Na™] without osmolality correction instead
of preventing hyponatremia-induced osteoclast formation.
Lowering both sodium and osmolality in the differentiation
medium for 14 days increased the resorbed area by 372 + 14%
compared with control (p < 0.01), whereas lowering [Na*] and
correcting osmolality to normal with the addition of mannitol
increased the resorbed area by 966 * 10% (p < 0.01). These
findings indicated that changes in the activities of one or more
extracellular [Na*]-dependent membrane channels would be
likely candidates for signaling hyponatremia to osteoclasts. To
interrogate this hypothesis, we searched the published litera-
ture for potential signaling pathways that could signal oste-
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oclasts to respond to low extracellular [Na*], using the
PubMed, GeneGo, and Ingenuity databases. Table 1 lists sodi-
um-dependent channels that have been characterized in oste-
oclasts and how the normal activity of the given transporter
influences osteoclastogenesis.

Lowering Extracellular [Na™] Decreases Cytosolic Free
[Ca®* ]—To test the hypothesis that [Na™]-dependent changes
in the activity of the Na™/Ca®>* exchanger NCX mediate the
signal of hyponatremia to osteoclasts, we measured intracellu-
lar [Ca®"] in two different experimental models. NCX is a bidi-
rectional transporter that operates to influx Ca>* and efflux
Na™ in resorbing osteoclasts in forward mode or serves as a
Na™ efflux mechanism in reverse mode. Previous reports indi-
cated that removing extracellular [Na™] induced an intracellu-
lar [Ca®"] increase, and this effect, as well as the resorption pit
area surrounding osteoclasts, could be suppressed by NCX
inhibitors (23). Therefore, we expected that growing RAW
264.7 cells in reduced [Na®] would increase intracellular
[Ca®*] via an NCX-mediated mechanism. In contrast, we
found that cytosolic free [Ca® "] was proportionally lowered in a
[Na*]-dependent manner (Fig. 3B). There was a small but sig-
nificant (p < 0.01) decrease of cytosolic free [Ca>"] at moder-
ately decreased [Na™] (131 and 126 mmol/liter) and a dramatic
decrease at lower [Na™] (121 and 117 mmol/liter). These find-
ings were from an experiment carried out in the presence of
serum but were reproduced in another experiment using
serum-free solutions, a cuvette system, and a monochromator-
based fluorometer (data not shown). To test the hypothesis that
depletion of endoplasmic reticulum calcium stores are respon-
sible for the lowering of intracellular [Ca®*], we exposed cells to
thapsigargin in the later experiment. Thapsigargin is a selective
inhibitor of the endoplasmic reticulum calcium-dependent
ATPase, known to induce a rapid and sustained rise in [Ca>"]
by releasing [Ca>"] from the endoplasmic reticulum and induc-
ing [Ca®"] influx (24). As expected, the addition of thapsigargin
increased [Ca>"] in control cells grown with [Na™] = 136
mmol/liter. Interestingly, the addition of thapsigargin caused a
larger rise of [Ca®"] in cells with lower [Na™]. The response
increased by 29 + 5% in cells with [Na*] = 126 mmol/liter but
increased by 6.4-fold in cells with [Na*] = 121 and 8.17-fold in
cells with [Na™] = 117 mmol/liter These findings indicate that
[Na"]-dependent lowering of cytosolic free [Ca*"] is unlikely
due to depletion of endoplasmic reticulum [Ca*"] stores.

Lowering Extracellular [Na™ ] Inhibits Ascorbic Acid Uptake
into RAW 264.7 Cells—Another candidate for mediating the
effects of hyponatremia on osteoclasts is the vitamin C trans-
porter. The activity of active vitamin C transport has been
shown to depend on the presence of extracellular [Na™] (25,
26). Ascorbic acid is a negative regulator of osteoclastogenesis
and osteoclastic activity; thus, inhibition of this transporter
could increase osteoclastogenesis and bone resorption. For
vitamin C transporter to be a good candidate for sodium-sens-
ing, ascorbic acid uptake would have to be sodium dose-depen-
dent. Therefore, we tested the extracellular [Na "] dependence
of the ascorbic acid uptake into RAW 264.7 cells using a well
established assay to measure the uptake of **C-labeled ascorbic
acid. Our findings show that even small changes in [Na™] from
139 to 131 mmol/liter resulted in a significant (p < 0.05)
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FIGURE 3. Hyponatremia signaling associated with increased osteoclas-
togenesis. A, to test if osteoclastogenic effect of hyponatremia is related to
sensing changes of osmotic pressure and cell swelling or to sensing changes
in extracellular [Na™], RAW 264.7 cells were grown in medium with normal
[Na™] (136 mmol/liter), in medium with both low [Na*] (112 mmol/liter) and
uncorrected low osmolality (237 mosmol/kg H,0), or in medium with low
[Na*] (112 mmol/liter) and corrected normal osmolality (290 mosmol/kg
H,0) during differentiation. Cells were fixed and stained for TRAP activity, and
TRAP™ multinucleated cells were counted. Data are mean = S.E. (error bars) of
triplicate samples. **, p < 0.001 compared with osteoclast counts in nor-
monatremic samples. B, 2 X 10° RAW 264.7 cells adapted to grow in media
with the indicated [Na™] were seeded into 96-well plates in triplicates and
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decrease of radiolabeled ascorbic acid uptake, and gradual low-
ering of [Na™] resulted in an even greater proportional decrease
of ascorbic acid uptake (Fig. 3C).

These results support the possibility that sodium-dependent
ascorbic acid uptake may be one of the mechanisms by which
osteoclastogenesis and osteoclastic activity is inversely regu-
lated by extracellular sodium concentration. We tested this
possibility by measuring the number of osteoclasts formed and
the area of calcium-phosphate apatite surface resorbed when
RAW 264.7 cells were differentiated in media depleted of or
supplemented with ascorbic acid. Removal of ascorbic acid
from the culture medium mimicked the enhanced osteoclasto-
genic and bone-resorbing effects of low [Na™] (p < 0.001 for
both assay results) (Fig. 3D).

Low Extracellular [Na™ ] Induces Accumulation of Free Oxy-
gen Radicals and Elicits Oxidative Stress Responses—Intracel-
lular ascorbic acid is a free radical quencher, part of the defense
mechanisms to protect cells, including osteoclastic cells.
Hence, we tested the hypothesis that low [Na™]-induced defi-
ciency of ascorbic acid uptake results in increased accumula-
tion of free radicals in osteoclasts. We measured free radical
formation over 30 min in cells cultured in media with normal or
low [Na™] by a well established fluorescence assay that moni-
tors the oxidation of DCF. Results indicated that, compared
with free radical formation in control cells, cells cultured in
medium with [Na™] = 112 mmol/liter generated 3-fold higher
amounts of fluorescing DCF in 30 min (p < 0.001) (Fig.4A4). We
then measured the free radical generation during an oxidative
challenge by adding hydrogen peroxide (H,O,) to the culture
media (Fig. 44). As expected, treatment with H,O, doubled
the accumulation of DCF fluorescence in cells cultured in
medium with [Na®] = 136 mmol/liter (normal) and, even
more, to 7-fold stimulation in cells cultured with medium with
[Na™] = 112 mmol/liter (p < 0.01 comparing normal and low
[Na™] with H,O,). These results indicate that lowering extra-
cellular [Na*] induces free oxygen radical accumulation and
weakens the cellular protection against O, free radicals.

Hyponatremia-induced oxidative stress was manifested by
changes of protein phosphorylation and expression, as indi-

grown overnight. Cytosolic free [Ca®*] was measured using the Fluo-4 kit
from Invitrogen, and calcium calibration was done using Fluo4 pentapotas-
sium salt and standards from Invitrogen. Results show [Na*]-dependent
decreases of cytosolic [Ca>*]. Data are mean = S.E. (error bars). *, p < 0.01; *¥,
p < 0.001 compared with [Ca?*] in control samples grown with medium
[Na™] = 136 mmol/liter. C, RAW 264.7 cells grown in media with graded con-
centrations of [Na™] were subcultured into 24-well plates and then incubated
with [*Clascorbic acid for 30 min. After several washings with buffer contain-
ing unlabeled ascorbic acid, cells were solubilized, and radioactivity was
counted. Values were corrected for protein content. Data represent means =
S.E. (error bars).*, p < 0.001. Experiments were in triplicate wells and repeated
three times. The results show that lowering [Na™] in the media dose-depen-
dently reduced ascorbic acid uptake into RAW 264.7 cells. D, RAW 264.7 cells
were grown in minimal essential medium « without ascorbic acid or in the
same medium supplemented with 50 mg/liter L-ascorbic acid and recombi-
nant RANKL and M-CSF. TRAP-positive multinucleated cells were quantified
after 7 days. Results show that the removal of ascorbic acid from the growth
medium stimulates osteoclast formation. Similarly, cells were grown in OAAS
resorption plates in media without and with ascorbic acid for 14 days,
resorbed areas were quantified from triplicate wells, and the experiment was
repeated three times. Data are means =+ S.E. (error bars). *, p < 0.01. Results
show that removal of ascorbic acid from the growth medium stimulates
resorbing activity of RAW 264.7 osteoclastic cells.
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TABLE 1
Potential mediators of low [Na*] on osteoclasts

Name

Transports

[Na*]-dependent effect on osteoclastogenesis

Sodium-dependent glutamate transporters

Sodium-dependent ascorbic acid transporter Ascorbic acid

Na™/Ca®" exchanger Calcium
Sodium-dependent phosphate co-transporters Phosphate
Sodium bicarbonate co-transporter Bicarbonate

L-Glutamate, cysteine, aspartate

Stimulates early osteoclastogenesis (46)
Inhibits osteoclastogenesis (45)
Stimulates bone resorption (23)
Stimulates osteoclastogenesis (18)
Stimulates bone resorption (47)

cated by Western blot analysis. These changes were propor-
tional to the degree of lowering of the sodium concentrations in
the culture media. ROS is one of the most important modula-
tors of RANKL-induced osteoclastogenesis. ROS accumulation
has been reported to activate several signaling pathways com-
mon to RANKL signaling and to up-regulate stress, survival,
and apoptosis-related genes (27). RANKL binding to RANK
activates five distinct signaling cascades mediated by MAPKs,
including JNK, p38 MAP kinase, ERK, NF-«kB, and Akt survival
pathways (28 -31). Using Western blot analyses of extracts
from RAW 264.7 cells, we found that lowering [Na™] did not
alter the expression or phosphorylation of the first three kinases
(Fig. 4B, left). Another two pathways of RANKL signaling were
altered by lowering [Na™], the Akt survival kinase and the
NE-«kB (Fig. 4B, right). We found evidence supporting activa-
tion of additional ROS-dependent pathways, an inverse rela-
tionship between extracellular medium [Na™] (136, 129, 121,
and 112 mmol/liter) and the phosphorylation of the longevity-
associated p66Shc (32) and the expression of p53 (33),
B-catenin (34), and TNF-a (35) (Fig. 4B). These findings all
support the hypothesis that oxidative stress responses are trig-
gered by lowering the extracellular [Na™].

Finally, we tested the in vivo relevance of this oxidative stress
response to low extracellular [Na™] in our rat model of chronic
hyponatremia by measuring a marker of oxidative DNA dam-
age, 8-OHdG, in the sera of 22-month-old male rats as
described under “Experimental Procedures.” Results indicate
that the concentration of 8-OHdG in the sera from hyponatre-
mic rats was more than 5-fold higher than in the sera from
normonatremic rats (Fig. 4C). This finding is consistent with
the hypothesis that a low [Na™] triggers osteoclastic bone
resorption by signaling through the oxidative stress pathway,
not only in cultured RAW 264.7 cells but also in our rat model
of SIADH.

DISCUSSION

Our experiments demonstrate for the first time that chronic
lowering of extracellular [Na™*] directly stimulates osteoclasto-
genesis and osteoclastic bone resorption. This response is nec-
essary to liberate stored sodium from the bone matrix in an
attempt to restore normal extracellular [Na*]. The direct effect
of extracellular [Na™] on osteoclastogenesis and osteoclastic
resorption very likely to contribute to the osteoporosis associ-
ated with hyponatremia in our animal model of chronic
hyponatremia (3), and similarly to the increased risk of osteo-
porosis and fractures in humans with chronic hyponatremia
(1-3).

Marked concentration-dependent osteoclastogenic effects
of hyponatremia were demonstrated by studies in two different
systems: in RAW 264.7 cell-derived and primary BMM cul-
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tures. Remarkably, BMM differentiation studies from nor-
monatremic and hyponatremic rats indicated that low [Na™]
stimulates differentiation of early stage osteoclast progenitors,
indicated by markedly increased colony formation from BMMs
of hyponatremic rats (Fig. 1D). This effect may be related to
[Na™]-dependent increases in M-CSF sensitivity due to oxida-
tive stress (Fig. 4), as suggested for age-related increases of oste-
oclast progenitors (36, 37).

Results of our cell culture studies indicate that cellular
responses to low extracellular [Na™], rather than to low extra-
cellular osmolality, represent the dominant mechanism under-
lying hyponatremia-induced osteoclastogenesis and bone
resorptive activity. In fact, hypoosmolality actually somewhat
mitigated the osteoclastogenic effect of hyponatremia, proba-
bly through cell swelling-induced activation of the outwardly
rectifying chloride ion channel (38, 39). Differentiation of oste-
oclasts involves fusion of bone marrow macrophage mononu-
clear precursors in response to extracellular signals. A dramatic
increase in osteoclast cell volume occurs during this osteoclast
biogenesis. This effect in conjunction with hypo-osmolality-
induced cell swelling activates stretch- and swelling-activated
cation channels (40), thus increasing Ca®>* influx and intracel-
lular calcium (41), which in turn promotes osteoclast apoptosis
(24) and inhibits osteoclastic bone resorption (42—44). Diverse
agents, such as calcitonin, IL4, and protein-tyrosine kinase
inhibitors, have been shown to inhibit bone resorption of mam-
malian osteoclasts by increasing intracellular [Ca®*]. Our find-
ing that adaptation to low [Na*] decreased intracellular [Ca*"]
in RAW 264.7 cells is also consistent with a [Na™]-sensing
rather than an osmolality-sensing mechanism of the osteoclas-
togenic effect of hyponatremia.

Both the osteoclastogenic and resorptive responses to low
[Na™] were proportional to the concentration of sodium in the
culture media. This strongly suggested that osteoclasts have a
sensory mechanism or receptor that can transmit the signal of
extracellular [Na*]. Such mechanism has not yet been
described in cell types of the osteoclastogenic lineage or in any
other cell types. The possibility of sodium sensors in the central
nervous system as well as in the kidney have been explored
previously, but this quest was largely abandoned in the 1980s
because it was conceptually difficult to imagine that a receptor
could respond to small changes in ionic concentrations in the
millimolar range. The concept that cells and organisms have
developed sensors to ions has again surfaced following the suc-
cessful cloning of the calcium-sensing receptor in the 1990s but
has not yet yielded discovery of a sodium-sensing receptor. On
the other hand, the existence of sodium-gated ion channels and
transporters, which could serve as surrogate [Na "] sensors, is
well established (see Table 1).
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FIGURE 4. Lowering [Na*] increases accumulation of reactive oxygen spe-
cies and elicits oxidative stress response in cellular and animal models of
hyponatremia. A, RAW 264.7 cells were grown in media with the indicated [Na™]
and normalized osmolality; cells were subcultured into 96-well plates and the
next day were incubated with DCF with and without H,O, for 30 min and the
Hoescht 33342 dye for the last 5 min. DCF fluorescence was measured using a
fluorometer plate reader (Tecan US Inc., model Ultra384) and corrected with val-
ues of Hoechst fluorescence (DNA content). Data represent means = S.E. (error
bars). *, p < 0.01. Results show that lowering the [Na*] concentration in the
media increased base-line and peroxide-induced accumulation of reactive oxy-
gen species, an indicator of oxidative stress. B, whole cell lysates were generated
from RAW 264.7 cells grown for 48 h in media with the specified [Na™] without
the correction of osmolality and probed for the abundance of key signaling mol-
ecules in multiple osteoclastogenesis pathways as described under “Experimen-
tal Procedures.” B-Actin was used to confirm equal protein loading. Blots on the
left indicate no change in three of five key RANKL-induced pathways, whereas
blots on the right indicate that lowering extracellular [Na*] proportionally
increases the phosphorylation of key proteins in the Akt and NF-«B pathways
common to both RANKL and ROS signaling. The abundance of additional key
molecules belonging to the oxidative stress signaling cascade was proportionally
increased by lowering [Na 1. C, sera from hyponatremic and normonatremic rats
were collected as described under “Experimental Procedures.” 8-OHdG concen-
trations were determined in duplicates using an ELISA kit. Data represent
means = S.E. (error bars). **, p < 0.01.

Of these five transporters known to be expressed and func-
tion in osteoclasts, both the Na*/Ca®>* exchanger NCX (23)
and the ascorbic acid transporter (45) are likely candidates for
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possible [Na™*] sensors. The others, including the glutamate
(46), the phosphate (18), and the bicarbonate (47) transporters,
are less likely candidates because their inhibition by lowering
extracellular [Na™] would attenuate rather than stimulate oste-
oclastic resorption. Our findings on intracellular [Ca®*] lower-
ing by long term removal of extracellular [Na™] make it unlikely
that NCX mediates intracellular Ca>" increase. Previous
reports indicated that acute removal of [Na™"] increased [Ca®*]
influx and intracellular [Ca®>*] and that application of NCX
inhibitors or siRNA targeting of NCX inhibited bone resorp-
tion in mouse osteoclasts (23). An interesting possibility to
explore is that chronic lowering of extracellular [Na*] would
lead to up-regulation of NCX expression and increased forward
transport to extrude [Ca®*].

Here we show for the first time that the activity of the sodi-
um-dependent ascorbic acid transporter is modulated by
graded concentrations of extracellular [Na™]. Inhibition of
ascorbic acid transporter by removal of extracellular [Na*] and
the effect of ascorbic acid to protect from ROS accumulation
and oxidative stress are well documented in osteoblasts (48)
and in osteoclasts (45). As expected, lowering sodium in the
extracellular media not only reduced ascorbic acid uptake
but also increased reactive oxygen radical accumulation in
osteoclastic cells and triggered changes in protein expres-
sion consistent with an oxidative stress response. Moreover,
we found increased concentrations of oxidative DNA dam-
age product 8-OHdG in the sera of hyponatremic rats, com-
pared with normonatremic rats, indicating that oxidative
stress response is probably a relevant mechanism for chronic
hyponatremia-induced pathological changes in vivo. Impor-
tantly, markers of oxidative stress have been found to be
inversely associated with bone mineral density in human
studies (49).

Oxidative stress is also a widely accepted mechanistic expla-
nation for aging. Most of the reactive oxygen species (superox-
ide, hydrogen peroxide, and hydroxyl radicals) are generated in
the mitochondria as a by-product of glucose metabolism and
ATP generation. Hydrogen peroxide increases the permeability
of the mitochondrial membrane and causes cell swelling and
apoptosis. Defense mechanisms against oxidative stress involve
enzymes (superoxide dismutase, glutathione peroxidase,
reductases, catalases), antioxidants, and changes in the expres-
sion of several cyclins, cyclin-dependent kinase inhibitors,
DNA repair, and apoptosis control genes as well as antioxidant
enzymes. Proteins that defend against oxidative stress, includ-
ing forkhead box transcription factors (50) and B-catenin (34),
are indispensable for maintaining normal bone mass (51).
Recent research has demonstrated that aging weakens these
defenses, leading to progressive osteoporosis (51). Oxidative
stress has already been linked with several forms of osteopo-
rosis, not just aging-related osteoporosis. Excessive produc-
tion of free radicals and reactive oxygen species stimulates
osteoclastogenesis and osteoclastic bone resorption by trig-
gering oxidative stress and is a critical mechanism involved
with increases in bone resorption induced by estrogen defi-
ciency, androgen deficiency, and inflammatory cytokines.
Because chronic hyponatremia is most prevalent in the aging
population, who are also most affected by hypogonadism and
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chronic inflammatory conditions, it seems possible that
these combined comorbidities lead to critical challenges to
the defense mechanisms against oxidative stress, thereby
accelerating the aging process.

In summary, our findings represent important initial insights
into the molecular mechanisms by which chronic hypona-
tremia promotes bone loss. Based on our histomorphometric
data from hyponatremic rats and findings that hyponatremia
directly activates osteoclasts in this cellular model, antiresorp-
tive treatment in patients with hyponatremia and low bone
mass should be considered for prospective randomized clinical
trials. Until recently, no effective and tolerable treatment was
available for mild hyponatremia. The recent approval of antag-
onists of the vasopressin V2 receptor offers the likelihood that
hyponatremia will be correctable in the near future (52). There-
fore, understanding the mechanisms involved in the long term
adverse effects of hyponatremia is both timely and important.
Future studies will probably reveal additional signaling mecha-
nisms activated by low [Na*]. The immediate next step will be
to explore the differential gene expression profile of osteoclasts
exposed to low [Na™]. Our preliminary results using this
approach indicate that increased sensitivity to calcitriol and
down-regulation of glutathione biosynthesis could be major
contributors. Other studies expected to lead to a better under-
standing into sodium sensing involve identifying the putative
sodium-sensing receptor, which is likely to be expressed in
multiple tissues. Such a receptor should be well conserved
between plants and various eukaryotic cells because adaptation
to changes in salinity of the soil and water is a general require-
ment of adaptation to maintain homeostasis in response to
varying environmental conditions.
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