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Anionic polyphosphate compounds are well-known to inhibit the formation of hydroxyapatite crystals. Vascular
calcification (VC) is associated with an increase in crystalline calciprotein particles (CPPs) in the bloodstream.
2,3-Diphospho-D-glyceric acid (2,3-DPG) is a highly anionic Poly-P compound found in the concave center of
erythrocytes where it binds to hemoglobin, thereby reducing oxygen affinity. Since 2.3-DPG exists in plasma, we
hypothesized that 2,3-DPG may act as an endogenous inhibitor of VC. In comparison to widely recognized

calcification inhibitors such as myo-inositol hexakisphosphate, 2,3-DPG significantly delayed the formation of
crystalline CPPs. Additionally, 2,3-DPG inhibited calcification in a mouse vascular smooth muscle cell line
(MOVAS) without cytotoxic effects. Taken together with the result that 2,3-DPG did not impact bone-like nodule
formation in mouse osteoblast-like MC3T3-E1 cells, these results suggest that 2,3-DPG may inhibit VC selectively.

1. Introduction

Recent studies have indicated that calciprotein particles (CPPs) in
the bloodstream are significant risk factors for vascular calcification
(VC) in chronic kidney disease (CKD) and dialysis patients [1-3].
Crystalline CPPs (CPPIIs) may play a prominent role in the initiation and
progression of VC [4]. Colloidal CPPs (CPPIs) are formed from a complex
of proteins, including fetuin-A, albumin, and gla-rich proteins, and
amorphous calcium-phosphate with an approximately 75 nm hydrody-
namic radius [5]. CPPIs spontaneously transform into CPPIIs containing
crystalline calcium-phosphates with an average hydrodynamic radius of
120 nm [6]. A spherical hydroxyapatite (HA) with a diameter of 100 nm
to 5 pm has been observed in patients with VC [7]. Mayer and colleagues
first demonstrated that anionic polyphosphate (Poly-P) compounds can
form robust and inert chelate bonds with calcium ions present at active
growth sites and dislocations on the crystal surface and prevented
further deposition of calcium and phosphate [8]. Bisphosphonates (BPs)
are a class of Poly-P components with the ability to inhibit VC in rats
treated with warfarin, while these compounds are not recommended for
the patients with advanced CKD. The reasons for this include that BPs
may aggravate hyperparathyroidism and lead to adynamic bone disease,
osteomalacia or mixed uremic osteodystrophy [9]. The new class of
Poly-P components has therefore been introduced to reduce the side

* Corresponding authors.

effects of BPs. Perell6 and colleagues demonstrated that SNF472 (the
hexasodium salt of myo-inositol hexaphosphate, IP6), (also known as
phytic acid) can inhibit HA crystal formation at early stages or after the
nucleation of calcium-phosphate by binding to the active sites of
growing HA crystals [10,11]. Likewise, Schantl and colleagues clarified
that replacing two phosphates of IP6 with two ethylene glycol oligomers
to form 4,6-di-O-(methoxy-diethylene glycol)-myo-inositol-1,2,3,5-
tetrakis (phosphate) improved the anti-VC effect of IP6 with reducing
its chelating activity. The authors indicated that this compound could be
adsorbed to the HA core of CPPs [12]. However, taken together with the
result that IP6 has the potential to inhibit bone mineralization in a
mouse osteoblast culture model [13], further investigation is needed to
determine for the management of mineralization disorders. The concept
of the mechanisms by which Poly-P compounds block HA crystal growth
in VC is illustrated in Schema 1.

Grases and colleagues discovered that 2,3-Diphospho-D-glyceric acid
(2,3-DPG) bound to the active cationic calcium sites of crystalline cal-
cium oxalate monohydrate attribute to its highly negative charge and
inhibit further crystal growth [14]. 2,3-DPG was discovered to regulate
the allosteric properties of hemoglobin in human erythrocytes by acting
as an oxygen donor [15]. 2,3-DPG is present at high concentrations not
only in erythrocytes (4.5-5.0 mM) [16] but also in plasma (1.3 mM)
[17]. Due to the anionic nature of 2,3-DPG, like IP6 and BPs which
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1. Poly-P binds to the active
growth sites of HA crystals

2. Inhibition of calcium binding
to HA crystals.
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Schema 1. An illustration of a potential mechanism by which Poly-P compounds inhibit VC. Poly-P compounds with robust, inert chelate bonds to calcium ions
present at active growth sites and dislocations on the HA crystal surface may prevent further calcium phosphate deposition.
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Fig. 1. The chemical structures of 2,3-DPG and well-known inhibitors of VC.

would be adsorbed onto the cationic calcium active sites of crystals
[11,12,14], we hypothesize that 2,3-DPG in plasma [12] may inhibit the
formation of CPPIIs and suppress VC.

Endogenous components for drug discovery offer special features in
comparison to synthetic molecules. They are structurally optimized
during evolution to serve particular biological functions, including the
regulation of endogenous defense mechanisms. Furthermore, endoge-
nous components used may provide insights regarding efficacy and
safety [18]. Therefore, we evaluated the effect of 2,3-DPG on CPPII
formation in a cell-free system and calcification in mouse vascular

smooth muscle cell (MOVAS) and mouse osteoblast-like MC3T3-E1 cell
cultures.

2. Methods and materials
2.1. CPP assay

CPP assay was performed as described previously [12]. Pooled
human serum, (HS; BioreclamationIVT, Westbury, NY; Clinical Trials
Laboratory Services, London, UK), from healthy donors (Table S1) and
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Fig. 2. The effect of 2,3-DPG and IP6 on the transformation of CPPIs to CPPIIs. Representative data for CPPII formation in the presence of HS (a) and FBS (b) with

and without 81 pM 2,3-DPG. The concentration necessary to delay Tso to 350 min

in the presence of HS (c) and FBS (d) with and without 2,3-DPG and IP6 and

corresponding ATsq (min) in HS (e) and FBS (f). (mean + SD, * p < 0.0001 vs. IP6 at same concentrations). n = 5.

fetal bovine serum, (FBS; F7524, Sigma, Burlington, MA, United States),
were stored at —80 °C until use. HS and FBS were thawed at room
temperature (RT) and centrifuged at 10,000g, 4 °C for 30 min. The su-
pernatants were then filtered (25CS020AS, Advantec, Ehime, Japan) to
remove cryoprecipitates. Calcium chloride (036-19,731, Wako Chemi-
cal, Miyazaki, Japan) solution with a concentration of 40 mM in HEPES
(346-01373, FUJIFILM Wako Chemical, Osaka, Japan)/NaCl
(191-01665, Wako Chemical) buffered saline (HBS) (100 mM HEPES,
140 mM NaCl) solution, was prepared, pH 7.4 at RT. A phosphate so-
lution containing 19.44 mM NapyHPO4 (106,580, Merck, Darmstadt,
Germany) and 4.56 mM NaH,PO4 (28-3790-5, Sigma) with the final
concentration of 24 mM PO4 was prepared using HBS, pH 7.4 at RT. All
salt solutions were double sterilized filtered, and pre-warmed at 37 °C
prior to use. Calcium solution, HS or FBS, phosphate solution, 2,3-
Diphospho-D-glyceric acid pentasodium salt (2,3-DPG), (D5764,
Sigma) in Milli-Q water or phytic acid sodium salt hydrate (IP6),
(P8810-10G, Sigma), solutions in Milli-Q water were mixed at a volume
ratio of 5:8:5:2 in microtubes respectively and transferred to a non-
coated 96-well plate (167,008, Thermo Scientific, Massachusetts,
United States) with a final volume of 200 pL. Final concentrations of 2,3-
DPG or IP6 were 1, 3, 9, 27, and 81 pM. For the negative control (N-
Ctrl.), Milli-Q water was used as a substitute for 2,3-DPG and IP6

solutions. The plate was sealed with a transparent adhesive film (Wat-
son, 547-KTS-HCP, Japan), and absorbance at 550 nm was measured
every 3 min at 37 °C with background shaking for 30 s and waiting for 1
min in a shaker microplate reader (Varioskan Flash, Thermo Fisher
Scientific). Time-dependent absorbance graph, and Tso against the
concentrations (uM) graph, calculating nonlinear regression was drown
using GraphPad Prism 9 and Eq. (1) whereby X = [2,3-DPG], Y = time
(min), bottom = baseline response, top = maximum response, Tsg =
[2,3-DPG or IP6] that lead to half-maximum response, and hillslope =
steepness of the curve. The activity of 2,3-DPG and IP6 against N-Ctrl. to
delay CPPII formation was compared, generating ATs¢ (min) against
concentration (pM).

(Top-Bottom)

Y = Bottom + W)wa

@

2.2. Cell proliferation, cytotoxicity, and morphology

We assessed the effect of 2,3-DPG, on cell proliferation in mouse
osteoblast-like MC3T3-E1 and vascular smooth muscle MOVAS cells
using Thiazolyl Blue Tetrazolium Bromide (MTT) (M5655, Sigma). For
quantitative measurement of lactate dehydrogenase (LDH) release level,
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Fig. 3. The effects of 2,3-DPG on cell proliferation and cytotoxicity. MC3T3-E1 cells (a and ¢) and MOVAS cells (b and d) were treated with or without 2,3-DPG for 1,
3, and 7 days. (Data are shown as mean + SD, ns: p > 0.05 no significant difference, * p < 0.0001 for other comparisons). n = 3.

the Cytotoxicity LDH assay kit-WST (Dojindo molecular technologies,
Kumamoto, Japan) was also used according to the manufacturer’s in-
struction. Cells at 1000 cells/cm? in a 96-well plate were cultured in
aMEM (MC3T3-E1; 135-15,175, Wako Chemical) or D-MEM high
glucose (MOVAS; 043-30,085, Wako Chemical), supplemented with
10% (v/v) FBS, 100 units/mL penicillin (P3032-25MU, Sigma), and 100
pg/mL streptomycin (S9137-25G, Sigma) at 37 °C with 5% CO,. The
next day, cells were exposed to a fresh medium with or without 2,3-DPG
at different concentrations for the indicated time points. Medium was
changed every second or third day, unless otherwise specified. In order
to determine cell proliferation at each time point, 10 pL of 0.5 mg/mL
MTT solution in PBS was added to each well and followed by incubation
for 4 h in a humidified incubator at 37 °C with 5% CO,. Medium was
then removed, and formazan crystals were dissolved in dimethyl sulf-
oxide (DMSO) (043-07216, Wako Chemical) (100 pL). The cytotoxicity
of different concentrations of 2,3-DPG was ensured by cultivating
MC3T3-E1, and MOVAS cells in the same manner previously explained
for cell proliferation. The absorbance was measured at 560 nm (MTT)
and 490 nm (LDH) using a microplate reader (Promega™ GloMax®
Explorer Micro Plate Reader, Wisconsin, United States). Cytotoxicity
percentage was expressed as Eq. (2). A, B and C represents the test
substances, highly toxic (lysis buffer) positive control, and non-treated
cells as low toxic control (N-Ctrl.) respectively.

Cyrotoxicity (%) = % x 100 2)

To evaluate the effect of 2,3-DPG or IP6 at different concentrations
on cell morphology, cells were cultured for 72 h with as described above.
Cells were then washed three times with PBS, fixed with 4% para-
formaldehyde in PBS (PFA) (163-20,145, Wako Chemical) for 20 min,
and permeabilized with 0.5% Triton X-100 (30-5140, Katayama
Chemical, Osaka, Japan) in PBS. Cells were then stained with Actin-
Green™ 488 ReadyProbes™ reagent (AlexaFluor 488 phalloidin,
R37110, Invitrogen, Massachusetts, United States), based on the man-
ufacturer’s protocol. Cells were counterstained with DAPI (D523,
Dojindo molecular technologies) diluted (1:2000) in 20 mM Tris-HCL

(T1378, Sigma), containing 150 mM NaCl, pH 7.4, and examined
under a microscope (All-in-One Fluorescence Microscope BZ-X810,
Keyence, Osaka, Japan).

2.3. CPPII preparation

CPPII solution was prepared as described previously [12] with slight
modifications. Briefly, double sterilized filtered 140 mM NacCl solution,
cleared FBS, 24 mM phosphate solution, and 40 mM calcium solution
were combined at a volume ratio of 2:8:5:5, and mixed on gentle
agitation (150 rpm) at 37 °C for 17 h in a 50 mL falcon tube, followed by
centrifugation at 20,000g, 4 °C for 2.5 h. The pellets were then washed
twice with ice-cold HBS and resuspended in 50 pL of HBS at 37 °C. The
resultant colloidal solutions were pooled and centrifuged at 1000g for
10 min at RT. Aliquots of supernatants (CPPII solution) were snap-frozen
in liquid nitrogen and stored at —80 °C until use for no longer than two
months. 50 pL of CPPII solution was diluted with 450 pL of 0.6 M HCl
(080-01066, Wako Chemical), and the quantitative amount of calcium
was measured using calcium colorimetric kit (437-58,201, Calcium E-
test, Wako Chemical).

2.4. Calcification in MOVAS cell cultures

MOVAS cells were seeded at 10,000 cells/cm? in a 48-well plate and
cultured as described above. After 24 h, cells were exposed to fresh
medium including CPPIIs (20 pg Ca/mL) and 1 mM Ca?t (calcium
chloride) for additional 7 days to induce calcification. Calcification
could be detected, when cells were treated with a combination of CPPIIs
and Ca®*, but neither with Ca®* alone nor with CPPIIs alone. Cells were
fixed with 4% PFA for 20 min, washed with PBS and stained with Ali-
zarine Red S (2% w/v) for 5 min. To quantify calcium levels, cells were
washed twice with PBS and decalcified overnight at 4 °C with 100 pL/
well of 0.6 M HCl. The supernatants were then collected, and calcium
content was determined using a calcium colorimetric kit. Subsequently,
cells were washed with PBS and lysed in 0.1 M NaOH and 0.1% w/v
sodium dodecyl sulfate (100 pL) for 2 h. Protein content was quantified
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Fig. 4. The effect of 2,3-DPG on the morphology of MC3T3-E1 cells and MOVAS cells. Cells were treated with or without 2,3-DPG for 72 h. Cytoskeleton, Actin-
Green™ 488 ReadyProbes™ (green); Nucleus DAPI (blue). Scale bar, 200 pm. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

using a Pierce BCA Protein Assay Kit (23,227, Thermo Scientific) and the medium additionally supplemented with 50 pg/mL r-ascorbic acid (AA),
(321-44,823, Wako Chemical) and 10 mM of B-glycerol phosphate
(BGP), (G9891, Sigma), (osteogenic medium) [19] in the presence or
absence of 2,3-DPG and IP6 with medium changing every 2 or 3 days. At
2.5. Cdlcification in MC3T3-E1 cell cultures day 10, cells were washed with PBS and fixed with 4% PFA for 20 min.
To demonstrate bone-like nodules, cells were subjected to alkaline
MC3T3-E1 cells were seeded at 3000 cells/cm”in a 48-well plateand ~ phosphatase and von Kossa staining. Briefly, washed cells were treated
cultured as described above. The next day, cells were exposed to fresh

calcium equivalent to the protein.
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with 200 pL of 0.5 mg/mL Red violet LB salt (F3381-1G, Sigma) in 0.1 M
Tris-HCl solution (pH 8.3) containing 1 mg/mL Naphthol As-MX phos-
phate (N4575-1G), and 4 pL/mL N,N-Dimethylformamide (13016-94,
Nacalai Tesque, Kyoto, Japan). The plate was incubated at RT for 1 h and
washed well with Milli-Q water. Von Kossa staining was performed by
incubating the plate with a 2.5% silver nitrate (28-1310-5, Sigma-
Aldrich) solution for 45 min and washing with Milli-Q water 3 times
(5 min for each wash). ImageJ was used to measure areas of ALP/von
Kossa-positive bone-like nodules.

2.6. Statistical analysis

Statistical significance was calculated from a one-way ANOVA, fol-
lowed by Tukey’s multiple comparison test using GraphPad Prism 9.

3. Results and discussion
3.1. CPP assay

A comparison of the chemical structures of 2,3-DPG with known
Poly-P compounds demonstrating the inhibitory activity in VC, as shown
in Fig. 1. Considering the ability of 2,3-DPG in binding to calcium active
sites of calcium oxalate crystals [15], we hypothesized that 2,3-DPG may
inhibit CPPII formation via a possible mechanism by which highly
anionic phosphates of this compound may bind to calcium active sites of
HA crystals.

As described elsewhere [20], the transformation of CPPIs to crys-
talline CPPIIs in a cell-free system was detected along with an increase in
absorbance at a visual wavelength (550 nm). To compare the effect of
2,3-DPG with that of IP6 time-resolved spectroscopy was employed to
monitor the 50% phase transition (Tsg) of CPPIs to CPPIIs as shown in

Fig. 2 (a and b). The results indicated that 2,3-DPG suppressed the
transformation of CPPIs to CPPIIs in a dose-dependent manner. Fig. S1
indicated the entire data related to a delay in transformation of CPPIs to
CPPIIs in HS and FBS. To compare the dose-dependent inhibitory ac-
tivity of 2,3-DPG and IP6, Tsy and ATsg (Tso against the N-Ctrl.) vs.
concentration graphs were generated. 2,3-DPG significantly delayed the
transformation of CPPIs to CPPIIs at concentrations of >27 pM in both
HS and FBS, as shown in Fig. 2¢-f. Besides, Tso demonstrated that 2,3-
DPG appeared slightly stronger than IP6, even though the former was
43% lower molecular weight (calculated based on Eq. (3)) and a smaller
number of phosphates than IP6. Molecular weight is an essential
consideration for dosing purposes and hyperphosphatemia [12].

Mwips — Mwa3-ppG

Mw% = x 100 3)

Mwps

Moreover, doses of 2,3-DPG and IP6 to delay the transformation of
CPPIs to CPPIIs at 350 min was compared [12]. Concentrations neces-
sary to delay Tsg to 350 min in HS was calculated at 34.5 and 43.2 pM for
2,3-DPG and IP6, respectively. Similar results were obtained, when FBS
was used as a source of CPP (30.5 pM for 2,3-DPG and 39.2 pM for IP6),
as shown in Table S1 and Fig. 2 (c and b). Difference in concentrations at
Tso between HS and FBS may be due to biochemical and biophysical
features of human and bovine Fetuin-A and other CPP components
proteins such as albumin [21] that need further investigation.

3.2. Cell proliferation and LDH release

In human erythrocytes, 2,3-DPG is the most abundant phosphate
containing compound (5 mM) even more than ATP (1.3 mM) [22]. Since
this concentration may be intracellular especially in erythrocytes, we
examined the effect of 2,3-DPG on cell proliferation and toxicity in
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MC3T3-E1 and MOVAS cells. Cells were treated with 2,3-DPG at
different concentrations include >27 pM that could inhibit the trans-
formation of CPPIs to CPPIIs. MTT assay indicated that 2,3-DPG had no
adverse effect on the proliferation even at higher concentrations
necessary to delay Tsg to 350 min in HS or FBS, (Fig. 3a, b). Release of
LDH from cells treated with 2,3-DPG even at 100 pM were <5%
compared with positive control (treated cells with lysis buffer), indi-
cating a minimum level of cytotoxicity as shown in Fig. 2.

We also evaluated morphology, one of the essential aspects of cell
phenotypes that regulates cell activities [23]. The effect of 2,3-DPG and
IP6 on MC3T3-E1 and MOVAS cells was evaluated after 72 h. Staining
with ActinGreen™ 488 ReadyProbes™ Reagent and DAPI showed that
morphology of MC3T3-E1 cells and MOVAS cells were treated with 2,3-
DPG, was similar to the negative control (N-Ctrl.; non-treated cells), as
shown in Fig. 4 (for 2,3-DPG) and Fig. S2 (for IP6). The results indicated
signs of cell-cell interaction with a flattened morphology, suggesting an
excellent adhesion to the bottom multiwell plates. The results demon-
strated that even a high dosage of 2,3-DPG or IP6 (100 pM; more than
the required dosage to delay Tso to 350 min) did not have any adverse
effect on MC3T3-E1 and MOVAS cell.

3.3. Calcification in MOVAS cell cultures

The effect of 2,3-DPG and IP6 on calcification in MOVAS cell cultures
was examined in the presence or absence of 20 pg Ca/mL CPPIIs and 1
mM/mL Ca®" for 7 days. Calcification could be detected only in a
combination of CPPIIs and Ca®* (CPPIIs/ Ca®>") but not CPPIIs alone or
Ca2" alone, as shown in Fig. 5 and Fig. $3. As a further evaluation of the
effect of CPPII and Ca®* accumulation without cellular activity, fixed
MOVAS cells with 4% PFA, did not show any CPPIIs/ Ca?>" dependent
calcification (Fig. S4), suggesting that the activity of MOVAS cells

implicated in calcification process. The results from Alizarine Red S
staining indicated that 2,3-DPG and IP6 inhibited calcification at con-
centrations >8 pM. From the quantitative measurement of calcium
deposition, ICsp was calculated 3.8 and 3.7 pM for 2,3-DPG and IP6
respectively. The results showed that 2,3-DPG inhibited calcification
perfectly at the concentrations >4 pM. (See Fig. 6.)

3.4. Calcification in MC3T3-E1 cell

MC3T3-E1 cells were cultured in the osteogenic medium containing
50 pg/mL of the AA, and 10 mM of BGP with or without 2,3-DPG and IP6
at same concentrations that MOVAS cells was treated. Medium supple-
mented with AA and BGP was used for 2,3-DPG and IP6 treated cells and
medium without BGP was chosen as negative control (N-Ctrl.). The
inhibitory effect of IP6 was seen at concentrations >2 pM (ICsp = 2.8
pM) in agreement with Addison and colleagues, that demonstrated a
dose-dependent inhibition of mineralization in MC3T3-E1 cell cultures
[24]. However, 2,3-DPG even at a concentration of 16 uM had no sig-
nificant impact on calcification in MC3T3-E1 cell cultures as shown in
Fig. 5. This may be caused due to 2,3-DPG involvement in osteoblast
glycolysis. Liu and colleagues showed that treatment of mouse
osteoblast-like RD-C6 cells via rhBMP2 upregulated multiple genes
including 2,3-bisphosphoglycerate mutase (Bpgm) [25], which is closely
related to the glycolytic housekeeping enzyme MPGM. BPGM and
MPGM are structurally homologous and provide a rationale for the
specific residues that are crucial for synthase, mutase, and phosphatase
activity [26]. These results suggest that 2,3-DPG might be easily
degraded in osteoblasts. However, further investigation is needed to
determine the mechanisms underlying selective inhibitory activity of
2,3-DPG in calcification.
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4. Conclusion

Our study demonstrated for the first time that 2,3-DPG can inhibit
calcification in mouse vascular smooth muscle MOVAS cells selectively.
Compared with IP6, 2,3-DPG significantly attenuated the progression of
CPPI transformation to CPPII. In contrast, 2,3-DPG did not affect calci-
fication in MC3T3-E1 cell cultures. 2,3-DPG also showed excellent safety
in biological environments regarding cell proliferation, cytotoxicity tests
and cell morphology. This finding suggests that calcification is selec-
tively inhibited in MOVAS cells but not in MC3T3-E1 cells. Current
research demands further evaluations to demonstrate in vivo effects of
2,3-DPG for therapeutic applications in VC and ectopic calcification. The
mechanisms that underlie 2,3-DPG metabolism in osteoblasts, as well as
the effect of 2,3-DPG on HA crystal formation, should also be
investigated.
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