


TNAP (Figs. 2C and 4F) and decreased ENPP1 (Fig. 5B)
activity are unlikely mechanisms for this further reduction in
PPi accumulation rate. We therefore compared the abilities of
the variously stimulated VSMC cultures to release ATP as the
autocrine substrate for ENPP1-catalyzed production of extra-
cellular PPi. As we previously reported, autocrine ATP release
from cultured VSMC is efficiently coupled to the ENPP1
ecto-ATPase such that only minor accumulation of ATP can be
measured in the extracellular culture medium (38). Thus we
utilized the ENPP1 competitive substrate MeATP (Fig. 5B) as
a pharmacological tool to spare hydrolysis of endogenously
released ATP and stabilize its extracellular accumulation. We
observed a significant and progressive reduction in the ability
of VSMC to release ATP when costimulated with FSK and
elevated Pi for 4 and 10 days (Fig. 6). In contrast, ATP release
was not significantly changed in cells treated with only FSK.
VSMC exhibited a threefold increase in autocrine ATP release
capacity when stimulated with high Pi alone for 1 day, fol-
lowed by a return to control ATP release rates as the Pi

stimulus was extended to 4 or 10 days. This latter pattern of
ATP release was well correlated with the biphasic change in
PPi accumulation rates observed in VSMC stimulated with
elevated extracellular Pi (Fig. 2D). Notably, no changes in total
intracellular ATP content were observed in VSMC grown
under any of the culture conditions (data not shown).

Matrix mineralization of VSMC costimulated by cAMP and
elevated extracellular Pi is suppressed by exogenous ATP. The
above experiments suggested that the ability of cAMP and
high-phosphate costimulation to synergistically attenuate ATP

release by VSMC reduces their capacity for extracellular PPi

generation and may thereby contribute to robust mineraliza-
tion. To test this hypothesis, we compared extracellular Ca2�

deposition (by Alizarin Red S staining) in VSMC costimulated
with FSK and elevated Pi for 10 days in the absence or
presence of exogenously added PPi, ATP, CTP, or Ado (each
at 50 �M) (Fig. 7). As expected (37), exogenous PPi com-
pletely suppressed the matrix mineralization induced by cAMP
and high Pi costimulation. Notably, exogenous ATP similarly
suppressed this mineralization phenotype. To assess the possi-
ble contribution of P2 receptor signaling in ATP-induced res-
cue of VSMC from matrix mineralization, the VSMC cultures
were alternatively supplemented with CTP, a nucleotide
triphosphate that does not activate P2 receptors but can serve as
a substrate for ENPP1-mediated hydrolysis and PPi generation.
CTP mimicked the abilities of exogenous ATP or PPi to
suppress VSMC mineralization. Inhibition of mineralization by
exogenous ATP could also reflect a contribution of Ado, a
metabolite of extracellular ATP hydrolysis that signals through
various G protein-coupled Ado receptors. However, exogenous
Ado did not reverse the VSMC matrix mineralization induced
by cAMP � high-Pi treatment.

DISCUSSION

This study describes novel mechanisms by which cAMP and
elevated extracellular Pi act synergistically to induce VSMC
calcification. Our experiments suggest that the synergy be-
tween these stimuli in driving matrix mineralization is medi-

Fig. 4. cAMP-induced inhibition of autocrine PPi accumulation in VSMC: pharmacology, kinetics, and reversibility. A: extracellular levels of PPi generation after
transfer of VSMC to basal saline assay medium that were treated for 24 h in the absence (Con) or presence of 1 �M FSK. B: time course of VSMC treated with
1 �M FSK; data represent the extracellular levels of PPi generation at the 2 h time point after transfer of VSMC to basal saline assay medium. C: FSK dose
response of VSMC treated for 24 h; data represent the extracellular levels of PPi generation at the 2 h time point after transfer of VSMC to basal saline assay
medium. D: extracellular levels of PPi generation at the 2 h time point after transfer of VSMC to basal saline assay medium that were treated in the absence (Con)
or presence of 1 �M FSK for 1 day (FSK-1d), 2 days (FSK-2d), or 1 day followed by the removal of FSK and incubated for an additional day (FSK-1d, no
FSK-1d). E: extracellular levels of PPi generation as % of control at the 2 h time point after transfer of VSMC to basal saline assay medium that were treated
for 24 h in the absence (Con) or presence of 1 �M FSK, 200 �M 3-isobutyl-1-methylxanthine (IBMX), or 100 �M 8-(4-chlorophenylthio)adenosine-3=,5=-cyclic
monophosphate (CPT-cAMP). F: extracellular levels of PPi generation at the 2 h time point in the absence or presence of 5 mM levamisole (Lev) after transfer
of VSMC to basal saline assay medium that were treated in the absence (Con) or presence of 1 �M FSK for 24 h. Data represent means 	 SE; n � 3. *P 

0.05 vs. control.
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ated in part by suppression of two autocrine pathways for
extracellular PPi accumulation: 1) the ANK-dependent efflux
of cytosolic PPi and 2) a molecularly undefined ATP release
pathway coupled to ENPP1-catalyzed ATP hydrolysis and PPi

generation. The decreased activities of these two mechanisms
by which VSMC increase extracellular PPi levels are coordi-
nated with the increased activity of TNAP, a PPi-degrading
ectoenzyme and well-characterized inducer/marker of physio-
logical calcification in bone and pathological mineralization in
arteries. These observations support a model in which ANK-
and ATP release-dependent mechanisms serve as critical reg-
ulators of extracellular PPi generation and perturbation in their
expression or function facilitates VSMC calcification. These
findings also raise significant questions regarding the intracel-
lular signaling pathways by which cAMP and elevated Pi act
separately and convergently to regulate the expression and
activity of the multiple gene products involved in extracellular
PPi homeostasis. It will also be important to determine whether
modulation of these two pathways for PPi accumulation does,
or does not, occur in human VSMC and human disease states
characterized by vascular calcification.

Our finding that stimulation of cAMP signaling for 
24 h
induced an �50% decrease in the rate of extracellular PPi

accumulation was well correlated with a similar rapid decrease
in ANK mRNA levels. In contrast, there were no significant
changes in the expression or activity of the other major PPi

homeostatic proteins or functions—autocrine ATP release,
ENPP1, or TNAP—during this early response to cAMP stim-
ulation. Importantly, we previously reported (38) that a probe-
necid-sensitive mechanism provided �50% of the extracellular
PPi-generating capacity of noncalcified VSMC. Together, our
previous and new data suggest that reduced expression/traf-
ficking of ANK to plasma membrane is the major mechanism
underlying the rapid attenuation of extracellular PPi generation
in cAMP-stimulated VSMC. Unequivocal support for this
conclusion will require quantification of ANK protein levels
and localization in cultured VSMC. However, pilot studies
with commercially available ANK antibodies failed to detect
specific signals in whole cell lysates of these cells.

ANK is a 50-kDa plasma membrane protein with 8–12
predicted transmembrane domains that functions as either a
direct PPi transporter or a regulator of an as-yet unidentified

Fig. 5. ENPP1 ectonucleotidase activity is maintained at control levels in VSMC stimulated by cAMP or elevated extracellular Pi. A: ENPP1 Western blot of
VSMC cell extracts treated for the indicated days in culture in the absence or presence of 1 �M FSK, 5 mM Pi, or FSK � Pi. HEK-293 cells stably expressing
green fluorescent protein (GFP) or ENPP1 were used as controls (last 2 lanes on right). B: representative HPLC chromatogram of extracellular medium from
intact control VSMC pulsed with 300 �M exogenous �,�-methylene ATP (MeATP) and incubated for the indicated times. Ado, adenosine. Inset: cumulative
time course data of MeATP (300 �M) hydrolysis in control VSMC based on calibrated peak heights detected by absorbance from the HPLC chromatograms;
control half-life (t1/2) � 12.425 	 0.19 min. Table shows t1/2 of 300 �M MeATP hydrolysis based on HPLC analysis of VSMC treated for the indicated days
(d) in culture in the presence of 1 �M FSK, 5 mM Pi, or Pi � FSK. C and D: extracellular levels of PPi after transfer of VSMC to basal saline assay medium
incubated in the absence (autocrine) or presence of 500 nM ATP after treatment of VSMC for 24 h in the absence (C) or presence (D) of 1 �M FSK.
E: extracellular levels of ATP after transfer to basal saline assay medium incubated in the presence of 500 nM ATP after treatment of VSMC in the absence
(control) or presence of 1 �M FSK for 24 h. Data represent the range 	 SD from a representative experiment repeated 3 times.
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PPi transport protein (41, 53). The identification of ANK as a
major target for rapid suppression by cAMP signaling is
significant given previous findings that increased cAMP facil-
itates in vitro mineralization by osteoblasts and VSMC (15, 48,
49). However, these earlier studies emphasized the stimulatory
effects of cAMP on induction/activity of proosteogenic tran-
scription factors, such as Runx2/Cbfa-1 and osterix, which
secondarily elicit—after several days—increased expression of
effector proteins such as TNAP, matrix Gla protein (MGP),
and osteospontin that directly modulate calcification. We also
observed a gradual increase in TNAP mRNA (Fig. 2B) and
enzyme activity (Fig. 2C) over 10 days of stimulation of
VSMC by FSK. Analysis of Runx2 mRNA levels in the same
extracts of FSK-stimulated VSMC showed a similar temporal
trend of gradual (although not statistically significant) eleva-
tion (Fig. 2B). VSMC treated with elevated Pi � FSK (or Pi

alone) exhibited a transient increase in Runx2 expression that
returned to baseline levels before the robust matrix calcifica-
tion. This transient increase is similar to the findings of Speer
et al. (46), who recently reported that Runx2 expression within
the in situ aortic VSMC of MGP-knockout mice is maximal at
2 wk before the massive vascular calcification that character-

izes 4-wk-old MGP-null animals. Transient elevation of Runx2
is likely sufficient to increase the levels of osterix, a transcrip-
tion factor that regulates expression of multiple gene products
involved in matrix mineralization (23). In our VSMC model,
ANK transcript levels were maximally decreased within 24 h
after FSK treatment and this was temporally correlated with an
at least twofold decrease in autocrine accumulation of extra-
cellular PPi that was insensitive to the TNAP inhibitor levami-
sole. Thus decreased expression of ANK and reduced PPi

generation precede increased expression of TNAP and Runx2
in cAMP-stimulated VSMC.

Another consequence of sustained cAMP stimulation on PPi

homeostasis was observed only when VSMC were costimu-
lated by high extracellular Pi, and this involved a progressive
decrease in autocrine ATP release. These changes in autocrine
ATP release observed in cAMP- and Pi-treated VSMC likely
reflect chronic modulation of the expression or activity of a
molecularly undefined ATP release pathway (26). How this
autocrine pool of ATP is exported from VSMC and how this
export is attenuated by the combined phosphate and cAMP
stimuli remain as key questions. Recent studies have focused
on a variety of ATP-permeable channels or channel-like activ-

Fig. 6. Autocrine ATP release is decreased in
VSMC costimulated by cAMP and elevated
extracellular Pi. A: extracellular levels of ATP
in the absence or presence of 300 �M MeATP
in VSMC treated for 1 or 10 days in culture in
the absence or presence of 1 �M FSK, 5 mM
Pi, or FSK � Pi. B: cumulative data of extra-
cellular ATP levels taken at the 10 min time
point after transfer to basal saline assay me-
dium in the presence of 300 �M MeATP of
VSMC treated for the indicated days in cul-
ture in the absence or presence of FSK, Pi, or
FSK � Pi. Data represent means 	 SE; n � 3.
*P 
 0.05 vs. control.
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ities as the major pathways for ATP export in multiple cell
types (16, 17, 25, 26, 29, 42). Attenuated expression or activity
of such channels likely underlies the decreased ATP release
rate observed in calcifying VSMC. Regardless of the molecular
basis for autocrine ATP release by VSMC, our experiments
support the functional significance of this endogenous pool of
ATP by showing that exogenous ATP can suppress the calci-
fication of VSMC costimulated with cAMP and high Pi. A
similar action of exogenous nucleotides in inhibiting mineral-
ization has been described in primary rat osteoblasts (37).

Increases in extracellular Pi potentiate vascular calcification
in two ways: 1) by depositing within the extracellular matrix
surrounding VSMC in the form of poorly soluble calcium
phosphate crystals that include HA and other forms and 2) by
triggering intracellular signaling pathways as secondary re-
sponse to enhanced influx via Pi transporters. HA crystal
formation requires several days, and these crystals, when
deposited adjacent to cells, have the potential to trigger addi-
tional modulation of cell function including inflammation,
cellular damage, and apoptosis (6). However, high extracellu-
lar Pi can also elicit rapid changes in VSMC and other cell
types that precede the obvious deposition of extracellular
Pi-based crystals. Elevated extracellular Pi rapidly (within
minutes to hours) stimulates MAP kinase and inhibits Akt
kinase cascades in various cells (including VSMC), which, in
turn, can induce transcriptional or posttranscriptional responses
that impact cellular functions involved in the suppression or
potentiation of mineralization (1, 2, 45). These latter responses
to high extracellular Pi likely involve elevated influx of Pi via
the type III Na-dependent Pi cotransporter Pit-1 to increase
cytosolic Pi concentration (normally 0.5–1 mM) (28, 46). Our
data indicate that elevated extracellular Pi also rapidly induces
increased accumulation of extracellular PPi in noncalcified
VSMC via upregulation of an autocrine ATP release pathway.
However, these increased rates of ATP release and PPi accu-
mulation were not sustained and returned to control values as
the Pi stimulus was extended to 4 or 10 days.

Although there was a transient and modest increase in
Runx2 expression in VSMC stimulated by high Pi alone (Fig.

2B), this was insufficient to induce a calcifying phenotype even
after 10 days of sustained treatment. Other investigators have
reported that elevated Pi alone can induce calcification in
different VSMC models (33, 44). Notably, ex vivo organ
cultures of freshly isolated aortic rings, which maintain VSMC
in a physiological contractile phenotype, are remarkably resis-
tant to high Pi-induced calcification in the absence of either
deliberate mechanical damage or supplementation with exog-
enous alkaline phosphatase (30). Our VSMC cultures main-
tained high expression of multiple contractile marker proteins
even when induced to calcify by costimulation with high
phosphate and cAMP. Together, these observations in aortic
rings and early-passage VSMC cultures suggest that contractile
phenotype VSMC may support ectopic calcification reactions
when subjected to stimuli that both suppress extracellular PPi

levels and induce cellular damage. It is also important to note
that changes in expression of smooth muscle versus osteogenic
marker genes in VSMC cultures during procalcification stim-
ulation are often multiphasic because of changes in the relative
fractions of VSMC at different phenotypic states. Previous
studies in osteoblasts and chondrocytes have additionally in-
dicated that changes in extracellular PPi per se can modulate
the expression of ANK, ENPP1, and TNAP via complex
negative and positive feedback loops (10, 11, 19, 22). Thus the
very early reduction in extracellular PPi accumulation and
ANK expression observed in FSK-treated VSMC may elicit
feedback pathways that favor increased expression of ANK
and ENPP1; the time course analyses of ANK and ENPP1
mRNA in Fig. 2B suggest such trends. Moreover, Huang et al.
(15) observed that ANK and ENPP1 mRNA levels were
increased in murine VSMC cultured for 7 days with 25 �M
FSK � 5 mM glycerophosphate as an organic Pi donor.

It is noteworthy that extracellular PPi homeostasis in VSMC
and its perturbation by elevated phosphate involve the coordi-
nated activities of at least three plasma membrane transport
proteins, ANK, Pit-1, and the undefined ATP release channels,
as well as two plasma membrane ectoenzymes, ENPP1 and
TNAP. These proteins may be organized in functionally or
structurally defined signaling complexes. Indeed, Wang et al.
recently reported (51) that Pit-1 and ANK can be reciprocally
coimmunoprecipitated from the plasma membrane extracts of
chondrocytes, suggesting that the expression and function of
these integral membrane proteins are linked. Given that de-
creased expression of ANK in cAMP-stimulated VSMC is
correlated with suppression of the early high phosphate-in-
duced increase in autocrine ATP release, it is tempting to
speculate that ANK may also act as a direct or indirect positive
regulator of ATP release channels.

ACKNOWLEDGMENTS

We thank Saneliso N. Masuku and Gregg DiNuoscio for technical assis-
tance; Dr. Jeffery A. Beamish for calponin and SM22� antibodies; Dr. Cathy
Carlin for GAPDH antibody; and Andrew E. Blum and Dr. Ozgur Ogut for
useful discussions.

GRANTS

This work was supported in part by National Institutes of Health (NIH)
Grants RO1-GM-36387 (G. R. Dubyak) and RO1-DK-69681 (W. C. O’Neill)
and a grant from the Genzyme Renal Innovations Program (W. C. O’Neill).
D. A. Prosdocimo was supported by NIH Grant T32-HL-07887.

Fig. 7. Matrix mineralization of VSMC costimulated by cAMP and elevated
extracellular Pi is suppressed by exogenous ATP. Quantification of Alizarin
Red S staining after treatment of VSMC for 10 days in culture in the absence
or presence of 1 �M FSK and 5 mM Pi and in the absence or presence of
exogenous PPi, ATP, CTP, or Ado (each at 50 �M). Fresh growth medium
supplemented with FSK � Pi, exogenous PPi, or nucleotides was added every
3 days. Data represent means 	 SE; n � 3. *P 
 0.05 vs. control; #P 
 0.05
vs. 10-day FSK � Pi.

C711REGULATION OF VSMC CALCIFICATION BY PYROPHOSPHATE

AJP-Cell Physiol • VOL 298 • MARCH 2010 • www.ajpcell.org

 on M
ay 25, 2010 

ajpcell.physiology.org
D

ow
nloaded from

 

http://ajpcell.physiology.org


DISCLOSURES

The authors are not aware of financial conflict(s) with the subject matter or
materials discussed in this manuscript with any of the authors, or any of the
authors’ academic institutions or employers.

REFERENCES

1. Beck GR Jr. Inorganic phosphate as a signaling molecule in osteoblast
differentiation. J Cell Biochem 90: 234–243, 2003.

2. Beck GR Jr, Zerler B, Moran E. Phosphate is a specific signal for
induction of osteopontin gene expression. Proc Natl Acad Sci USA 97:
8352–8357, 2000.

3. Brown NA, Stofko RE, Uhler MD. Induction of alkaline phosphatase in
mouse L cells by overexpression of the catalytic subunit of cAMP-
dependent protein kinase. J Biol Chem 265: 13181–13189, 1990.

4. Diglio CA, Grammas P, Giacomelli F, Wiener J. Angiogenesis in rat
aorta ring explant cultures. Lab Invest 60: 523–531, 1989.

5. El-Abbadi MM, Pai AS, Leaf EM, Yang HY, Bartley BA, Quan KK,
Ingalls CM, Liao HW, Giachelli CM. Phosphate feeding induces arterial
medial calcification in uremic mice: role of serum phosphorus, fibroblast
growth factor-23, and osteopontin. Kidney Int 75: 1297–1307, 2009.

6. Ewence AE, Bootman M, Roderick HL, Skepper JN, McCarthy G,
Epple M, Neumann M, Shanahan CM, Proudfoot D. Calcium phos-
phate crystals induce cell death in human vascular smooth muscle cells: a
potential mechanism in atherosclerotic plaque destabilization. Circ Res
103: e28–e34, 2008.

7. Giachelli CM. The emerging role of phosphate in vascular calcification.
Kidney Int 75: 890–897, 2009.

8. Giachelli CM, Speer MY, Li X, Rajachar RM, Yang H. Regulation of
vascular calcification: roles of phosphate and osteopontin. Circ Res 96:
717–722, 2005.

9. Guerin AP, Blacher J, Pannier B, Marchais SJ, Safar ME, London
GM. Impact of aortic stiffness attenuation on survival of patients in
end-stage renal failure. Circulation 103: 987–992, 2001.

10. Harmey D, Hessle L, Narisawa S, Johnson KA, Terkeltaub R, Millan
JL. Concerted regulation of inorganic pyrophosphate and osteopontin by
akp2, enpp1, and ank: an integrated model of the pathogenesis of miner-
alization disorders. Am J Pathol 164: 1199–1209, 2004.

11. Hessle L, Johnson KA, Anderson HC, Narisawa S, Sali A, Goding JW,
Terkeltaub R, Millan JL. Tissue-nonspecific alkaline phosphatase and
plasma cell membrane glycoprotein-1 are central antagonistic regulators of
bone mineralization. Proc Natl Acad Sci USA 99: 9445–9449, 2002.

12. Holz GG, Chepurny OG, Schwede F. Epac-selective cAMP analogs:
new tools with which to evaluate the signal transduction properties of
cAMP-regulated guanine nucleotide exchange factors. Cell Signal 20:
10–20, 2008.

13. Hong S, Brass A, Seman M, Haag F, Koch-Nolte F, Dubyak GR.
Lipopolysaccharide, IFN-gamma, and IFN-beta induce expression of the
thiol-sensitive ART2.1 Ecto-ADP-ribosyltransferase in murine macro-
phages. J Immunol 179: 6215–6227, 2007.

14. Hruska KA, Mathew S, Lund R, Qiu P, Pratt R. Hyperphosphatemia of
chronic kidney disease. Kidney Int 74: 148–157, 2008.

15. Huang MS, Sage AP, Lu J, Demer LL, Tintut Y. Phosphate and
pyrophosphate mediate PKA-induced vascular cell calcification. Biochem
Biophys Res Commun 374: 553–558, 2008.

16. Huang YJ, Maruyama Y, Dvoryanchikov G, Pereira E, Chaudhari N,
Roper SD. The role of pannexin 1 hemichannels in ATP release and
cell-cell communication in mouse taste buds. Proc Natl Acad Sci USA
104: 6436–6441, 2007.

17. Iovine MK, Gumpert AM, Falk MM, Mendelson TC. Cx23, a connexin
with only four extracellular-loop cysteines, forms functional gap junction
channels and hemichannels. FEBS Lett 582: 165–170, 2008.

18. Iyemere VP, Proudfoot D, Weissberg PL, Shanahan CM. Vascular
smooth muscle cell phenotypic plasticity and the regulation of vascular
calcification. J Intern Med 260: 192–210, 2006.

19. Johnson K, Goding J, Van Etten D, Sali A, Hu SI, Farley D, Krug H,
Hessle L, Millan JL, Terkeltaub R. Linked deficiencies in extracellular
PPi and osteopontin mediate pathologic calcification associated with
defective PC-1 and ANK expression. J Bone Miner Res 18: 994–1004,
2003.

20. Johnson K, Hashimoto S, Lotz M, Pritzker K, Goding J, Terkeltaub
R. Up-regulated expression of the phosphodiesterase nucleotide pyrophos-
phatase family member PC-1 is a marker and pathogenic factor for knee

meniscal cartilage matrix calcification. Arthritis Rheum 44: 1071–1081,
2001.

21. Johnson K, Polewski M, van Etten D, Terkeltaub R. Chondrogenesis
mediated by PPi depletion promotes spontaneous aortic calcification in
NPP1
/
 mice. Arterioscler Thromb Vasc Biol 25: 686–691, 2005.

22. Johnson KA, Hessle L, Vaingankar S, Wennberg C, Mauro S, Nari-
sawa S, Goding JW, Sano K, Millan JL, Terkeltaub R. Osteoblast
tissue-nonspecific alkaline phosphatase antagonizes and regulates PC-1.
Am J Physiol Regul Integr Comp Physiol 279: R1365–R1377, 2000.

23. Johnson RC, Leopold JA, Loscalzo J. Vascular calcification: pathobio-
logical mechanisms and clinical implications. Circ Res 99: 1044–1059,
2006.

24. Jono S, McKee MD, Murry CE, Shioi A, Nishizawa Y, Mori K, Morii
H, Giachelli CM. Phosphate regulation of vascular smooth muscle cell
calcification. Circ Res 87: E10–E17, 2000.

25. Kreda SM, Seminario-Vidal L, Heusden C, Lazarowski ER. Throm-
bin-promoted release of UDP-glucose from human astrocytoma cells. Br J
Pharmacol 153: 1528–1537, 2008.

26. Lazarowski ER, Boucher RC, Harden TK. Mechanisms of release of
nucleotides and integration of their action as P2X- and P2Y-receptor
activating molecules. Mol Pharmacol 64: 785–795, 2003.

27. Li X, Yang HY, Giachelli CM. BMP-2 promotes phosphate uptake,
phenotypic modulation, and calcification of human vascular smooth mus-
cle cells. Atherosclerosis 199: 271–277, 2008.

28. Li X, Yang HY, Giachelli CM. Role of the sodium-dependent phosphate
cotransporter, Pit-1, in vascular smooth muscle cell calcification. Circ Res
98: 905–912, 2006.

29. Locovei S, Bao L, Dahl G. Pannexin 1 in erythrocytes: function without
a gap. Proc Natl Acad Sci USA 103: 7655–7659, 2006.

30. Lomashvili KA, Cobbs S, Hennigar RA, Hardcastle KI, O’Neill WC.
Phosphate-induced vascular calcification: role of pyrophosphate and os-
teopontin. J Am Soc Nephrol 15: 1392–1401, 2004.

31. Lomashvili KA, Garg P, Narisawa S, Millan JL, O’Neill WC. Upregu-
lation of alkaline phosphatase and pyrophosphate hydrolysis: potential
mechanism for uremic vascular calcification. Kidney Int 73: 1024–1030,
2008.

32. Mikhaylova L, Malmquist J, Nurminskaya M. Regulation of in vitro
vascular calcification by BMP4, VEGF and Wnt3a. Calcif Tissue Int 81:
372–381, 2007.

33. Mune S, Shibata M, Hatamura I, Saji F, Okada T, Maeda Y, Sak-
aguchi T, Negi S, Shigematsu T. Mechanism of phosphate-induced
calcification in rat aortic tissue culture: possible involvement of Pit-1 and
apoptosis. Clin Exp Nephrol 13: 571–577, 2009.

34. Murray AJ. Pharmacological PKA inhibition: all may not be what it
seems. Sci Signal 1: re4, 2008.

35. Nakano-Kurimoto R, Ikeda K, Uraoka M, Nakagawa Y, Yutaka K,
Koide M, Takahashi T, Matoba S, Yamada H, Okigaki M, Matsubara
H. Replicative senescence of vascular smooth muscle cells enhances the
calcification through initiating the osteoblastic transition. Am J Physiol
Heart Circ Physiol 297: H1673–H1684, 2009.

36. Neves KR, Graciolli FG, dos Reis LM, Graciolli RG, Neves CL,
Magalhaes AO, Custodio MR, Batista DG, Jorgetti V, Moyses RM.
Vascular calcification: contribution of parathyroid hormone in renal fail-
ure. Kidney Int 71: 1262–1270, 2007.

37. Orriss IR, Utting JC, Brandao-Burch A, Colston K, Grubb BR,
Burnstock G, Arnett TR. Extracellular nucleotides block bone mineral-
ization in vitro: evidence for dual inhibitory mechanisms involving both
P2Y2 receptors and pyrophosphate. Endocrinology 148: 4208–4216,
2007.

38. Prosdocimo DA, Douglas DC, Romani AM, O’Neill WC, Dubyak GR.
Autocrine ATP release coupled to extracellular pyrophosphate accumula-
tion in vascular smooth muscle cells. Am J Physiol Cell Physiol 296:
C828–C839, 2009.

39. Rutsch F, Ruf N, Vaingankar S, Toliat MR, Suk A, Hohne W, Schauer
G, Lehmann M, Roscioli T, Schnabel D, Epplen JT, Knisely A,
Superti-Furga A, McGill J, Filippone M, Sinaiko AR, Vallance H,
Hinrichs B, Smith W, Ferre M, Terkeltaub R, Nurnberg P. Mutations
in ENPP1 are associated with “idiopathic” infantile arterial calcification.
Nat Genet 34: 379–381, 2003.

40. Rutsch F, Vaingankar S, Johnson K, Goldfine I, Maddux B, Schauerte
P, Kalhoff H, Sano K, Boisvert WA, Superti-Furga A, Terkeltaub R.
PC-1 nucleoside triphosphate pyrophosphohydrolase deficiency in idio-
pathic infantile arterial calcification. Am J Pathol 158: 543–554, 2001.

41. Ryan LM. The ank gene story. Arthritis Res 3: 77–79, 2001.

C712 REGULATION OF VSMC CALCIFICATION BY PYROPHOSPHATE

AJP-Cell Physiol • VOL 298 • MARCH 2010 • www.ajpcell.org

 on M
ay 25, 2010 

ajpcell.physiology.org
D

ow
nloaded from

 

http://ajpcell.physiology.org


42. Schock SC, Leblanc D, Hakim AM, Thompson CS. ATP release by way
of connexin 36 hemichannels mediates ischemic tolerance in vitro. Bio-
chem Biophys Res Commun 368: 138–144, 2008.

43. Shao JS, Cai J, Towler DA. Molecular mechanisms of vascular calcifi-
cation: lessons learned from the aorta. Arterioscler Thromb Vasc Biol 26:
1423–1430, 2006.

44. Shioi A, Nishizawa Y, Jono S, Koyama H, Hosoi M, Morii H. Beta-
glycerophosphate accelerates calcification in cultured bovine vascular
smooth muscle cells. Arterioscler Thromb Vasc Biol 15: 2003–2009, 1995.

45. Son BK, Kozaki K, Iijima K, Eto M, Nakano T, Akishita M, Ouchi Y.
Gas6/Axl-PI3K/Akt pathway plays a central role in the effect of statins on
inorganic phosphate-induced calcification of vascular smooth muscle
cells. Eur J Pharmacol 556: 1–8, 2007.

46. Speer MY, Yang HY, Brabb T, Leaf E, Look A, Lin WL, Frutkin A,
Dichek D, Giachelli CM. Smooth muscle cells give rise to osteochon-
drogenic precursors and chondrocytes in calcifying arteries. Circ Res 104:
733–741, 2009.

47. Thomas T, Gori F, Khosla S, Jensen MD, Burguera B, Riggs BL.
Leptin acts on human marrow stromal cells to enhance differentiation to

osteoblasts and to inhibit differentiation to adipocytes. Endocrinology 140:
1630–1638, 1999.

48. Tintut Y, Parhami F, Bostrom K, Jackson SM, Demer LL. cAMP
stimulates osteoblast-like differentiation of calcifying vascular cells. Po-
tential signaling pathway for vascular calcification. J Biol Chem 273:
7547–7553, 1998.

49. Tintut Y, Patel J, Parhami F, Demer LL. Tumor necrosis factor-alpha
promotes in vitro calcification of vascular cells via the cAMP pathway.
Circulation 102: 2636–2642, 2000.

50. Towler DA. Inorganic pyrophosphate: a paracrine regulator of vascular
calcification and smooth muscle phenotype. Arterioscler Thromb Vasc
Biol 25: 651–654, 2005.

51. Wang J, Tsui HW, Beier F, Tsui FW. The CPPDD-associated ANKH
M48T mutation interrupts the interaction of ANKH with the sodium/
phosphate cotransporter PiT-1. J Rheumatol 36: 1265–1272, 2009.

52. Watson KE, Bostrom K, Ravindranath R, Lam T, Norton B, Demer
LL. TGF-beta 1 and 25-hydroxycholesterol stimulate osteoblast-like vas-
cular cells to calcify. J Clin Invest 93: 2106–2113, 1994.

53. Zaka R, Williams CJ. Role of the progressive ankylosis gene in cartilage
mineralization. Curr Opin Rheumatol 18: 181–186, 2006.

C713REGULATION OF VSMC CALCIFICATION BY PYROPHOSPHATE

AJP-Cell Physiol • VOL 298 • MARCH 2010 • www.ajpcell.org

 on M
ay 25, 2010 

ajpcell.physiology.org
D

ow
nloaded from

 

http://ajpcell.physiology.org

