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Cellular Responses to Whitlockite
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Abstract. Whitlockite crystals have been observed in bothincreasing the number of cells able to secrete cytokines and
degenerating and normal articular cartilages. To determinproteases in response to crystals shed into the joint fluid.
their potential for inducing cartilage degeneration, we stud- The Ca moiety in BCP and CPPD crystals appears to
ied their ability to induce mitogenesis and synthesis andlay an important role in eliciting biologic responses by
secretion of metalloproteas@s vitro. Whitlockite crystals  phagocytic cells. Particulates that do not contain Ca do not
were found to stimulate cell proliferation and to stimulate stimulate mitogenesis after phagocytosis [13]. The mitogen-
synthesis and secretion of stromelysin and collagenaséc response to Ca-containing crystals requires crystal endo-
However, they were less stimulatory than crystals that coneytosis and dissolution in the acidic environs of the pha-
tained calcium (Ca) and phosphate without magnesium sulgolysosome [14—16]. However, inhibition of intracellular
stitution for Ca. Whitlockite crystals elicit biologic cellular Ca crystal dissolution with the vacuolar-type H+-ATPase
responses that suggest potential pathogenicity in arthritigttenuates but does not abolish the mitogenic response to
but are less potent than Ca phosphate crystals without magfiese crystals, implying pathways for mitogenic stimulation
nesium. unrelated to intracellular Ca release by the crystals [17]. We

sought to determine whether the substitution of Mg for Ca
Key words: Whitlockite — Mitogenesis — Metalloprote- in TCP, resulting in3-TCMP, could diminish the biologic
ase. responses induced by these crystals and explain the lack of
degenerative change in some cartilages contaigii@MP
crystals.

Cuboid crystals have been described in both normal and

pathologic articular cartilages [1-4]. Their crystalline com- Materials and Methods

position is magnesium-substituted tricalcium phosphate

[B-TCMP, (Ca,Mg)(PO,),, whitlockite] as suggested mor- g cultures

phologically [1, 5] and as determined by electron and X-ray

diffraction [6]. The frequent occurrence of these crystals ina model system of human foreskin fibroblast (HFF) cultures was

normal Cartlla._ges raises questions about their pathogenicitysed, since the responses of these cells to Ca containing crystals

in osteoarthritic cartilages. are identical to those of synovial fibroblasts [13]. HF cultures were
In sharp contrast t8-TCMP, the presence of other cal- established from explants, transferred, and grown and maintained

cium-containing crystals in cartilage is strongly linked to in Dulbecco’s modified Eagle media (DMEM) supplemented with

degenerative joint disease. For instance, articular depositiot% fetal bovine serum (FBS) and 1% penicillin, streptomycin,

of basic Ca phosphate [(BCP), a term restricted to variou nd Fungizone, as previously described [18]. All experiments were

. : : -~ Derformed on confluent monolayers that had been rendered quies-
admixtures of carbonate substituted apatite, octacalciurfig, by removing media, washing with DMEM containing 0.5%

phosphate, and tricalcium phosphate (TCP)] is associatefigs and subsequently incubated in this media for 24 hours. All
with an exaggerated form of osteoarthritis [7, 8]. In addi-cultures were third or fourth passage.

tion, Ca pyrophosphate dihydrate (CPPD) crystal deposition
disease affects articular cartilage and is a frequent concomi-
tant of severe osteoarthritis [9, 10]. These latter two caly
cium-containing (BCP and CPPD) crystals are believed to

either initiate the degenerative process or amplify ongoingntibody to matrix metalloprotease 1 (MMPL1, collagenase) was a
degeneration [11]. The mechanisms by which BCP angolyclonal rabbit antibody against purified MMP1 from human
CPPD crystals promote cartilage degeneration have beeafingival fibroblasts (kind gift of Dr. Peter Mitchell, Pfizer, Groton,
reviewed [12]. These crystals stimulate synthesis and secr&T). Polyclonal rabbit anti-MMP9 (gelatinase B, 92 kD gelatin-
tion of cytokines and proteases by phagocytic cells. Theyse) was raised against a synthetic peptide of MMP9 (kind gift of

also induce mitogenesis in synovial lining cells, therebyDr. Tayebeh Pourmotabbed, University of Tennessee, Memphis,
TN) and results were confirmed by using a second commercial

antibody from Chemicon International (Temecula, CA). Rabbit

polyclonal MMP3 (stromelysin) antibody was raised against a syn-
—_— thetic peptide based on the human sequence of the hinge region of
Correspondence td:. M. Ryan MMP3 (Triple Point Biologics, Forest Grove, OR). Enhanced che-
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miluminescence was performed with a kit from Amersham Life Effects of Whi i
Sciences. Horseradish-peroxidase (HRP)-labeled goat anti-rabbit ggo 50 hitlockite on HF
Ig was from Amersham Life Sciences. FBS, Hanks’ balanced salt
solution, and DMEM were from Gibco (Grand Island, NY). . 0
Crystal synthesis: BCP crystals were synthesized by a modifi; 700
cation of a published method [15]. Mineral prepared by this>
method had a calcium/phosphorus ratio of 1.59 and containe@ 600
partially carbonate substituted hydroxyapatite with admixed octaw .0
calcium phosphate by Fourier transform infrared spectroscopyg
The amounts of crystals used were based on previous studies & 400
dose-response curves for mitogenesis [17]. BCP crystals were @
positive control, since they have consistently enhanced mitogene=
sis and stimulated protease secretion in the HF model system. 3 20
Mg-substituted tricalcium phosphate [(Ca,M@O,).], crys-
tals were prepared by the dropwise addition of solutions containing 100

300

Ca and Mg to a stirring phosphate solution maintained at 60 or ¢ ok 1 S Pl B
95°C. The initial pH was either 6.0 or 7.5. Previous studies [19, 20] - BP BICRIg  PICMRGE FTCMPO7-30) pTCMP7-35)

demonstrated that purB-TCMP could be obtained at pH 6.0, STIMULANT
when the Mg/Ca ratio varied between 0.2 and 0.3. At higher pH_. . e
(7.5) the solution Mg/Ca molar ratio has to be increased. Mg-fredig. 1. Counts per minute oiH thymidine incorporated by human
tricalcium phosphate3-TCP, Ca(PQ,),, cannot be obtained from ~foreskin fibroblasts (HF) exposed to 5 or 2@/ml of sintered
aqueous systems and is therefore never observed in biologic sydicalcium phosphate crystal8<{TCP (lg)) and sintered whitlock-
tems.B-TCP (lg) was obtained by sintering Ca-deficient apatite atlte (8-TCMP (Ig)); unsintered whitlockite with greate{TCMP

950°C [20]. A precipitate@-TCMP was ignited at the same tem- (97-38) and lesser Mg substitution for Ga&TCMP (97-35)]; ba-
perature so that the cellular responses to Mg-free and Mg$ic Ca phosphate (BCP) as a positive control; and negative control
containing TCP could be compare@-TCP (Ig) versu3-TCMP  incubations without crystals (-). Bars represent standard deviation
(Ig)]. All preparations were characterized using X-ray diffraction Of triplicate determinations.
which indicates the purity of th8-TCMP phase (i.e., not mixed
with apatite) and the extent of Mg-for-Ca substitution which is
determined from the decrease araxis with increasing Mg sub-
stitution [21]. Protease release is a mechanism by which Ca-containing
Elemental dispersive X-ray analysis was performed in conjunccrystals may engender cartilage degeneration. HF incubated
tion with scanning electron microscopy at Marquette University inwith each Ca-containing crystal species elaborated MMP1
order to determine the atomic percents Of Ca, Mg, andoP In thgconagenase) and MMP3 (Strome|ysin) into the ambient
¥EP8“9MTCMPI Samlto.'es‘TTCfC(i'v?%C?ma'”%d |?_%S“;gang%/%é\/|g- media (Fig. 2). Levels of MMP1 induced by BCP and
e Ca:Mg molar ratios irp- (Ig) andp- (97-38) 5 TCP (Ig) were comparable. Lesser amounts of MMP1 and

\ivf_ree:llg'gi The Ca:Mg molar ratio 8-TCMP (97-35) was 3 appeared when cells were incubated with the partially

All crystal species were of approximately the same size, ag/g-substituted3-TCMP (Ig) than withB-TCP (Ig). When
estimated by light microscopy, and all were rendered pyrogen freéhe unignited crystallingg-TCMP species were compared,
by heating to 200°C for 90 minutes prior to experiments. B-TCMP (97-38), containing the larger portion of Mg, in-

duced less MMP1 and 3 release than gidCMP (97-35).

Calcium-free trimagnesium phosphate elicited the least
Mitogenesis MMP1 and MMP3 response of all of the unignited crystals.

Approximately equivalent amounts of MMP9 appeared in
Cells grown to confluence in 24-well plates and rendered quiescertonditioned media after incubation of HF with every crystal
by incubation in 0.5% FBS for 24 hours were assessedfr  type tested, levels being comparable to those in media of
thymidine incorporation, as described elsewhere [17]. unstimulated control HFF. The differences in MMP1 and
MMP3 production could not be accounted for by variation
of gel loading. Each gel was loaded with identical volumes
of conditioned media containing 16—1&) of protein. Dif-

: . ferences also could not be accounted for by variation in

MMP1, 3, and 9 secretion were confirmed by Western blot [22]. f
Samples of conditioned media from culture)é treated with [BC]PC.e”.UIamy of the monolayer. AlthOUQh the mor]olayers ex-
crystals, B-TCP (Ig), B-TCMP, B-TCMP (Ig), or trimagnesium  hibit different rates of mitogenesis, only small differences in
phosphate crystals and untreated control cultures were subjected €Il layer protein, DNA, or cell number are observed at 24

Immunoblotting

immunoblotting, as described elsewhere [17]. hours. This is due to the relatively small proportion of cells
incorporating thymidine and dividing during the 24-hour
incubation.

Results

All Ca-containing crystals consistently produced a mitogen-Discussion

ic response (Fig. 1). Doses of&g/ml were as stimulatory

as 20pg/ml. Thymidine incorporation induced 8 TCMP  The putative mechanisms by which BCP and CPPD crystals
(Ig), which contains Mg, was less than that induced bycontribute to joint destruction include induction of mitogen-
B-TCP (Ig), which does not contain Mg. Unignited crystals esis, enhancement of the synthesis and secretion of prote-
were also compared. Thymidine incorporation induced byases, induction of prostaglandin synthesis, phospholipase
B-TCMP (97-38), which contains more Mg, was less thanactivation, and stimulation of cytokines [12, 23]. Whit-
that induced byB-TCMP (97-35). Identical trends were lockite appears to share some of the same biologic proper-
identified on studies of fibroblasts from three donors inties. We have demonstrated enhanced mitogenesis and syn-
addition to the results presented in Figure 1. Tri-Mg phosthesis and secretion of two proteases in response to these
phate crystals were not mitogenic (data not shown). crystals. These observations support a potential role for
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substitution; or Mg released intracellularly may oppose the
effects of Ca. Other effects of Mg substitution have not been
studied and cannot be predicted but might include reduced
phagocytosis, altered crystal solubility, interference of the
Mg with the early and rapid influx of Ca by lessening crys-
tal-membrane interactions, or interference with MAP kinase
induction.

Induction of synthesis and secretion of proteases by fi-
broblasts fed Ca-containing crystals has not been as well
studied as has mitogenesis. Therefore, comments about the
role of Mg substitution for Ca are even more conjectural,
but phosphocitrate (PC) is a potent and specific inhibitor of
metalloprotease secretion in response to Ca-containing crys-
tals [28]. PC likely coats Ca-containing crystals, interfering
with crystal-membrane interactions and with the MAP ki-
nase cascade [27]. Possibly Mg substitution similarly inter-
feres with Ca-membrane interactions important for cell ac-

L tivation. This might explain the attenuation of collagenase
Fig. 2. Western blots of conditioned media from human foreskin (MMP1) and stromelysin (MMP3) secretion induced by the
fibroblasts exposed to control media without crystals; media withmore highly Mg substituted crystal{TCMP (97-38)]

basic calcium phosphate (BCP); sintered tricalcium phosphate [Beompared with those of lesser or no Mg. One might expect
TCP (lg)]; sintered whitlockite [B-TCMP (Ig)]; unsintered Ca-free parallel decreases in gelatinase B (MMP9). The failure to
trimagnesium phosphate (Tri-Mg phosphate); and two unsintere¢phserve decreased MMP9 secretion serves to emphasize the

whitlockite species [B-TCMP (97-38) with more Mg and less Ca ; ; . ; ;
content than B-TCMP (97-35)]. Gels show results for collagenasq(\;ﬂol\r)lgzstmg pathways involved in induction of different

(MMP1), stromelysin (MMP3), and gelatinase (92 kD gelatinase The in vivo effects of Mg substitution are not entirely

gelatinase B; MMP9). Crystal concentrations were,2gm. speculative. It is of interest that Mg treatment in CPPD
crystal deposition disease has reportedly decreased symp-
toms without diminishing crystal deposits, as estimated ra-
whitlockite in fostering joint degeneration, just as postu-diographically [29]. In one case, treatment of a patient with
lated for other Ca-containing crystals, BCP and CPPD. Mg and colchicine remarkably improved previously refrac-
However, some of the biologic responses to whitlockitetory shoulder hydrops associated with BCP and CPPD de-
are attenuated compared with Ca-containing crystals thgjosits [30]. Altering crystal Mg content may be one ap-
are devoid of Mg. Mitogenesis induced IByTCMP (lg),  proach to altering the natural course of Ca-containing crys-
which has approximately 9.2% atomic substitution of Mgtal deposition diseases, which are not currently treatable.
for Ca, was less than that induced by the Mg-f2@CP  Perhaps biomaterials with increased Mg content may also
(Ig). A similar trend was observed when the two unignitedbe less biologically active.
species of TCMP were comparggkTCMP (97-35), which Whitlockite crystals demonstrate vitro properties that
by EDAX had 7.4% atomic substitution of Mg for Ca, was would support a role in the pathogenesis of joint degenera-
more mitogenic tharB-TCMP (97-38), which had 9.2% tion. Nonetheless, some of the effects of whitlockite are
atomic substitution of Mg for Ca. (Fig. 1) attenuated compared with crystals with Ca as the sole cat-
The events leading to mitogenesis induced by Cajon.
containing crystals are complex. Ingestion of crystals is fol-
lowed by dissolution in the acidic pH of the phagolysosome.

Interferin_g with eithe.r phz_igocytos.is or Iysosomal aCidityAcknowledgment§upported in part by grants from the National
partially interferes with mitogenesis [16, 17]. It is under- |gitjtes of Health AR-38656 (LMR), AR-38421 (HSC), AR-
standable that substitution of Mg for Ca would diminish this 91953 (GMM), DE-07233 (RZL), and the Veterans Administra-
signaling mechanism. Ca-containing crystals also stimulat@on (HSC).

other cellular pathways. Phospholipase C activity is in-

creased, leading to diacylglycerol accumulation, a response

similar to that observed when cells are stimulated with thereferences
competence growth factor, platelet-derived growth factor

Control

BCP
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B-TCMP (97-38)
B-TCMP (97-35)

——— \MP-1

" Stromelysin

-

| S ——— S— -
|

=" Gelatinase

[24]. A potential downstream effector of diacylglycerol-
induced mitogenesis is protein kinase C (PKC). Downregu-
lation of PKC inhibits the mitogenic response to BCP crys- 2.
tals [25]. Another and earlier event in mitogenesis induced
by Ca-containing crystals is a rapid influx of Ca from ex-
tracellular fluids that is unrelated to crystal dissolution. This 3.
influx occurs within seconds of exposure of fibroblasts to
Ca-containing crystals and lasts approximately 8 minutes
[26]. Lastly, mitogen-activated protein (MAP) kinase acti-
vation is probably an important signaling pathway involved
in Ca-containing crystal induction of mitosis [27].

Potential explanations for the reduced mitogenic re-
sponse to the whitlockite crystals are multiple. Foremost,
less Ca should be released upon intracellular dissolution of
B-TCMP compared with crystals containing Ca without Mg 6.

1. Ali SY (1985) Apatite-type crystal deposition in articular car-

tilage. Scanning Electron Microsc 1V:1555-1566

Stockwell RA (1990) Distribution of crystals in the superficial
zone of elderly human articular cartilage of the femoral head
in subcaptial fracture. Ann Rheum Dis 49:231-235
Scotchford CA, Greenwald S, Ali SY (1992) Calcium phos-
phate crystal distribution in the superficial zone of human
femoral articular cartilage. J Anat 181:293-300

4. Scotchford CA, Ali SY (1995) Magnesium whitlockite depo-

sition in articular cartilage: a study of 80 specimens from 70
patients. Ann Rheum Dis 54:339-344

5. Rees JA, Ali SY, Mason AZ (1986) Scanning electron mi-

croscopy and microanalysis of cuboid crystals in human ar-
ticular cartilage. In: Ali SY (ed) Cell-mediated calcification
and matrix vesicles. Elsevier, New York, NY, pp 365-371
Scotchford CA, Vickers M, Ali SY (1995) The isolation and



L. M. Ryan et al.: Cell Response to Whitlockite

10.

11.

12.

13.

14.

15.

16.

17.

18.

characterization of magnesium whitlockite crystals from hu-19
man articular cartilage. Osteoarthritis Cartilage 3:79-94

. Halverson PB, McCarty DJ (1997) Basic calcium phosphate

(apatite, octacalcium phosphate, tricalcium phosphate) crystal

deposition disease: calcinosis. In: Koopman WJ (ed) Arthritis20.

and allied conditions. Williams and Wilkins, Baltimore, MD,
pp 2127-2146

. Halverson PB, McCarty DJ (1979) Identification of hydroxy- 21,

apatite crystals in synovial fluid. Arthritis Rheum 22:389-395

. Gibilisco PA, Schumacher HR, Hollander JL, Soper KA
(1985) Synovial fluid crystals in osteoarthritis. Arthritis 22

Rheum 28:511-515

Halverson PB, McCarty DJ (1986) Patterns of radiographic
abnormalities associated with basic calcium phosphate and
calcium pyrophosphate dihydrate crystal deposition in the
knee. Ann Rheum Dis 45:603-605

Doherty M, Watt |, Dieppe PA (1982) Localised chondrocal- 5
cinosis in post-meniscectomy knees. Lancet (1982) 1207-
1210

Cheung HS, Ryan LM (1995) Role of crystal deposition in
matrix degradation. In: Woessner FJ, Howell DS (eds) Joint
cartilage degradation: basic and clinical aspects. Marcel Dek-
ker, New York, pp 209-223

Cheung HS, Story MT, McCarty DJ (1984) Mitogenic effects
of hydroxyapatite and calcium pyrophosphate dihydrate crys-,
tals on cultured mammalian cells. Arthritis Rheum 27:668—
674

Cheung HS, McCarty DJ (1985) Mitogenesis induced by cal-
cium-containing crystals: role of intracellular dissolution. Exp
Cell Res 157:63-70

Borkowf A, Cheung HS, McCarty DJ (1986) Effects of BCP
crystals on specific protein synthesis. Arthritis Rheum
29:5103

Evans RW, Cheung HS, McCarty DJ (1987) Cultured humar?8-

monocytes and fibroblasts solubilize calcium phosphate crys-
tals. Calcif Tissue Int 40:173-176
McCarthy GM, Cheung HS, Abel SM, Ryan LM (1998) Basic

calcium phosphate crystal-induced collagenase production29.

role of intracellular crystal dissolution. Osteoarthritis Carti-
lage 6:205-213

McCarthy GM, Mitchell PG, Cheung HS (1991) The mito- 30.

genic response to basic calcium phosphate crystals is accom-
panied by collagenase induction and secretion in human fi-
broblasts. Arthritis Rheum 34:1021-1030

25.

26.

27.

377

. LeGeros Rz, Daculsi G, Kijkowska R, Kerbel B (1989) The
effect of magnesium on the formation of apatites and whit-
lockites. In: ltokawa Y, Durlach J (eds) Magnesium in Health
and Disease. John Libbey & Co., Ltd, pp 11-19

LeGeros RZ (1991) Calcium phosphates in oral biology and
medicine. In: Myer H (ed) Monographs in oral sciences.
Karger Basel

LeGeros RZ (1974) Variations in the crystalline components
of human dental calculus. I. Crystallographic and spectro-
scopic methods of analysis. J Dent Res 53:45-50

McNaul KL, Chartrain N, Lark M, Tocci MJ, Hutchinson NI
(1990) Discoordinate expression of stromelysin, collagenase,
and tissue inhibitor of metalloproteinase-1 in rheumatoid sy-
novial fibroblasts. Synergistic effects of interleukin-1 and tu-
mor necrosis factor alpha on stromelysin production. J Biol
Chem 265:17238-17245

23. Ryan LM, Cheung HS (1998) The role of crystals in osteoar-

thritis. Rheum Dis Clin North Am (in press)

24. Rothenberg RJ, Cheung H (1988) Rabbit synoviocyte inositol

phospholipid metabolism is stimulated by hydroxyapatite
crystals. Am J Physiol 254:C554—-C559

Mitchell PG, Pledger JW, Cheung HS (1989) Molecular
mechanism of basic calcium phosphate crystal-induced mito-
genesis. J Biol Chem 264:14071-14077

Halverson PB, Greene A, Cheung HS (1998) Intracellular cal-
cium responses to basic calcium phosphate crystals in fibro-
blasts. Osteoarthritis Cartilage (in press)

Nair D, Misra RP, Sallis JD, Cheung HS (1997) Phosphoci-
trate inhibits a basic calcium phosphate and calcium pyro-
phosphate dihydrate crystal induced mitogen-activated protein
kinase cascade signal transduction pathway. J Biol Chem 272:
18920-18925

Cheung HS, Sallis JD, Struve JA (1996) Specific inhibition of
calcium phosphate and calcium pyrophosphate dihydrate crys-
tal-induced collagenase and stromelysin synthesis by phos-
phocitrate. Biochim Biophys Acta 1315:105-111

Doherty M, Dieppe PA (1983) Double-blind, placebo-
controlled trial of magnesium carbonate in chronic pyrophos-
phate arthropathy. Ann Rheum Dis 42 (suppl):106—-107

Patel KJ, Weidensaul D, Palma C, Ryan LM, Walker SE
(1997) Milwaukee shoulder with massive bilateral cysts: ef-
fective therapy for hydrops of the shoulder. J Rheumatol 24:
2479-2483



