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Abstract
Timely and accurate diagnosis of osteoporosis is essential for adequate therapy. Calcium isotope
ratio determination (δ44/42) in blood and urine has been suggested as a sensitive, non-invasive and
radiation-free biomarker for the diagnosis of osteoporosis, reflecting bone calcium balance. The
quantitative diagnostic is based on the exact calculation of the δ44/42 calcium difference between
blood and bone. The underlying cellular processes, however, have not systematically been studied
yet.
We quantified δ44/42 calcium fractionation during in vitro bone formation and resorption by
osteoblasts and osteoclast and across confluent renal proximal tubular epithelial cell (RPTEC),
endothelial cell (HUVEC) and enterocyte (Caco-2) monolayer in transwell systems, and deterined
their transepithelial electrical resistance characteristics. δ44/42 fractionation was furthermore
quantified with binding of calcium to albumin and collagen.
Newly formed bone by osteoblast is isotopically lighter than culture medium by -0.27±0.03 ‰ within
5 days, while bone resorption in ur experiemental setting had a small, opposite effect on δ44/42
only. Calcium transport and δ44/42 fractionation also occurs across RPTEC and HUVEC barriers, but
not across Caco-2 enterocytes, and not with binding of calcium to albumin and collagen.
On a bone cell level δ44/42 fractionation follows similar principles as during inorganic mineral
precipitation; osteoblast activity results in major δ44/42 fractionation. δ44/42 fractionation across
renal epithelial cell barriers needs to be considered during bone mineralization modelling, depending
on the net calcium fluxes occurring in vivo, whereas the effect of calcium trasnport across endothelial
and enteroctye barriers on δ44/42 should be low and absent with physiochemical binding of calcium
to proteins.
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1. Introduction
In humans, bone mineral balance (BMB) is positive during childhood and adolescence, and supposed
to be in an equilibrium of formation and resorption during the so called “peak bone” interval during
the age of about 25 to 30 years, and thus the calcium input via the diet and output via sweat, feces
and urine [1]. Imbalances, e.g. a net loss of calcium from bone, occurs either after the “peak bone”
interval or when pathological changes occur. Imbalances are mostly related to distinct organ or
hormonal alterations and diseases, of which osteoporosis is most prevalent, affecting 75 million
people in Europe, Japan and the US [2] [3]. In western countries the lifetime risk of an osteoporotic
bone fractue is 40-50% in women and 13-22% in men [4], leading to a high economic burden as well
as physical and psychological impairment [5] [6]. A sensitive and quantitative determination of BMB
is crucial for prevention and early treatment of osteoporosis. The dual x-ray absorptiometry (DXA) is
considered the gold standard and measures bone mineral density (BMD) but does provide
information on BMB [7]. Biochemical markers such as bone-specific alkaline phosphatase, NTX, P1NP,
CTX only qualitatively reflect bone formation or bone resorption but do not provide a measurement
of net BMB [5] [8]. Bone biopsies to determine the mineralization status of the bone are invasive and
infrequently performed [8-10].In contrast, natural occurring Ca isotopes (CaI) measured in blood
serum and urine have been shown to be a potential biomarker for the quantification of
mineralization and demineralization processes in the human body [11-15] and may even serve as a
sensitive diagnostic tool for the early prediction of osteoporosis [13] [16].
Natural CaI fractionation follows the principle of kinetic isotope fractionation that describes the
separation of stable isotopes from each other as a function of their mass during unidirectional
biochemical processes [17] [18]. As a consequence of kinetic isotope fractionation, in a chain of
chemical reactions the lighter isotope always becomes enriched in the product [16]. In the food
chain, lighter isotopes become enriched from plants, via animals to humans [19]. This is
quantitatively expressed by decreasing
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Ca/42Ca ratios (reported as δ44/42Ca) from vegetables via

meat to humans, with the human skeleton as endmember and most enriched reservoir for light CaI
[xx]. Kinetic isotope fractionation between diet and skeleton can be applied for diagnostic purposes
in order to identify distinct BMB disorders. The principle idea is that the CaI composition of the blood
(or urine) is mainly supplied from different sources, the gastro-intestinal tract, the kidneys and the
bones of which all contributions have different CaI compositions. In particular any change of the
contribution of bone Ca influences the CaI composition of blood to a large extend because it is the
isotopically lightest δ44/42 Ca ratio contribution to the blood. In case of decreased bone mineralization
as in osteoporosis, a relative increase of light isotopes from the bone can be noted in the blood [16].
In contrast, a high δ44/42Ca value relative to a threshold value in the blood indicates a net absorption
of Ca and bone mass accumulation, as it is the case in children and young adults before reaching the
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“peak bone” interval. These basic principles have been verified in bed rest studies [11] [13] and other
clinical studies [16] [20] distinguishing healthy and osteoporotic post-menopausal women based on
their CaI composition in blood and urine.
For the application of δ44/42 calcium as a diagnostic tool, it is crucial that there is a sufficient isotope
difference between blood and bones with the bones having a CaI composition distinctively lower
than the blood [21]. Different laboratories have quantitatively confirmed that the CaI fractionation
(Δ44/42CaBlood-Bone = δ44/42CaBone - δ44/42CaBlood) is fairly constant in the order of about Δ44/42CaBlood-Bone = 0.3 ‰ and that this value seems to be a universal constant in different species including corals [22]
and vertebrates, e.g. chickens, horses [21] and “Göttingen” mini-pigs [23].
However, there is still a lack of information on the cellular level, i.e. whether the Δ44/42CaBlood-Bonevalue is influenced by osteoblast activity causing δ44/42 fractionation during actively integrating Ca
into the organic bone matrix of collagen type 1 or by the opposite effect of bone resorption by
osteoclasts, which is expected to be a less active process [24]. Further potential fractionating steps
during in vivo Ca transport might be given as Ca is transported across the intestinal barrier, across
the vascular endothelium, and across the tubular system of the kidney. Aditionally it is not clear
whether and to what extent Ca is fractionated in binding processes such as atomic bonds, ionic
bonds or coordinative bonds. In theory a high activation energy enables light isotopes to bind more
easily than heavy isotopes; the temporal and physical separation of the CaIs increases. As 80% of
bound Ca in the blood is being transported bound to albumin [25] and Ca is bound to collagen in the
bone, both binding processes were exmined concerning their fractionation potential.
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2. Methods
2.1 Cell culture
2.1.1 Osteoblasts
UMR 106 cells (American Type Culture Collection ATCC, Manassas, VA, USA) were cultured in DMEM
(Dulbecco’s Modified Eagle Medium, Sigma Aldrich, St. Louis, Missouri, USA) supplemented with 10%
FBS (Fetal Bovine Serum, Biochrom GmbH, Berlin, Germany) and 1% Penicillin/Streptomycin, 10000
U/ml (Biochrom GmbH, Berlin, Germany). For passaging the cells were washed with DPBS (Dulbecco’s
Phosphate Buffered Saline, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), incubated for
5-10 minutes with Trypsin/EDTA 0.25%/0.02% (Biochrom GmbH, Berlin, Germany) for detachment,
centrifuged for 5min at 1000 rounds per minute (rpm, Hettich Universal, RF30) and resuspended in
prewarmed medium.

2.1.2 Primary Osteoclasts
Monocytes were purified from peripheral blood of healthy, voluntary consenting donors as
previously described [26] [27]. The cells were cultivated in α-minimum essential medium (α -MEM,
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 2mM Glutamin (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1% Penicillin/Streptomycin, 10000 U/ml (Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) , 10% FBS (Merck, Darmstadt, Germany), 40ng/ml
human RANKL (PeproTech, Cranbury, NJ, USA) and 20ng/ml human macrophage colony stimulating
factor (M-CSF, PeproTech, Cranbury, NJ, USA). For subcultering the cells were washed with DBPS
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) after 5 days, incubated with 1,5 ml/well
Accutase (Sigma Aldrich, St. Louis, Missouri, USA) and centrifuged at 1500 rpm (Thermo Scientific,
Heraeus Multifuge X1R) for 10 minutes at 20°C.

2.1.3 Renal proximal tubular cells
Renal proximal tubular epithelial cells (RPTEC; ATCC, Manassas, VA, USA) were cultured in RPMI
medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% FBS (Biochrom GmbH, Berlin,
Germany) and 1% Penicillin/Streptomycin, 10000 U/ml (Biochrom GmbH, Berlin, Germany).
Subculturing was executed as described in 2.1.1. All cells were between Passage 10 and 14 at the
beginning of the experiment.

2.1.4 Endothelial cells
Human umbilical vein endothelial cells (HUVEC; PromoCell, Heidelberg, Germany) were cultured in
Endothelial Cell Growth Medium (PromoCell, Heidelberg, Germany) supplemented with Endothelial
Cell
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Penicillin/Streptomycin, 10000 U/ml (Biochrom GmbH, Berlin, Germany). Cells were subcultured as in
2.1.1 and centifuged at 2000 rmp (Hettich Univeral, 30RF). All cells were between Passage 5 and 9 at
the beginning of the experiment.

2.1.5 Enterocytes
Caco-2 cells (ATCC, Manassas, VA, USA) were cultured in high Glucose DMEM (Sigma Aldrich, St.
Louis, Missouri, USA) with 1% non-essential aminoacids (Sigma Aldrich, St. Louis, Missouri, USA), 10%
FBS (Biochrom GmbH, Berlin, Germany) and 1% Penicillin/Streptomycin, 10000 U/ml (Biochrom
GmbH, Berlin, Germany). Cells were subcultured by using 5 ml Accutase (Sigma Aldrich, St. Louis,
Missouri, USA) for 7 minutes of incubation, the remaining subculture steps were according to 2.1.1.
All cells were at Passage 12 at the beginning of the experiment.

2.2 Bone formation
UMR 106 cells were harvested and seeded in six-well plates at a density of 1×105 cells per well. At
80% confluency, the growth medium (DMEM) was replaced by Osteoblast Mineralization Medium
(PromoCell, Heidelberg, Germany) and cells were cultured for 5 days. The negative control received
the standard growth medium (DMEM). Samples were taken at 0, 12, 24, 72 and 120 hours and
centrifugated for 5min at 1000 rpm (Hettich Universal, RF30).
For the detection of Ca deposits, the staining solution was prepared dissolving Alizarin Red S (Carl
Roth GmbH + Co. KG, Karlsruhe) in distilled water and pH was adjusted to 4.2. After washing the cells
with PBS (Sigma Aldrich, St. Louis, Missouri, USA), the cellular monolayer was fixed with 10% neutral
buffered formalin (Sigma Aldrich, St. Louis, Missouri, USA) for 30 min. Next, the fixed solution was
removed and the cells were washed with distilled water. Finally, the staining solution was added and
remained for 45min, before washing the cells again with distilled water.

2.2 Bone resorption
Detached human Osteoclasts obtained after 5 days of standard culture were planted on an Osteo
Assay Surface 24 well plate (Corning Incorporated, Corning, NY, US) at a density of 1x105 cells/well
dissolved in 700µl medium per well and cultured for 5 days. From this timepoint on the α-MEM was
supplemented with 2mM Glutamin, 1% Penicillin/Streptomycin, 5% FBS and 10ng/ml M-CSF. Half of
the dwells were supplemented with 40ng/ml RANKL (RANKL+).
Tartrate-resistant acid phosphatase (TRAP, Sigma Aldrich, St. Louis, Missouri, USA) and silver nitrate
(Merck, Darmstadt, Germany) stainings were performed after 24, 48 and 72 hours according to the
manufacturer’s manual.
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For determination of intracellular calcium RANKL+ and RANKL- cells were planted on Osteo Assay
Surface 24 well plate and on sterile 24 well plastic cell culture plates (Falcon; Corning Incorporated,
Corning, NY, US) at a density of 1,3 x 105 cells/well in a volume Jaof 1000µl/well. After 24h the cells
were lifted with Accutase, centrifuged as described above and resuspended in 300µl serum free αMEM Medium.

2.3 Transwell Experiments
Transwells (Costar, 6,5mm Inserts, 24 well Plate, 0,4µm polyester membrane, Corning Incorporated,
Corning, NY, US) were primed with cell culture medium for two hours before 5x104/well renal
proximal tubular cells and endothelial cells and 4x104 enterocytes were seeded per well. The
basolateral compartment was filled with 1500µl of the respective culture medium, the apical
compartment contained 300 µl of culture medium with a two- fold higher calcium, achieved by Cachloride-dihydrate dissolution (J.T. Baker Phillipsburg, NJ, USA). Transepithelial electrical resistance
(TER) was measured with MILLICELL-ERS and the experiment was started, when TER reached a stable
plateau [28].
Experiments on the calcium and CaI transport over 8 hours, were followed by experiments
investigating the short-term transport kinetics over 32 minutes. Each calcium and CaI determination
equaled a separate transwell insert.

2.5 Albumin and collagen binding
Ca gluconate 10% (B. Braun, Melsungen, Germany) was chosen as Ca donor and diluted in a ratio of
1:100 (original concentration 230 mmol/l) with 0.9% NaCl solution (B. Braun, Melsungen, Germany).
The Ca stock solution (2.3 mmol/l) was incubated with increasing albumin concentrations (0, 2.5, 5
and 10 g/l albumin; Serva Electrophoresis GmbH, Heidelberg, Germany) over 24h at 37°C, 5%CO2 and
constant humidity. The lid was sealed with paraffin foil. For each experiment culture wells were filled
with 1000µl solution, of which 500µl were filtered before determinations. Filtration was performed
with a 10kDa centrifugal filter (Merck, Darmstadt, Germany) at 11500 rpm (Eppendorf 5417 R) for 20
minutes to remove albumin and the bound Ca.
Calcium binding to collagen was measured using 0, 20 and 40 µg/ml human collagen type 1 (Merck,
Darmstadt, Germany). 500µl solution were used, of which 250 µl underwent the same filtration
process as for the albumin studies after 0, 12 and 24 hours of incubation.

2.6 Protein quantification
Collagen samples as described in 2.5 were incubated for 0, 12 and 24 hours in a concentration of 40,
80 and 160µg/ml. A positive control with 200µg/ml collagen was added. 25µl of each collagen sample
7

was diluted with 4x loading buffer (containing 4% ß-mercaptoethanol). Proteins were separated in a
10% polyacrylamide gel at 200 V for 45 min. The protein transfer onto a polyvinylidenfluoride (PVDF)
membrane was performed in a Transblot Cell (Bio-Rad Laboratories, Munich, Germany) at 105 V for
90 min. Afterwards the membrane was blocked with blocking buffer (3% bovine serum albumin and
5% milk) for 2 hours at room temperature on a shaker followed by an overnight incubation with
COL1A1 antibody, 1:200 (Cell Signaling Technology, Danvers, MA, USA) at 4°C. Then the membrane
was washed three times for 5, 10 and 15 min with 0.05% Tris-buffered saline with Tween20 (TBS-T).
The membrane was then incubated for one hour with secondary antibody (anti rabbit IgG conjugated
to horseradish peroxidase, 1:3000, Cell Signaling Technology, Danvers, MA, USA) at room
temperature, followed by three washing steps (?) with 0.05% TBS-T. After adding detection reagents
(GE Healthcare, Buckinghamshire, UK) the collagen samples were quantified densitometrically using
Image Lab Software (Bio-Rad, USA).

2.7 Chemical sample preparation and mass-spectrometry measurements of total calcium
concetrations and calcium isotopes
All samples were stored at -20°C immediately after sample collection and transported on dry ice. The
chemical sample preparation (sample digestion and purification) as well as the mass spectrometer
set up were performed as previously described [29]. In bone formation and resorption experiments
calcium concentration and CaI ratios were determined in culture media and in the synthetic bone
layer. For the latter, the bone matrixes were dissolved in 1000 µl HNO3 2M/well. Of each plate
consisting of 24 bone matrix wells one was used for initial calcium and CaI determination, ruling out
manufactural differences.

2.8 Quantification of bone resorption
To quantify the resorption of primary osteoclasts the wells of the Osteo Assay Surface plate were
scanned at 2x magnification (ACQUIFER Imaging Machine), merged by Fiji tool for batch stitching [30]
and analyzed using ImageJ software. To this end pictures were changed into a binary mode; the sum
of white pixels corresponding to resorption pits was presented as percentage of total pixel count.

2.9 Statistical Analysis
At least three independent experiments were performed with osteoblasts, primary osteoclasts and
albumin binding experiments. Two independent experiments were conducted concerning calcium
collagen binding as well as two independent short- and long-term experiments with enterocytes and
endothelial cells and one short and one long-term experiment was performed with endothelial cells.
For statistical analysis Graph Pad Prism 8 (La Jolla, CA, USA) was used. Descriptive data were
8

summarized using means and standard deviation (SD). To assess the differences between groups
ANOVA or student´s t-test were used. In all cases two sided tests were performed and p < 0.05 was
considered statistically significant.
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3. Results
3.1 Bone formation
UMR106 osteoblasts were cultured for 5 days with and without ossification inducing medium. The
medium calcium concentration of non-actived osteoblasts increased by 0,3±0.16 mmol/L within 5
days (Fig. 3A), due to medium evaporation to 20.3±1.8% of the initial volume. In contrast, the
medium calcium concentration of activated osteoblasts decreased by 0.6±0.2 mmol/l together with
continuous in vitro bone formation. The calcium concentration of the synthesized deposits increased
from 0.2 mmol/L after 12 hours to 1.9 mmol/L after 120 hours.
The CaI ratio in the medium of inactivated osteoblasts (δ44/42Cacontrol) did not change (Fig. 1 B),
whereas the medium CaI ratio of activated osteoblasts (δ44/42Caactivated) steadily increased to
0.12±0.03‰ above baseline within 5 days. In line with this, the CaI ratio of the mineralized deposits
(δ44/42Cadeposit) decreased from 0.18±0.05‰ to a minimum of 0.10±0.02‰ within 72 hours. This
resulted in CaI difference between deposits and medium (Δ

deposit - activated

= δ44/42Cadeposit -

δ44/42Caactivated) of -0.27±0.03 ‰ after 5 days. From a simple mass balance equation, the relative
partitioning “f” of the original CaI in the culture medium of activated osteoblasts can be calculated
from equation 1:
(1)
The term f can be calculated to be 0.66 which is interpreted to reflect the amount of Ca remaining in
the solution after 120 hours whereas about 34% corresponding to about 6.8%/day of the Ca
originally present in the solution was precipitated.
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Fig. 1 Calcium and CaI kinetics with bone formation
Changes in medium calcium concentrations with activated (red squares) and inactivated UMR106 cells (blue
circles) and of the re-dissolved mineralized deposits generated by the activated UMR106 cells (grey triangles)
are given in (A). The respective changes in absolute CaI ratios over time (δ44/42 calcium) are given in (B),
δ44/42 calcium changes relative to baseline values in (C) and representative calcium deposit stainings (Alizarin
red) of activated and inactivated osteoblasts in (D) and (E).

3.2 Bone resorption
RANKL supplementation resulted in differentiation from monocytes to active osteoclasts, since these
were TRAP positive, multinucleated and exerted bone resorbing activity (Fig. 2 A, C, E). After 72h
RANKL activated primary osteoclasts had absorbed 2.52 % of the bone matrix, inactivated osteoclasts
0.71% (Fig. 2 E).

Fig. 2 Bone matrix resorption by osteoclasts
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Silver nitrate staining of bone matrix after 72h of incubation with A) RANKL activated and B) non-activated
primary osteoclasts (magnification 2-fold). TRAP staining of (C) activated and (D) inactivated osteoclast
(magnification 20-fold). Quantification of silver nitrate stained bone resorption pits by RANKL activated (orange
triangles) and non-activated primary osteoclasts (blue squares) is given in (E).

Due to the pre-treatment of monocytes with RANKL some, small osteoclasts were also present in
cultures not stimulated with RANKL during the experiment. CaI ratio increased with incubation time
in both groups (p<0.002/0.0001 RANKL neg/pos; 72h versus baseline), more so, however, in cultures
with continuously RANKL stimulated cells (two-way repeated ANOVA, p=0.08). At 72h, the delta in
δ44/42Ca was 0.078±0.015‰ in RANKL activated and 0.045±0.013‰ in RANKL-inactivated osteoclasts
(t-test, p=0.017; n=4) (Figure 3 A, B).
The medium calcium concentration, however, did not change with activated and inactivated
osteoclasts (Fig. 3 C). Evaporation of the culture medium over 72 h amounted to 11.8±3.4 %, which
should have contributed to an increase in medium calcium concentration of 1.76± 0.04 mmol/l at
baseline by 0.21±0.01 mmol/l. Calcium removal by RANKL activated osteoclasts from the artificial
bone matrix after 72h was calculated. The Ca content of the entire bone matrix dissolved in 1 ml
HNO3 was 0.63±0.05 mmol/L. According to the equation:
(0.63 mmol/l x 2.5 % resorption area * 10-3 L) / (0,0007 L culture medium volume)
the increase in medium concentration by bone resorption of activated osteoclasts should be 0.023
mmol/l. Thus, total increase in medium calcium should have amounted to 0.23 mmol/l. Since
medium calcium concentrations did not increase with medium evaporation and osteolysis (Fig.3 C);
calcium precipitation must have occurred. In line with this, the calcium concentration of the bone
matrix (Fig 3 D) increased with time by 0.27±0.04 mmol/l as did the δ44/42 calcium of the bone matrix
(+0.10±0.03 ‰; Figure 3 E). The latter is explained by the low δ44/42 calcium of the bone matrix
relative to the internal standard and the high δ44/42 calcium of the culture medium (0.36±0.01 ‰).
Intracellular calcium concentrations and the cellular distribution volume are low, major cell lysis did
not occur. Therefore, these do not contribute significantly to the calcium kinetics. Intracellular
calcium concentration and the δ44/42 of the cellular calcium was higher in RANKL activated osteoclasts
(Fig. 3 F).
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Fig. 3: Calcium and CaI kinetics with resorption of the bone matrix
The absolute calcium δ44/42 calcium ratios (A) and relate to baseline (B) are given over 72 h of incubation with
RANKL activated (orange triangles) and non-activated primary osteoclasts (blue squares). Medium calcium
concentrations (C), however, remained unchanged. Calcium precipitation occurred; since calcium content of
the unused bone matrix (BM; green circle; BM dissolved in 1 ml of HNO3) was lower than the calcium content
of the BM after 72h of incubation with activated and non-activated osteoclasts (D). The calcium isotope ratio of
the BM relative to the internal standard also increased with precipitation (E), due to the higher medium δ44/42
calcium ratio as compared to the original BM. (F) gives the intracellular calcium concentration and the δ44/42
calcium ratio of osteoclasts after 24 hours of incubation on BM with and without RANKL stimulation. For the
latter osteoclasts of 6 RANKL positive and 6 RANKL negative cultures were pooled and intracellular calcium
concentrations and δ44/42 calcium ratios measured.

3.3 Calcium transport and isotope fractionation across endothelial and tubular epithelial cells and
enterocytes
3.3.1 Transepithelial electrical resistance
To characterize the barrier function of epithelial and endothelial cell monolayers TER was repeatedly
measured until confluency and TER reached a plateau (supplemental figure 1). At this time point
calcium transport measurements were performed. While RPTEC proximal tubular cells and
endothelial cells reached confluency and a stable and relatively low TER within 3 days, enterocytes
required about 5 times longer but reached a very high TER (Table 3).

Table 3: Transepithelial electrical resistance (TER) of cell and incubation time in transwell systems until TER
reached the plateau phase. RPTEC = Renal proximal tubular epithelial cells, HUVEC =Human Umbilical
Endothelial Cells, Cacao2 = Enterocytes

Cell line
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TER (Ω/cm2)

Incubation time (days)

HUVEC

13.3

3

RPTEC

17.2

3

Caco-2

2228

15

3.3.2. Calcium- and CaI-kinetics
To induce calcium transport across the cell barriers the apical compartment contained higher calcium
concentrations than the basolateral one, depending on the physiological culture needs of the
respective cells. In HUVEC the initial gradient was 1.27 ± 0.01 mmol/l, in RPTEC 0.78 ± 0.16 mmol/l
and in Caco-2 1.48±0.08 mmol/l. The calcium concentration steadily declined in the apical
compartment and increased in the basolateral with HUVEC, reaching similar values, i.e. an
equilibrium of about 1.85 mmol/l after 8h. The decline in calcium in the apical compartment and the
increase in the basolateral compartment were less pronounced with RPTEC reaching - 0.36 ± 0.02
mmol/l and +0.03 ± 0.03 mmol/l after 8h, respectively. In Caco-2 the calcium concentration declined
in the apical compartment by -0.48 ± 0.26 mmol/l, and remained largely unchanged in the
basolateral compartment over 8 h (Figure 4 A, E, I). In HUVEC transwell cultures the δ44/42 increased
during the first hour in the apical compartment and slightly declined in the basolateral, while minor
changes were observed with RPTEC and Caco-2 monolayers (Fig. 4 B, F, J). Beyond 2 hours all three
cell types maintained a gradient of the δ44/42 calcium ratio until 8 hours.
To better understand the initial transport kinetics, transwell experiments were performed over 32
min. Similar trends in calcium concentrations changes in apical and basolateral compartments were
observed with the three different cell types as shown over 8h, but the C δ44/42 calcium kinetics
differed substantially. In RPTEC transwell cultures the δ44/42 calcium transiently increased in the
apical compartment within 16 min by 0.26 ‰, and in HUVEC within 8 min by 0.13 ‰. This was
followed by an equilibration of the CaI ratios between the apical and basolateral compartment with
both cell types. In Caco-2 the δ44/42 calcium remained again unchanged (Fig. 4D, H, L). The short
term RPTEC transwell experiment was repeated with a lower initial calcium gradient between the
compartments of 0.21 mmol/l. A similar, transient increase in δ44/42 calcium in the apical
compartment of 0.32 ‰ was observed (supplemental figure 2).
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Fig. 4: Calcium- and δ44/42 calcium kinetics across endothelial and tubular epithelial cells, and enterocytes.
Calcium and δ44/42 calcium kinetics over 8 hours (two graphs on the left) and over 32 minutes (two graphs on
the right side) are depicted for HUVEC (first line), RPTEC, (second line) and Caco-2 (lower line). δ44/42 calcium
fractionation occurs with HUVEC during the first 8 min, and more pronounced with RPTEC during the first 16
min, but not with Caco-2 cells. The volume of the culture medium is 300 µl in the apical (blue line) and 1500 µl in
the basolateral compartment (green line).

3.4 Binding experiments
3.3.1 Calcium binding to albumin and collagen
To study the effect of calcium binding to albumin on δ44/42 calcium, medium was supplemented
with increasing doses of human albumin and incubated for 3 and 24 h, followed by filtration of the
medium to remove the albumin and bound calcium. After 3 and 24 hours, calcium concentrations
had declined with increasing albumin concentrations, i.e. increase albumin binding, but the δ44/42
calcium remained unchanged (Fig 5 A, B).
Similar results were obtained with calcium binding to collagen over 24 h. While the calcium
concentration declined with increasing collagen concentrations, the δ44/42 calcium remained
unchanged (Fig 5 C, D). Of note, different form the albumin experiment, the calcium concentration
also declined in the unfiltered solutions, because most of the collagen was bound to the well, as
illustrated by the western blot (Fig 5E).
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Fig. 5: Calcium concentration and δ44/42 calcium after incubation with albumin for 3 h (red circle) and 24 h
(blue square) (A,B) and after 24 h of incubation with collagen (C,D). While the calcium concentration declined
with increasing albumin and collagen concentrations, the δ44/42 calcium in the solution remained unchanged.
Whereas albumin had to be filtered out of the solution to remove the calcium bound to albumin, collagen and
the bound calcium were attached to the well surface, as illustrated by western blotting (E).
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4 Discussion
Bone diseases are highly prevalent, but diagnosis is hampered by the limited information provided by
imaging techniques and blood biomarkers. Both do not provide information on the mineralization
process of bone. Bone quality, however, essentially depends on adequate mineralization, i.e. on the
calcium turnover [31]. Blood and urine Cal ratios (δ44/42 calcium) have been suggested as a sensitive
marker of the bone mineralization process [13] [16] [20]. We now provide essential information on
the contribution of bone and epithelial and endothelial cells to the δ44/42 calcium fractionation
process. Bone matrix formation by osteoblasts results in a preferential deposition of lighter isotopes,
while osteoclasts remove slightly more heavy isotopes from the bone matrix. Lighter CaI are
preferentially transported across the leaky epithelial cell barriers formed by RPTEC and by HUVEC,
while no significant δ44/42 calcium fractionation occurred across Caco-2 enterocytes and with
binding of calcium to albumin and collagen.

Bone contains 10% water, 30-40% proteins and 50-60% inorganic components, namely
hydroxyapatite crystals [32] Mineralization requires a series of physicochemical and biochemical
processes that facilitate the deposition of calcium phosphate, subsequently converted into
hydroxyapatite. Osteoblasts synthesize organic bone matrix proteins, mainly collagen, and release
matrix vesicles which contain the biochemical machinery needed for the mineralization process [33].
The matrix vesicles bind to the collagenous matrix via specific proteins and lipids and following
vesicle break the collagenous matrix is exposed to the hydroxyapatite [33]. CaI fractionation occurs
during crystallization processes e.g. during volcanic eruptions [34] and during coral calcification in
concert with endosymbiotic flagellates (ref). …. (Toni please elaborate as appropriate!). We now
demonstrate that within this process of bone mineralization by osteoblasts δ44/42 calcium
fractionation takes place, the lighter isotope is preferentially deposited. Thus, osteoblasts contribute
to the δ44/42 calcium gradient between blood and bone in vivo (Δ44/42CaBlood-Bone) as reported in
various species [21-23]. These findings confirm that this value is produced by inorganic mineral
precipitation alone and that no additional chemical processes must be involved.
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Osteoclasts form closed areas on the calcified bone matrix, and actively secrete H+ and proteases into
these lacunae for dissolution of the hydroxyapatite bone matrix at a pH of 4-4.5. The products are
endocytosed, and transcytosed to specific release domains at the contralateral area of the plasma
membrane, where they are released into the interstitial space [35]. To study whether fractionation of
δ44/42 calcium occurs with osteolysis, in a first approach, we studied RANKL activated RAW 264.7
cells. These, however, did not dissolve quantifiable amounts of bone matrix, even not with
concomitant LPS and TNF-alpha incubation over up to 21 days (data not shown). We therefore used
human primary osteoblasts, which time dependently dissolved up to 2.5% of the bone matrix within
3 days. Accounting for daily medium evaporation, release of calcium from the bone matrix by
osteoclasts, calcium precipitation on the bone plate and osteoclast cell lysis with release of minor
quantities of intracellular calcium we were able to analyse calcium shifts and δ44/42 calcium
changes. Pre-stimulated and during the experiment unstimulated osteoclasts exerted less osteolysis
than the continuously stimulated osteoclasts, but both resulted in a slight increase in medium
δ44/42 of calcium; more so in the activated osteoclasts. The underlying mechanisms are uncertain,
but neither explained by evaporation nor by precipitation, because both processes are not energy
consuming, and therefore have no fractionation potential. Whether crystallization favoring lighter
isotopes occurred following the precipitation of calcium on the artificial bone matrix (which contains
organic matrix), or whether the osteoclasts preferentially removed heavy isotopes from the bone
plate cannot be discerned. The slightly higher intracellular calcium concentration and the higher
δ44/42 calcium in activated versus non-activated osteoclasts argues in favor of the latter. In vivo, the
δ44/42 calcium fractionation process may be modified by interactions of the different cell types and
under the control of circulating factors such as vitamin D and PTH.
Osteocytes are a promising therapeutic target to improve bone health, since they essentially
orchestrate bone remodeling by regulating osteoclast and osteoblast activity, and thus bone loss and
formation [36]. Since they do not directly act on the bone mineralization we did not study their effect
on δ44/42 calcium fractionation.
Next to the impact of bone cells on circulating δ44/42 Ca we studied the impact of epithelial and
endothelial cell barriers. The calcium gradient continuously declined in HUVEC, but not in the other
cell lines, where after an initial adaptation phase a calcium gradient was maintained across the cell
layer for up to 8h. δ44/42 calcium fractionation occurred during the first few minutes after
establishing the calcium gradient. Lighter CaI were preferentially transported across RPTEC, and to a
smaller extend also across HUVEC monolayers, while no significant δ44/42 Ca fractionation occurred
across Caco-2. These findings have to evaluated in view of the physiological cell functions. Unbound
calcium, i.e. 55% of total plasma calcium is freely filtered across the glomerular barrier; a large
amount of calcium, of which 60-70 are reabsorbed in the proximal tubule. The majority of this
18

calcium reabsorption occurs via a passive, paracellular process driven by active solute and
subsequent water reabsorption [37]. In this unidirectional process, which under physiological
conditions never reaches a steady state [38], lighter calcium isotopes should be transported faster.
We now demonstrate that this is the case; δ44/42 calcium fraction across the PRPTEC, the lighter
isotopes are preferentially transported. This finding is in line with data from patients with chronic
kidney disease and ….
The amount of calcium transport across endothelial cells in vivo is much smaller as compared to that
across RPTEC and depends on the vessel site. It is bidirectional, i.e. transendothelail calcium uptake
occurs e.g. in the intestine and loss occurs e.g. into an anabolic bone, using the transcellular and the
paracellular route (ref). The observed δ44/42 calcium fractionation was smaller and should
quantitively contribute less to δ44/42 calcium measured in blood.
Caco-2 enterocytes formed a tight barrier in vitro, as reflected by the very high transepithelial
resistance, calcium transport should mainly occur via the transcellular route, involving …

In vivo

both routes are active. In case, the intestinal luminal calcium concentrations exceed the plasma
concentrations, the paracellular pathway is predominantly used, in case they are lower, calcium is
actively absorbed via the transcellular pathway, mainly in the duodenum [39] [40]. Our in vitro
studies using the colorectal tumor derived Caco-2 cell line reflects the former condition.
Our studies have several limitations. Since δ44/42 calcium determinations require laborious and
costly analyses: The experiments had to be limited to one to two per setting, but where underpinned
by sufficient data density. Key findings such as the marked δ44/42 calcium fractionation across
RPTEC were repeated in a similar setting. In the transwell experiments, the δ44/42 calcium of the
calcium stock solution supplemented to the different cell culture mediums used, therefore the initial
δ44/42 calcium gradient in the transwells varied between different cell types. An impact on the
δ44/42 calcium fractionation process is unlikely but not excluded. The in vitro setting does not reflect
the complex network of modifying factors of calcium transport and bone mineralization. Still, we
provide yet unknown insight into the principles of δ44/42 calcium fractionation in the bone and
across renal proximal tubular epithelial cell system, across endothelial cells and tight enterocytes,
and the presumed relative contribution to blood, urine and bone δ44/42 calcium isotope distribution
measured in vivo. Physiochemcal binding of calcium to proteins such as albumin and collagen does
not modify δ44/42 calcium ratio.
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Supplemental figures

Suppl. Fig. 1: Transepithelial electrical resistance (TER, Ω/cm²) of HUVEC (red squares), RPTEC (green triangles)
and Caco-2 cells (blue circles) over time of culture, until cell confluency and a steady state level of TER was
reached.

Suppl. Fig. 2: Short-term calcium and δ44/42 calcium kinetics across renal proximal tubular epithelial cells.
Calcium concentration are given on the left graph, δ44/42 calcium on the right graph. The initial medium
calcium gradient between apical (blue line; volume 300 µl) and basolateral compartment (green line; volume
1500 µl) was 0.21 mmol/l. A marked increase in δ44/42 calcium occurred in the apical compartment within 4
mins.
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