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The vitamin D metabolites, 1,25-(OH) 2D3 and 24,25-(OH) 2D3, have a multiplicity of

effects on chondrocytes. These effects are mediated through genomic action involving the classic

vitamin D receptor (VDR) and various rapid membrane-mediated mechanisms that include both

nongenomic and genomic effects. In intact cells, it is difficult to distinguish between genomic

responses via the VDR and these other pathways. Recently, four potent analogues of 1,25-

(OH) 2D3 were synthesized: two that contain modifications in the A-ring only (2a, 2b), and two

that contain modifications in both the A-ring and the side chain of the CD-ring (3a, 3b). Although

these analogues are only 0.1% as effective in binding to the VDR as 1,25-(OH) 2D3, they still

retain many of the more therapeutically desirable properties of 1,25-(OH)2D3. Thus, they provide

a novel approach for beginning to distinguish between VDR- and non VDR-mediated effects of

1,25-(OH) 2D3. In this study, a well characterized cell culture model using rat costochondral

resting zone (RC) and growth zone (GC) chondrocytes was used to study the effect of these

analogues on [3H]-thymidine incorporation, proteoglycan synthesis ([35S]-sulfate incorporation),

V



and activity of protein kinase C by the cells. Confluent cultures were treated with 10"'M 1,25-

(O-I)2D3, 10"7M 24,25-(OH)ID 3, or the analogues at 10-9 to 10"vI for 24 hours. All analogues

inhibited [3H]-thymidine incorporation of both RC and GCs, as did 1,25-(OHI)D3 and 24,25-

(O-I)2)3. Neither analogue 2a nor 2b had an effect on proteoglycan production in RC or GCs.

Similarly, hybrid analogue 3a had no effect on proteoglycan production by GCs, but treatment

with 10-7 - 10"8M 3a caused an increase in proteoglycan production by the RCs. This effect was

blocked by actinomycin D and cycloheximide, inhibitors of transcription and translation, indicating

that the effect of 3a on the RC cells was dependent on new gene expression and protein

production. Hybrid analogue 3b caused a significant increase in proteoglycan production by both

RC and GC cultures at concentrations of 10"s-10" M and 10-1-10-7M, respectively. This activity

was inhibited by actinomycin D and cycloheximide. Analogue 2a caused a dose-dependent

stimulation of PKC activity that was not inhibited by cycloheximide or actinomycin D in either RC

or GC cells. 2b, on the other hand, had no effect on PKC activity in either cell type. Hybrid

analogues 3a and 3b affected PKC activity in only GCs; the effect of 3b was much less than that

of 3a. This study demonstrates that these analogues, with little or no binding to the vitamin D

receptor, affect proliferation, proteoglycan production, and PKC activity of chondrocytes. The

effects are analogue specific and cell maturation-dependent. These results are consistent with the

concept that the biological activity of vitamin D metabolites is mediated, at least in part, through

nongenomic mechanisms.
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I. INTRODUCTION

Endochondral ossification is responsible for long bone lengthening during

development and bone repair. During this process, a developmental cascade of chondrocyte

differentiation and maturation occurs which results in mineralization of the cartilage matrix

and later recruitment of osteoblasts to form new bone. Vitamin D is an important regulator of

this process and is involved in many specific stages including chondrocyte differentiation and

maturation (Atkin et al., 1985; Binderman and Somjen, 1984).

A. Vitamin D and Endochondral Ossification

Vitamin D is essential for proper endochondral ossification, and growth plate cartilage

has been shown to be particularly sensitive to the vitamin D metabolites, 1,25-(OH)2D3 and

24,25-(OH)2 D 3. Calcification of the growth plate matrix begins in extracellular organelles

known as matrix vesicles, which are produced by chondrocytes in vivo (Anderson 1969; Ali et

al, 1970) and in vitro (Hsu and Anderson, 1970; Golub et al 1983; Glaser and Conrad, 1981;

Boyan et al., 1988a). In vitamin D deficiency, bone matrix synthesis and cartilage growth are

inhibited, linear growth is halted, and bone formation is stunted (Raisz and Kream, 1983a and

b). Restoration of mineralization and bone formation can be obtained through appropriate

treatment with the active metabolite of vitamin D3 , 1,25-(OH)2D 3. Infusion of calcium has

also been shown to heal rickets (Weinstein et al., 1984; Holtrop et al., 1986) leading to the

suggestion that the primary function of 1,25-(OH) 2D 3 is to maintain extracellular calcium ion

concentration. 24,25-(OH)2 D3 has also been suggested to play a role in bone formation

(Canterbury et al., 1980; Lieberherr et al., 1979; Ornoy et al., 1978). Rachitic rats have been

shown to be responsive to injection of 24,25-(OH)2 D3 either systemically (Atkin et al., 1985)
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or locally into the upper tibial growth plate (Lidor et al., 1987). The state of differentiation of

bone and cartilage cells plays a role in response to vitamin D metabolites. In general, less

mature resting zone chondrocytes (RC) respond primarily to 24,25-(OH)2 D3 whereas more

mature growth zone chondrocytes (GC) respond primarily to 1,25-(OI) 2D 3 (Boyan et al.,

1988a, 1992; Schwartz et al., 1988, 1989, 1990). Maturation-dependent effects are

demonstrated by differences in extracellular protein synthesis (Schwartz et al., 1989), cell

proliferation (Schwartz et al., 1989), matrix vesicle and plasma membrane enzyme activity

(Schwartz et al., 1988a, b), arachidonic acid turnover (Schwartz et al., 1990; Swain et al.,

1992), prostaglandin production (Schwartz et al., 1993), calcium flux (Langston et al., 1990),

and vitamin D metabolite production (Schwartz et al., 1992a). 1,25-(OH)2D 3 has been shown

to directly change the function of osteoblasts and to change osteoclastic activity by some

undefined osteoblast-osteoclast signal (Wong et al., 1977; Holtrop and Raisz, 1979; McSheehy

and Chambers, 1987; Sato et al., 1991). Osteoclasts are also recruited by 1,25-(OH) 2D 3 from

the monocyte-macrophage lineage of cells (Huh et al., 1987; Kurihara et al., 1989) but the site

of action is not directly upon the osteoclasts. The recruitment of osteoclasts may explain why

toxic levels of vitamin D result in hypercalcemia rather than hyperostosis.

B. Genomic Regulatory Mechanisms

Receptors for both 1,25-(OH)2D3 and 24,25-(OH)2 D3 have been identified in cartilage

(Corvol et al., 1980; Balmain et al., 1993; Fine et al., 1985). This suggests that many of the

effects of these metabolites are mediated through the classical vitamin D receptor and involve

changes in gene transcription or messenger RNA stabilization (Kyeyune-Nyombi et al., 1991;

Gerstenfeld et al., 1990; Schwartz et al., 1989; Sylvia et al., 1993) and potentially other

genomic regulatory mechanisms. Specifically, 1,25-(OH)2 D3 has been demonstrated to affect
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the synthesis of alkaline phosphatase and osteocalcin in chick limb bud mesenchymal cells

(Boskey et al., 1992), chick sternal chondrocytes (Gerstenfeld et al., 1990), and chick

epiphyseal chondrocytes (Hale et al., 1986). The effect of 24,25-(OH)2D3 on various markers

of chondrocytic differentiation strongly suggest that genomic regulatory mechanisms are also

involved (Sylvia et al., 1993, 1996). Studies using inhibitors of gene transcription and

translation support this theory (Sylvia et al., 1993).

C. Non-Genomic Regulatory Mechanisms

Both 1,25-(OH) 2D3 and 24,25-(OH) 2D3 also have nongenomic effects on chondrocytes

and regulate the activity of various membrane enzymes. A nongenomic action, by definition,

does not involve either new gene transcription or protein synthesis. Some examples of the

many nongenomic actions of vitamin D that have been observed include changes in calcium

flux (Schwartz et al., 1991; Farach-Carson et al., 1991; Langston et al., 1990), fatty acid

metabolism (Schwartz et al., 1990; Swain et al., 1992), membrane fluidity (Swain et al.,

1993), activation of protein kinase C (Sylvia et al., 1993), and inhibition of matrix vesicle

enzyme activity as well as stimulation of plasma membrane PKC activity (Sylvia et al., 1996).

Other systems have also been used to demonstrate the non-genomic effects of 1,25-(OH)2D3.

1,25-(OH) 2D3 has been shown to stimulate the hydrolysis of membrane phosphoinositides in

enterocytes (Lieberherr et al., 1989; Wali et al., 1990), keratinocytes (McLaughlin et al.,

1987; Tang et al., 1987), osteoblasts (Oshima et al., 1987) and parathyroid cells (Bourdeau et

al., 1990). Three possible mechanisms have been proposed by which vitamin D metabolites

may interact with cellular and matrix vesicle membranes: 1) vitamin D metabolites diffuse

through the membrane to interact with the classic vitamin D receptor on the inner surface of

the membrane (Kim et al., 1994); 2) specific membrane receptors exist which are distinctly
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different from the classical vitamin D receptor (Zhou et al., 1992; Norman et al., 1994); and

3) a specific protein receptor does not exist and alteration of membrane fluidity results in

changes in activity of membrane bound enzymes (Sheetz, 1993). Current evidence tends to

support the mechanism of membrane receptors which are different than the classical vitamin D

receptor.

D. Rat Costochondral Chondrocyte Model

Over the last several years, our laboratory has used cultures of rat costochondral

chondrocytes to understand the differentiation and regulation of chondrocytes in the

endochondral pathway (Boyan et al., 1992; Schwartz et al., 1988a, 1988b). In this model, the

linear geometry of the growth plate is utilized to isolate resting zone and growth zone cells.

Resting zone cartilage is separated from adjacent bone and proliferative zone cartilage by sharp

dissection, and the hypertrophic zone (growth zone) is similarly dissected from the

proliferative zone and calcified cartilage. Cells from each zone are then cultured separately,

allowing study of their cell maturation specific differences. While chondrocytes are known to

lose expression of phenotypic markers during long-term culture and subculture (Benya and

Shaffer, 1982), these cells retain their ability to synthesize cartilage-specific proteoglycan and

type II collagen through four passages in culture (Schwartz et al., 1989). These cultures have

proven to be excellent models for studying both genomic and nongenomic effects of 1,25-

(OH)2D3 and 24,25-(OH)2D3 (Boyan et al., 1988; Langston et al., 1990; Schwartz et al.,

1989; Swain et al., 1992; Sylvia et al., 1993). Both resting zone and growth zone

chondrocytes produce extracellular matrix vesicles in culture, and their phospholipid

composition (Boyan et al., 1988b) and enzyme activity (Boyan et al., 1988a; Schwartz and

Boyan, 1988) are dependent on the cell of origin. Each type of matrix vesicle also differs
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from the plasma membrane of the cell from which it is derived (Boyan et al., 1994a). The

many advantages of this culture system are significant. Examination of the response of cells to

1,25-(OH) 2D3 and 24,25-(OH)2 D3 is possible by incubating cultures with hormone and

examining either the cell layer or isolated matrix vesicles and plasma membranes. Addition of

translation and transcription inhibitors can help distinguish between those responses which are

genomic versus those which are nongenomic. Further, isolated matrix vesicles and plasma

membranes can be incubated with hormone in vitro to evaluate nongenomic responses.

E. Vitamin D Analogues

Recent work in vitamin D research has focused on developing structural analogues with

selective activity in what are considered nonclassical target tissues. Some of the most

significant findings have revealed that several analogues are capable of inhibiting keratinocyte

and/or malignant cell growth and promoting cellular differentiation in the absence of

hypercalcemia or hypercalciuria (Biklde, 1992).

Posner et al. (1992) have observed that virtually all of the leading therapeutic analogues

of vitamin D contain a lct-hydroxyl group on the A-ring, like vitamin D, and suggested that

this substituent is required for biological activity. Several of these vitamin D analogues,

modified on the A-ring, have been shown to be potent inhibitors of murine keratinocyte

growth, as is 1,25-vitamin D3 (calcitriol). Further, in some cases, antiproliferative activity

has been observed in the absence of binding to the vitamin D receptor, suggesting the potential

for therapeutic uses of these analogues (Posner et al., 1993b and c). Posner et al. (1993a and

b) have reported on the synthesis of vitamin D analogues and characterized some of their

biological activities. Depending on the specific modification, structurally modified la,25-
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dihydroxyvitamin D3 , the hormonally active metabolite, has demonstrated a strong resistance

to breakdown in human leukemic cells and potent inhibition of proliferation of murine

keratinocytes (Posner et al., 1993 a and b).

Bishop et al. (1994) have studied the effect of modifying various regions of the la,25-

(OH) 2D3 molecule on binding to the human vitamin D binding protein (DBP), the principal

transporter of vitamin D secosteroids in the plasma compartment. The study included 71

analogues, and depending on the specific modification, both increases and decreases in binding

affinity were noted. For example, a 3- to 16-fold increase in ligand binding resulted from

deletion of the la-hydroxyl group (Bishop et al., 1994) and was consistent with earlier studies

showing that 25-(OH)D 3 had the highest affinity for DBP (Bouillon et al., 1980; Mallon et al.,

1980). Structural analogues were shown to affect binding affinity in analogue specific fashion.

F. Matrix Vesicles

Recent studies have shown that vitamin D metabolites exert their effects through two

major mechanisms. In the traditional pathway, 1,25-(OH) 2D3 and 24,25-(OH) 2 D3 bind to a

cytosolic vitamin D3 receptor and are translocated to the target cell nucleus, where the ligand-

receptor complex interacts with the genome to regulate transcription (Boyan et al., 1992). In

addition to its action in the nucleus, 1,25-(OH) 2 D3 has also been shown to modulate mRNA

stability (Kyeyune-Nyombi et al., 1991). Receptors for both 1,25-(OH)2 D3 and 24,25-(OH) 2D3

have been identified in cartilage (Corvol et al., 1980; Balmain et al., 1993; Fine et al., 1985),

suggesting that production of new matrix vesicles is under genomic control. In addition, it is now

recognized that 1,25-(OH)2D 3 and 24,25-(OH)2D3 can act directly on the target cell membrane,

causing rapid changes in calcium flux (Farach-Carson et al., 1991; Langston et al., 1990; Zhou et
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al., 1992), fatty acid metabolism (Rasmussen et al., 1982; Matsumoto et al., 1981; Swain et al.,

1992; Schwartz et al., 1990; Schwartz et al., 1992b), phospholipid metabolism (Lieberherr et al.,

1989; Wali et al., 1990; Tang et al., 1987; Bourdeau et al., 1990), membrane fluidity (Swain et al.,

1993), and protein kinase C activity (Sylvia et al., 1993; Sylvia et al., 1996). While these rapid

actions may ultimately result in genornic effects, studies using matrix vesicles demonstrate that at

least some of the effects of the rapid actions of vitamin D metabolites are nongenomic (Swain et

al., 1993; Sylvia et al., 1996; Schwartz et al., 1988). Matrix vesicles are extraceular organelles

which contain no DNA or RNA and, therefore, no possibility of activity with the genome. Both

resting zone and growth zone chondrocytes produce matrix vesicles in culture (Boyan et al.,

1988b), and many of the effects of 1,25-(OI-I)2D 3 and 24,25-(OH) 2 D3 result in changes in matrix

vesicle composition and enzyme activity (Boyan et al., 1988a; Schwartz et al., 1992; Schwartz et

al., 1989; Dean et al., 1996; Schmitz et al, 1996).

The hypothesis that costochondral chondrocytes regulate matrix vesicles through

nongenomic vitamin D-dependent mechanisms is supported by several observations. The

synthesis and secretion of 1,25-(OIH)2 D3 and 24,25-(OH) 2 D3 is regulated by growth factors and

hormones (Schwartz et al., 1992a), providing a method for fine-tuning the amount of each

metabolite. In addition, studies in which isolated matrix vesicles are incubated directly with 1,25-

(OH)2 D3 or 24,25-(OH)2 D3 demonstrate that these organelles are directly regulated by the

metabolites in a cell maturation-dependent manner (Swain et al., 1993; Sylvia et al., 1996;

Schwartz et al., 1988a and c; Boyan et al., 1994b).

G. Protein Kinase C Activity

Studies examining the regulation of protein kinase C activity in chondrocytes support the

hypothesis that both genomic and nongenonic pathways are involved in 1,25-(OH)2 D3 and
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24,25-(OH)2 D3 action. 1,25-(OH) 2 D3 has a rapid effect on PKC activity in growth zone

chondrocytes which does not require either new gene transcription or protein synthesis (Sylvia et

al., 1993). By contrast, 24,25-(OH) 2 D3 stimulates PKC activity in resting zone cells, but the

effect requires both mRNA production and protein synthesis. When plasma membranes or matrix

vesicles are isolated from either resting zone or growth zone cultures and then incubated with

their target cell-specific vitamin D metabolite, plasma membrane PKC is stimulated, matrix vesicle

PKC is inhibited (Sylvia et al., 1996). PKCct is the responsive isoform in plasma membranes,

while PKCC is the responsive isoform in matrix vesicles, offering a partial explanation of how the

metabolites can elicit one effect in the cell and another, or opposite, effect, in the matrix.

These data demonstrate that vitamin D metabolites can modulate enzymes like PKC

through rapid nongenomic action on pre-existing proteins or through the production of a new

enzyme or other regulatory factors via genomic action, the latter involving either the vitamin D

receptor (VDR) or an alternative signal transduction pathway. Recent studies indicate that

phospholipid metabolism (Swain et al., 1992; Schwartz et al., 1990), particularly vitamin D-

dependent alterations in prostaglandin production (Schwartz et al., 1992b), play a role. Similarly,

changes in calcium flux, like those observed in chondrocyte (Langston et al., 1990) and osteoblast

(Farach-Carson et al., 1991) cultures, and intestinal epithelium (Zhou et al., 1992), can modulate

the actions of 1,25-(OH) 2D3 and 24,25-(OH) 2D3 .

H. Analogues 2a, 2b, 3a, 3b

The fact that 1,25-(OH)2 D3 and 24,25-(OH)2 D3 can elicit distinct cell maturation-

specific effects in chondrocyte cultures in the absence of gene transcription or protein synthesis

implies that either specific membrane receptors for each metabolite exist, which are differentially
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distributed between the two cell types, or that the structural differences between the two vitamin

D metabolites result in a differential interaction with other membrane components. Four new

analogues of 1,25-(OH)2 D3 , which have modifications in the A-ring (analogue 2a and its

stereoisomer, 2b), as well as in both the A-ring and the C,D-ring side chain (hybrid analogue 3a

and its stereoisomer, 3b) were utilized in this study (Posner et al., 1992, 1993a, b, a, 1994, 1995;

Posner and Dai, 1993) (Figure 1). The structure-function relationships of these analogues have

been probed to distinguish between genomic effects mediated through binding to the VDR and

any nongenomic effects which occur in the absence of VDR binding. Although all of these

analogues have less than 0.1% binding capacity to the VDR when compared to 1,25-(OH)2D3

(Posner et al., 1992; Posner et al., 1994), they exhibit very high antiproliferative activity

(Schwartz et al., 1988a, c; Posner et al., 1992; Posner et al., 1994; Posner et al., 1993a, b). In

addition, they are 0.1% as potent as calcitriol (1,25-vitamin D3 ) in calbindin D28k induction

(Posner et al., 1992). These analogues also stimulate calcium channel-opening instantaneously, a

nongenomic process in rat osteosarcoma cells (Posner et al., 1993a, b; Posner et al., 1994).

Using these analogues, the present investigation evaluated some of the structural aspects of 1,25-

(OH) 2D 3 and 24,25-(OH) 2D3 that play a role in their nongenomic actions.

I. Purpose

The purpose of the study was to determine the genomic and nongenomic mechanism of

action of various analogues of vitamin D on resting zone (RC) and growth zone (GC) rat

costochondral chondrocyte differentiation and proliferation in vitro. This study is intended to

provide insight into how modifications of the A-ring and other structural modifications of

vitamin D molecule affect the biological activity of these secosteroids. The effect of analogue
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treatment on [3 H]-thymidine incorporation and proteoglycan production by RC and GC, as

well as on PKC activity in RC and GC cell layers was examined.
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I. MATERIALS AND METHODS

A. Chondrocyte Cultures

The cell culture system used in this study has been described previously in detail by

Boyan et al. (1988a, b). Ribcages were removed from 125g male Sprague-Dawley rats and

placed in Dulbecco's modified Eagle's Medium (DMEM). The resting zone and growth zone

cartilage were separated, the intervening and adherent tissue removed, and then incubated

overnight at 370C in DMEM containing antibiotics in an atmosphere of 5 % C0 2/95 % air and

100% humidity. The DMEM was replaced by two 20-minute washes in Hank's Balanced Salt

Solution (IBSS), followed by sequential incubations in 1% trypsin for 1 hour and 0.02%

collagenase for 3 hours. After the enzymatic digestion was complete, the cells were separated

by filtration, collected by centrifugation at 500 x g for 10 minutes, resuspended in DMEM,

and placed into T-75 flasks at seeding densities of 10,000 cells/cm2 for resting zone cells and

25,000 cells/cm 2 for growth zone cells. Incubation was conducted overnight in DMEM

containing 10% fetal bovine serum (FBS) and 50 g/m1l vitamin C with 5% C02/95% air and

100% humidity. The culture medium was replaced at the end of that time and at 72-hour

intervals. At confluence, cells were subcultured at the same seeding densities as before and

allowed to return to confluence. Third passage confluent cultures were subpassaged into 24-

well microtiter plates and grown to confluence. In all experiments cells were subcultured in

this manner, since previous studies have demonstrated that these cells retain their differential

responsiveness to vitamin D metabolites and growth factors through this number of passages in

culture (Boyan et al., 1988a, b, 1992; Schwartz et al., 1988a, b, c, 1989, 1990, 1992a, b;

Schwartz and Boyan, 1988; Swain et al., 1993).
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B. Vitamin D Analogues

The experimental analogues were obtained through generous contribution from Dr.

Gary H. Posner (The Johns Hopkins University, Baltimore, Maryland). Four analogues were

used for the studies described below. Analogues Icc-(hydroxymethyl)-3 3-hydroxyvitamin D 3 (2a)

and I o-(hydroxymethyl)-3a-hydroxyvitamin D 3 (2b) (Figure 1) were synthesized in a convergent

manner by combining enantiomerically pure C,D-ring ketone 12 with highly enantiomerically

enriched A-ring phosphine oxides. These A-ring chirons were prepared starting from thermal (4 +

2) cycloaddition of 3-bromo-2-pyrone and acrolein (Posner et al., 1992; Posner et al., 1993b;

Posner and Dai, 1993).

Analogues 1a-(hydroxymethyl)-3 3-hydroxy-20-epi-22-oxa-26,27-dimethylvitamin D3

(3a) and 13-(hydroxymethyl)-3cc-hydroxy-20-epi-22-oxa-26,27-dimethylvitamin D 3 (3b) were

synthesized by convergent coupling of 1-hydroxymethyl A-ring phosphine oxide with modified

C,D-ring ketones (Posner et al., 1992; Posner et al., 1993b; Posner and Dai, 1993; Posner et al.,

1994).

C. Treatment of the Cultures with Vitamin D Metabolites and Analogues

For each experiment, confluent cultures of fourth passage chondrocytes were treated

for various time periods with either control or experimental DMEM containing various

concentrations of vitamin D3 metabolites. Each vitamin D3 analogue was tested at 10-6-10-9

M, which includes physiological and pharmacological doses of the active metabolites of vitamin

D 3 [la,25-(OH)2 D3 and 24R,25-(OH) 2 D3 (a gift from Dr. Milan Uskokovich, Hoffman-

LaRoche, Nutley, NJ)]. 1,25-(OH) 2D3 and 24,25-(OI) 2 D3 were used at 10-8 M and 10-7 M,

respectively, as positive controls. Ethanol, used as the vehicle, was diluted at least 1:5000 v/v
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with DMEM prior to adding to the culture medium to minimize any toxic effects. Ethanol at the

same concentration was used as an internal control.

D. [H3 -Thymidine Activity

To determine the effect of hormone on DNA synthesis by the chondrocytes, [3H]-

thymidine incorporation was performed as described previously (Schwartz et al., 1989). GC

and RC were grown to confluence in 96 well plates. The cells were preincubated for 48 hours

in DMEM containing 1 % FBS to induce quiescence. The medium was then replaced with

DMEM containing 1 % FBS and hormone or vehicle at the appropriate concentration and the

incubation continued for another 24 hours. 10-8 M 1,25-(OH) 2 D3 and 10-7 M 24,25-(OH) 2D3

were used as positive controls. 2 hours before harvest, 50pl [3H]-thymidine in DMEM

(2pCi/ml) were added. At harvest, the cell layers were washed twice with cold PBS and three

times with cold 5 % trichloroacetic acid (TCA), with the TCA remaining on the cells for 30

minutes at -40C during the third wash. TCA-precipitable material was dissolved in 1 % sodium

dodecyl sulfate, and radioactivity measured by liquid scintillation spectroscopy.

E. [35 Si-Sulfate Incorporation

Proteoglycan synthesis was assessed by measuring [3 5 S]-sulfate incorporation according

to the method of O'Keefe et al. (1988). In prior studies (Nasatzky et al., 1994), it has been

shown that the amount of radiolabeled proteoglycan released by GC and RC into the medium was

less than 15% of the total radiolabeled proteoglycan (media and cell layer) synthesized. Because

more than 85% of the radiolabeled proteoglycan was in the cell layer, we only examined the

effects of hormone treatment on [3 5 S]-sulfate incorporation in the cell layer.

For assay, fourth passage growth zone and resting zone chondrocytes were grown to

confluence in 24-well culture plates (Coming, Coming, NY) with media containing 10% FBS,
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antibiotics, and 50 itg/ml vitamin C. Twenty-four hours before harvest, fresh media containing

vehicle alone or varying concentrations of analogue or hormones were added. Four hours prior to

harvest, 50 ll DMEM containing 13 p.Ci/ml 3 5 S0 4 and 0.814 mM carrier sulfate were added to

each culture. At harvest, the conditioned media were removed and the cell layers (cells and

matrix) collected in two 0.25 ml portions of 0.25 M NaOH. The protein content was then

determined on a small aliquot of this sample utilizing a macro BCA protein assay kit (Pierce

Chemical Co., Rockford, IL). The total volume was then adjusted to 0.75 ml by the addition of

0.15 M NaCI and the sample dialyzed in a 12,000-14,000 molecular weight cut off membrane

against buffer containing 0.15 M NaCl, 20 mM Na2 SO 4 , and 20 mM Na2HPO4 , pH 7.4, at 4'C.

The dialysis solution was changed until the radioactivity in the dialysate reached background

levels. The amount of [3 5 S]-sulfate incorporated was determined by liquid scintillation

spectrometry and calculated as DPM/mg protein in the cell layer.

F. Protein Kinase C Activity

Confluent cultures of fourth passage chondrocytes were treated for various time periods

with either control or experimental DMEM containing various concentrations of vitamin D3

analogue or metabolite. Previous experiments in our lab have determined that protein kinase C

(PKC) activity in growth zone chondrocytes was increased after treatment with 1,25-(OH) 2 D3 ,

but not 24,25-(OH)2D3 , and maximal stimulation was observed after 9 minutes. In contrast,

PKC activity in resting zone chondrocytes was affected by 24,25-(OH) 2D 3 , but not 1,25-

(OH)2 D3 , and maximal stimulation was observed after 90 minutes (Sylvia et al., 1993).

Therefore, for the current studies, analogues and vitamin D3 metabolites were added to growth

zone chondrocytes for 9 minutes and to resting zone chondrocytes for 90 minutes. After

incubation in experimental or control media, the cell layers were washed with PBS, loosened from
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the wells with a sterile cell scraper, and lysed in solubilization buffer (50 mM Tris-HC1, pH 7.5,

150 mMNaCl, 5 mM EDTA, 1 mM phenylmethylsulfonylfluoride, and 1% NP-40) for 30 minutes

on ice.

Chondrocyte cell layer lysates containing equivalent amounts of protein were mixed for 20

minutes with a lipid preparation containing phorbol- 12-myristate- 13-acetate, phosphatidylserine,

and Triton X-100 mixed micelles, which provide the necessary cofactors and conditions for

optimal PKC activity (Bell et al., 1986). To this mixture, a high-affinity myelin basic protein

peptide and 32 P-ATP (25 Ci/ml) was added to a final assay volume of 50 g1. Following a 10-

minute incubation in a 30'C waterbath, samples were spotted onto phosphocellulose discs, which

were then washed twice with 1% phosphoric acid and once with distilled water to remove

unincorporated label prior to placement in a liquid scintillation counter. To verify whether the

kinase activity affected by the analogues was restricted to PKC activity and not due to other

protein kinases, a specific inhibitor peptide corresponding to amino acid residues 19-36 of the

PKC pseudosubstrate region was added to the PKC reaction tubes at a final concentration of 3

pM (Yasuda et al., 1990).

To determine if new gene transcription or protein synthesis were involved in the activation

of PKC, chondrocyte cultures were treated with vitamin D 3 analogues or metabolites in the

presence of actinomycin D, an inhibitor of transcription, or cycloheximide, an inhibitor of

translation. Growth zone chondrocytes were incubated with analogue and 0.01 or 0.1 mM

actinomycin D or cycloheximide for 9 minutes. Resting zone chondrocytes were incubated with

analogue and 0.01 or 0.1 mM actinomycin D or cycloheximide for 90 minutes. Following

treatment with the inhibitors, the cells were washed with PBS and assayed for PKC activity as

described above.
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G. Statistical Analysis

All data are expressed as the mean ± standard error of the mean (SEM) of six cultures.

Figures contain data from representative experiments, and all experiments were performed a

minimum of three times. Differences were determined by ANOVA and the significance between

groups determined using the Student's t-test with Bonferroni's correction for multiple

comparisons. P-values less than 0.05 were considered significant.
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MI. RESULTS

A. Cell Proliferation

The addition of either 1,25-(OH)2 D3 or 24,25-(OH) 2 D3 to cultures of growth zone

chondrocytes resulted in a significant decrease in [3H]-thymidine incorporation by the cells

(Figure 2A). The inhibition produced by 1,25-(OH) 2D3 was greater than that produced by

24,25-(OH) 2D 3. When either analogue 2a or 2b was added to the cells, a dose-dependent

inhibition of [3 H]-thymidine incorporation was produced (Figure 2A). The inhibition was less

pronounced than that observed with 1,25-(OH)2 D3 at the same concentration, but greater than

that seen with 24,25-(OH) 2D3 . When hybrid analogue 3a or 3b was added to growth zone

chondrocyte cultures, [3 1-]-thymidine incorporation was also inhibited in a dose-dependent

manner (Figure 3A). The degree of inhibition associated with analogues 3a and 3b was

comparable to that caused by 24,25-(OH)2 D3 , but less than that caused by 1,25-(OH) 2D 3 at the

same concentrations.

In contrast to the growth zone cells, [3H]-thymidine incorporation by resting zone

chondrocytes was inhibited by 1,25-(OH)2 D3 , whereas 24,25-(OH) 2 D3 had no effect (Figure

2B). Addition of 2a to the resting zone cultures resulted in a dose-dependent inhibition of [31-

thymidine incorporation that was significant over the range of 10-8 to 10"6 M. The addition of 2b

also inhibited [3 -I]-thymidine incorporation by the cells, but only at higher concentrations (10- 7 to

10" M). In addition, the inhibition with analogue 2b was markedly less than that seen with 2a or

1,25-(OH)2 D3 (Figure 2B). The effect of hybrid analogues 3a or 3b on [31]-thymidine

incorporation by resting zone chondrocytes was similar to that seen with 1,25-(OH)2 D3 , but the

effect was only observed at the two highest concentrations tested (Figure 3B). Overall, each of
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Figure 1. CHEMICAL STRUCTURES OF THE DIFFERENT VITAMIN D

ANALOGUES USED IN THIS STUDY.
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Figure 2. THE EFFECT OF VITAMIN D ANALOGUES 2A AND 2B ON [3H]-

THYMIDINE INCORPORATION BY GROWTH ZONE AND RESTING ZONE

CHONDROCYTES. Confluent, fourth passage growth zone (Panel A) and resting zone (Panel

B) chondrocytes were treated for 24 hours with 24,25-(OH)2D3 (10-7 M) [24,25], 1,25-

(OH)2D3 (10-8 M) [1,25], or 2a or 2b (10-9 to 10-6 M) and [3H]-thymidine incorporation

determined. The figure shows the results of two separate experiments, one for 2a and one for 2b,

each with its own 1,25 and 24,25 and vehicle only controls. Each experiment was repeated three

times. Values represent the mean ± SEM for six separate cultures. *P < 0.05, significantly

different from untreated control.
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FIGURE 3. THE EFFECT OF VITAMIN D ANALOGUES 3A AND 3B ON [3H]-

THYMIDINE INCORPORATION BY GROWTH ZONE AND RESTING ZONE

CHONDROCYTES. Confluent, fourth passage growth zone (Panel A) and resting zone (Panel

B) chondrocytes were treated for 24 hours with 24,25-(OH)2D3 (24,25), 1,25-(OH)2D3 (1,25),

or 3a or 3b (10-9 to 10-6 M) and [3H]-thymidine incorporation determined. The figure shows the

results of two separate experiments, one for 3a and one for 3b, each with its own 1,25 and 24,25

and vehicle only controls. Each experiment was repeated three times. Values represent the mean

± SEM for six separate cultures. *P < 0.05, significantly different from untreated control.
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the analogues inhibited cell proliferation with 2a, 3a, and 3b being similar in their potency of

inhibition.

B. Proteoglycan Production

Analogues 2a and 2b had no effect on [3 5 S]-sulfate incorporation by either resting zone or

growth zone chondrocytes (data not shown). When 1,25-(OH)2 D3 (108 M) was added to

cultures of growth zone chondrocytes, a significant increase in [35S]-sulfate incorporation was

observed (Figure 4A). In contrast, 24,25-(OH) 2D3 was without effect. When the cultures were

treated with analogue 3a, [3 5 S]-sulfate incorporation by the cells was unchanged. Addition of

actinomycin D, an inhibitor of transcription, to the analogue-treated cultures, significantly reduced

[3 5 S]-sulfate incorporation to less than the level seen in cultures without inhibitor. Addition of

cycloheximide, an inhibitor of protein translation, reduced [3 5 S]-sulfate incorporation even more.

In contrast to the growth zone cells, [3 5 S]-sulfate incorporation by resting zone

chondrocytes was significantly increased by treatment with 24,25-(Of) 2D3 , but not 1,25-

(OH) 2D 3 (Figure 4B). Addition of the 3a hybrid analogue to the cultures produced a dose-

dependent increase in [3 5 S]-sulfate incorporation, with a peak at 10"M, that was similar to the

response of the cells to 24,25-(OH)2 D3 . Both cycloheximide and actinomycin D significantly

inhibited [35S]-sulfate incorporation by 3a-treated resting zone cells whether or not an effect of

3a was observed.

When the 3b hybrid analogue was added to either growth zone or resting zone

chondrocytes, a dose-dependent stimulation in [3 5 S]-sulfate incorporation was observed (Figure

5) that was significant at analogue concentrations of 10-8 to 10-6 M (peak at 10-7 M) for growth

zone cells and 10- 8 to 10-7 M (peak at 10- 8 M) for resting zone cells. The response to analogue

3b in GCs was similar to that of 1,25-(OH) 2D3 . The stimulatory effect of 3b was inhibited by
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Figure 4. EFFECT OF VITAMIN D ANALOGUE 3A ON [35S]-SULFATE

INCORPORATION BY GROWTH ZONE AND RESTING ZONE CHONDROCYTE

CULTURES. Confluent, fourth passage growth zone (Panel A) and resting zone (Panel B)

chondrocytes were treated for 24 hours with 24,25-(OH)2D3 (24,25), 1,25-(OH)2D3 (1,25), or

3a (10-9 to 10-6 M) and [35S]-sulfate incorporation determined. Some cultures were treated

with 0.1 mM cycloheximide (CLIX), an inhibitor of translation, or 0.01 mM actinomycin D (Act.

D), an inhibitor of transcription. The figure shows the results of one representative experiment,

including positive 1,25 and 24,25 and vehicle only controls. Each experiment was repeated three

times. Values represent the mean ± SEM for six separate cultures. *P < 0.05, significantly

different from untreated control. #P < 0.05 analogue alone v. analogue + inhibitor.



Growth Zone Chondrocytes

A
100

* INo Inhibitor

80 CHX

C-. Act. D
0o 60a3.

Cm
=L

S40

20

Vehicle 10-7  10-1 10"9 10.8 10.7  106

..... .3 24,25 1,25 Analogue 3a

Molar

Resting Zone Chondrocytes

B
15

I No Inhibitor

12 L'CHX *

Act. D
09

CD

S6

0

no ## # ## ##3 ** **J * **

Vehicle 10-7  10 8 10"9 10-8 10-7 10.6

anproya 24,25 1,25 Analogue 3a

Molar fig4



23

Figure 5. EFFECT OF VITAMIN D ANALOGUE 3B ON [35S]-SULFATE

INCORPORATION BY GROWTH ZONE AND RESTING ZONE CHONDROCYTES.

Confluent, fourth passage growth zone (Panel A) and resting zone (Panel B) chondrocytes were

treated for 24 hours with 24,25-(OH)2D3 (24,25), 1,25-(OH)2D3 (1,25), or 3b (10-9 to 10-6 M)

and [35S]-sulfate incorporation determined. Some cultures were treated with 0.1 mM

cycloheximide (CHX), an inhibitor of translation, or 0.01 mM actinomycin D (Act. D), an

inhibitor of transcription. The figure shows the results of one representative experiment,

including positive 1,25 and 24,25 and vehicle only controls. Each experiment was repeated three

times. Values represent the mean ± SEM for six separate cultures. *P < 0.05, significantly

different from untreated control. #P < 0.05, analogue alone v. analogue + inhibitor.
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cycloheximide and actinomycin D in both types of cells. Whereas in growth zone chondrocyte

cultures, inhibition of mRNA and protein synthesis only reduced [3 5 S]-sulfate incorporation to

control levels (Figure 5A), in the resting zone cell cultures, incorporation of radiolabel was

reduced below control values (Figure 5B).

C. Protein Kinase C Activity

Treatment of growth zone chondrocytes with 1,25-(OH)2 D3 produced a significant

increase in PKC activity that was more than 30 times the level observed in untreated cultures

(Figure 6A). In contrast, treatment with 24,25-(OI) 2 D3 had no effect on PKC activity.

Treatment of growth zone cells with analogue 2a resulted in a dose-dependent increase in PKC

activity that was maximal at 10-7 M. At concentrations of 10-8 M or higher, the effect of 2a was

similar to the level found with 10- 8 M 1,25-(OH)2 D3 (Figure 6A). Addition of either translation

or transcription inhibitors, cycloheximide or actinomycin D, to cultures treated with analogue 2a

had no effect on the observed level of PKC activity.

Addition of 24,25-(OH) 2D3 to resting zone chondrocytes significantly increased PKC

activity, whereas 1,25-(OH) 2D3 had no effect (Figure 6B). When analogue 2a was added to the

cultures, there was a dose-dependent increase in PKC activity, that was maximal at 10-6 M.

Analogue 2a, in concentrations from 10-7 to 10-6 M, resulted in enzyme activity comparable to

that observed in cultures treated with 24,25-(OH)2D 3 . Analogue 2a was the only analogue to

demonstrate an increase in PKC activity in RCs. Additionally, the level of enzyme specific activity

measured was unaffected by addition of cycloheximide or actinomycin D to the culture (Figure

6B).



25

Figure 6. EFFECT OF VITAMIN D ANALOGUE 2A ON PROTEIN KINASE C

SPECIFIC ACTIVITY OF GROWTH ZONE AND RESTING ZONE CHONDROCYTES.

Confluent, fourth passage growth zone (Panel A) and resting zone (Panel B) chondrocytes were

treated for 24 hours with 24,25-(OH)2D3 (24,25), 1,25-(OH)2D3 (1,25), or 2a (10-9 to 10-6 M)

and protein kinase C specific activity in the cell layer determined. Some cultures were treated

with 0.1 mM cycloheximide (CEX), an inhibitor of translation, or 0.01 mM actinomycin D (Act.

D), an inhibitor of transcription. The figure shows the results of one representative experiment,

including positive 1,25 and 24,25 and vehicle only controls. Each experiment was repeated three

times. Values represent the mean ± SEM for six separate cultures. *P < 0.05, significantly

different from vehicle only control.
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Figure 7. EFFECT OF VITAMIN D ANALOGUE 2B ON PROTEIN KINASE C

SPECIFIC ACTIVITY OF GROWTH ZONE AND RESTING ZONE CHONDROCYTES.

Confluent, fourth passage growth zone (Panel A) and resting zone (Panel B) chondrocytes were

treated for 24 hours with 24,25-(OH)2D3 (24,25), 1,25-(OH)2D3 (1,25), or 2b (10-9 to 10-6 M)

and protein kinase C specific activity in the cell layer determined. Some cultures were treated

with 0.1 mM cycloheximide (CHX), an inhibitor of translation, or 0.01 mM actinomycin D (Act.

D), an inhibitor of transcription. The figure shows the results of one representative experiment,

including positive 1,25 and 24,25 and vehicle only controls. Each experiment was repeated three

times. Values represent the mean ± SEM for six separate cultures. *P < 0.05, significantly

different from vehicle only control.
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Analogue 2b caused a small, but significant, increase in PKC activity of growth zone

chondrocytes at all of the concentrations examined (Figure 7A). This analogue had no effect on

resting zone chondrocyte PKC activity, although 24,25-(OH) 2 D3 produced a significant increase

(Figure 7B). Cycloheximide or actinomycin D treatment of either cell type had no effect on the

observed level of PKC activity.

Hybrid analogue 3a had a dose-dependent, stimulatory effect on the PKC activity of

growth zone chondrocytes that was maximal at a concentration of 10- 7 M (Figure 8A). Only at

this concentration was PKC activity comparable to that seen in cultures treated with 1,25-

(OH)2 D3. In cultures treated with 3a at 10-6 M, both cycloheximide and actinomycin D caused a

partial inhibition in enzyme activity. In contrast, 3a had no affect on PKC activity in resting zone

chondrocyte cultures (Figure 8B). There was no difference in the PKC activity of cultures treated

with analogue alone or analogue with either cycloheximide or actinomycin D.

Hybrid analogue 3b stimulated PKC activity in growth zone cells (Figure 9A) in a

comparable manner at all concentrations examined. This increase was unaffected by addition of

either cycloheximide or actinomycin D. In contrast, 3b had no effect on PKC activity in resting

zone cells, nor was there any effect of cycloheximide or actinomycin D (Figure 9B).
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Figure 8. EFFECT OF VITAMIN D ANALOGUE 3A ON PROTEIN KINASE C

SPECIFIC ACTIVITY OF GROWTH ZONE AND RESTING ZONE CHONDROCYTES.

Confluent, fourth passage growth zone (Panel A) and resting zone (Panel B) chondrocytes were

treated for 24 hours with 24,25-(OH)2D3 (24,25), 1,25-(OH)2D3 (1,25), or 3a (10-9 to 10-6 M)

and protein kinase C specific activity in the cell layer determined. Some cultures were treated

with 0.1 mM cycloheximide (CHx), an inhibitor of translation, or 0.01 mM actinomycin D (Act.

D), an inhibitor of transcription. The figure shows the results of one representative experiment,

including positive 1,25 and 24,25 and vehicle only controls. Each experiment was repeated three

times. Values represent the mean ± SEM for six separate cultures. *P < 0.05, significantly

different from vehicle only control; #P < 0.05, analogue alone v. analogue + inhibitor.
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Figure 9. EFFECT OF VITAMIN D ANALOGUE 3B ON PROTEIN KINASE C

SPECIFIC ACTIVITY OF GROWTH ZONE AND RESTING ZONE CHONDROCYTES.

Confluent, fourth passage growth zone (Panel A) and resting zone (Panel B) chondrocytes were

treated for 24 hours with 24,25-(OH)2D3 (24,25), 1,25-(OH)2D3 (1,25), or 3b (10-9 to 10-6 M)

and protein kinase C specific activity in the cell layer determined. Some cultures were treated

with 0.1 mM cycloheximide (CHlX), an inhibitor of translation, or 0.01 mM actinomycin D (Act.

D), an inhibitor of transcription. The figure shows the results of one representative experiment,

including positive 1,25 and 24,25 and vehicle only controls. Each experiment was repeated three

times. Values represent the mean ± SEM for six separate cultures. *P < 0.05, significantly

different from vehicle only control.
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IV. DISCUSSION AND SUMMARY

A. Vitamin D: A Historical Perspective

DeLuca (1979) presented a fine discussion on vitamin D metabolism and function, and

the following historical points of interest are summarized from his work. The relationship

between exposure to sunlight and skeletal structure was described in ancient times when the

skulls of war victims were studied. While the Egyptians shaved their heads and wore limited

clothing, the Persians prevented ultraviolet light from reaching their skin by wearing turbans

and covering much of their body. As a result, the Egyptians had thicker, harder skulls than

the Persians, and as we now know, this was due to increased circulating amounts of active

vitamin D. Sir Edward Mellanby, early in the 1900's, produced a rickets-like disease in dogs

that he was able to prevent or cure with cod liver oil. Since McCullom had found the fat-

soluble vitamin A in cod liver oil, Mellanby concluded that vitamin A was able to prevent or

cure rickets. McCullom pursued this finding further because of the differences in properties of

the anti-rachitic substance and that of the growth promoting vitamin A; his experiments

concluded that the ability to cure or prevent rickets was related to a new fat-soluble vitamin he

called vitamin D. Steenbock demonstrated activation of provitamin D by ultraviolet light.

Through further study, the identification of several D vitamins and the elimination of rickets as

a major medical problem was achieved by the medical community. Schenck was able to

produce vitamin D3 by irradiation of 7-dehydrocholesterol in 1937. Some of the important

aspects of the role of vitamin D in calcium metabolism were discovered by Nicolaysen; it was

shown conclusively that vitamin D improves intestinal absorption of calcium and that vitamin

D does not influence the endogenous loss of calcium or excretion into the intestinal tract. The
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role of vitamin D in phosphorus metabolism by improving intestinal absorption of phosphate

has been demonstrated by Harrison and Harrison. Carlsson showed vitamin D plays a role in

the utilization of calcium from bone to support plasma calcium concentration, and this function

was shown to be involved with the effects of parathyroid hormone by Harrison and also

Rasmussen. (DeLuca, 1979). Since that time the interest in the role of vitamin D has

continued. Vitamin D has been shown to be essential for proper endochondral ossification

(Raisz and Kream, 1983a and b) as well as being an important regulator of chondrocyte

differentiation and maturation (Atkin et al., 1985; Binderman and Somjen, 1984).

Since the late 1960's, researchers have begun to study the biological actions of vitamin

D from the perspective that it was a steroid hormone with a nuclear receptor linked to the

biological responses obtained instead of functioning as a vitamin (Norman, 1994). The

hormonally active metabolite 1,25-(OH) 2 D3 has been shown to potently promote cell

differentiation and inhibit cell proliferation (Tanaka et al., 1982; Abe et al., 1981). The

potential therapeutic uses of vitamin D have been limited by the toxic effects of the active

metabolites of vitamin D, primarily hypercalcemia (Berg et al., 1994; Elstner et al., 1994;

Jung et al., 1994). It has been suggested that the potent bone-resorbing capacity of 1,25-

(OH)2D 3 in vivo and in vitro may be related to stimulation of marrow mononuclear cells to

form osteoclasts (Roodman et al, 1985), and that excessive vitamin D is highly toxic because

of ready access to cells (Ganong, 1987). Several synthetically derived analogues of vitamin D

have been evaluated or used in clinical chemotherapy in such diverse conditions as

osteoporosis, renal osteodystrophy, cancer, immunodeficiency syndromes, skin disorders, and

diabetes (Reichel et al., 1989; Norman, 1994). These structural analogues of vitamin D are of
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interest because of their therapeutic potential as well as their limited side effect profile

potential.

B. Therapeutic implications

Evidence suggests that long-term calcium restriction and/or insufficient vitamin D may

promote high blood pressure, colon cancer, and breast cancer in susceptible individuals in

addition to bone fragility; conversely, improvement in calcium and/or vitamin D status may

help alleviate some of these significant health concerns (Barger-Lux and Heaney, 1994). High

doses of both dietary calcium and vitamin D have been associated with reduced development

of precancerous changes in colonic mucosa, and preliminary findings suggest a protective

effect against breast cancer for vitamin D (Barger-Lux and Heaney, 1994). The vitamin D

analogue calcipotriol has been shown to raise serum calcium concentration and urinary calcium

excretion 100-200 times less than 1,25-(OH) 2D3 when administered intraperitoneally in rats

(Colston et al., 1992a). Anti-tumor activity using the in vivo nitrosomethylurea-induced rat

mammary tumor model was evaluated, and treatment with calcipotriol caused inhibition of

tumor progression without the development of severe hypercalcemia. Whereas, treatment with

1 apha(OH)D3 produced similar inhibition of tumor progression but hypercalcemia developed

(Colston et al., 1992a). Another vitamin D analogue, EB 1089, was shown to be at least an

order of magnitude more potent than 1,25-(OH)2 D3 at inhibition of the human breast cancer

cell line MCF-7 proliferation in vitro, and in vivo evaluation showed EB 1089 inhibited rat

mammary tumor growth in the absence of rising serum calcium levels while the same dose of

1,25-(OH) 2D 3 had no effect on tumor growth but caused hypercalcemia. Higher doses of

EB1089 demonstrated strilcing tumor regression, although serum calcium levels did rise at the
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therapeutic uses for vitamin D analogues as anti-tumor agents.

Another potential area of therapeutic significance that has been evaluated deals with

leukemic cells. The 1,25(OH) 2 -20-epi-D 3 inhibited clonal growth of 87% of HL-60

myeloblast cells, 60% of S-LB1 cells (human T-cell lymphotropic virus type 1 [HTLV-1]-

immortalized human T-lymphocyte cell line), and 50% of leukemic clonogenic cells from

acute myelogenous leukemia patients (Elstner et al., 1994). The efficacy of all-trans retinoic

acid in the treatment of acute promyelocytic leukemia is related to the ability of the retinoic

acid to differentiate these peculiar leukemic cells, and studies have evaluated the potential for

improvement of differentiation therapy by association of other differentiating agents with the

retinoids. 1 alpha,25-dihydroxyvitamin D 3 was found to cooperate with the retinoids

evaluated in inhibiting cell growth of the leukemic cell lines. Because of the effects of 1

alpha,25-dihydroxyvitamin D3 on calcium metabolism limiting the therapeutic potential, the

synthetic analogs MC903 and KH1060 were evaluated. Both agents were found to cooperate

with retinoic acid, acting more efficiently than the natural molecule in inhibiting cell growth

and inducing some aspects of cell differentiation (Defacque et al., 1994). The suggestion is

made that vitamin D analogues may be useful in combination therapy with retinoids for the

inhibition of leukemia cell growth with limited side effects.

The effects of various vitamin D analogues have also been evaluated in wound healing

models. Intraperitoneal injections of vitamin D (cholecalciferol) have been shown to increase

wound breaking strength and promote epithelialization significantly in dermal wound healing

in Wistar rats (Ramesh et al., 1993). KH 1060, a 20-epi analogue of 1,25-(OH) 2 D3 was

evaluated in the normal and betamethasone-impaired granulation tissue formation in the

polytetrafluoroethylene dead space model in hairless mice. Application of KH 1060 increased
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polytetrafluoroethylene dead space model in hairless mice. Application of KH 1060 increased

the indexes of fibroplasia and cellularity as well as collagen production and deposition of

betamethasone-impaired granulation tissue; the effect of KH 1060 on normal connective tissue

repair was less pronounced (Gniadecki and Serup, 1994). A study on the stimulatory effect of

vitamin D on biochemical markers of bone remodeling in normal men suggested a

synchronization and recruitment of new bone resorptive cells as well as marked increase in the

serum level of osteocalcin, a biochemical marker of bone formative cells, with oral

administration of 1,25-(OH)2 D3 (Bollerslev et al., 1991).

Psoriasis is a chronic hyperproliferative skin disease in which both inflammatory and

immunologic processes are suggested to play pathophysiologic roles (Kragballe, 1992a, b).

1,25-(OH)2 D3 has been utilized in the treatment of psoriasis related to its inhibition of

epidermal proliferation and promotion of epidermal differentiation (Kragballe, 1992a, b),

however hypercalcemia and hypercalciuria are concerns (Berth-Jones and Hutchinson, 1992).

Synthetic vitamin D3 analogues have been developed and evaluated for the treatment of

psoriasis vulgaris. Compared to 1,25-(OH) 2D3 , calcipotriol, the most extensively evaluated

synthetic derivative in the treatment of psoriasis, has been shown to be about 200 times less

potent in its effect on calcium metabolism yet apparently similar in receptor affinity, and

topical calcipotriol has been shown to be efficacious for the treatment of plaque-type psoriasis

(Kragballe, 1992a). These findings clearly demonstrate the therapeutic potential of these

agents.

Another area of interest involves the relationship between the pancreatic O3-cell and the

vitamin D endocrine system. While few studies clearly link a nutritional vitamin D deficiency
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D deficiency impairs insulin secretion in the perfused rat pancreas, and that administration of

vitamin D3 to the pancreatic islets can lead to normalization of glucose-stimulated insulin

secretion (Norman et al., 1980; Chertow et al., 1983; Kadowaki and Norman, 1985; Billaudel

et al., 1989).

Osteoporosis, a common problem which affects approximately 20 million Americans,

primarily elderly women, is a disorder characterized by decreased bone mass and increased

susceptibility to fractures (Rubin, 1991). An uncoupling of the bone resorption and bone

formation sequence with an exaggeration of resorption, a reduction in formation, or a

combination of both is generally associated with the cause of osteoporosis. In a

comprehensive review, Rubin discusses two different types of osteoporosis, type I

(postmenopausal) and type II (senile). The primary etiology of type I osteoporosis is thought

to be associated with estrogen deficiency. Without estrogen, parathyroid hormone (PTH)

causes an increase in bone turnover and mobilization of calcium from bone resulting in lower

serum PTH which secondarily reduces 1 alpha-hydroxylation of 25-hydroxyvitamin D and

impaired absorption of calcium from the gastrointestinal tract (Riggs and Melvin, 1986). The

impaired ability of aging kidneys to synthesize 1,25-(OH)2 D3 related to an age-related

decrease in 1-alpha hydroxylase activity appears to be responsible for the development of type

II osteoporosis (Tsai et al 1984). It is suggested that 1,25-(OH)2 D3 may play a direct role in

osteoblast function regulation because of the 1,25-(OH)2 D3 receptors of osteoblasts (Rubin,

1991). Other contributing factors to type II osteoporosis include poor dietary intake of

calcium (Heaney et al, 1978), inadequate dietary intake of vitamin D, inadequate sun

exposure, and a decreased ability of the skin to produce vitamin D (MacLaughlin and Holick,

1985; Holick, 1986). While vitamin D has not been approved by the FDA for use in the



36

1985; Holick, 1986). While vitamin D has not been approved by the FDA for use in the

treatment of osteoporosis, it is commonly used for this purpose (Rubin, 1991). Studies

evaluating the therapeutic value of vitamin D supplementation in the treatment of osteoporosis

have demonstrated the development of hypercalcemia (Aloia et al, 1988; Jensen et al, 1982).

C. Conclusions

Vitamin D metabolites exert their effects on cells through complex mechanisms. Part of

the effect is mediated through the traditional vitamin D3 receptor (Boyan et al., 1992). The

recent identification of a membrane protein capable of binding 1,25-(OH) 2 D3 and 24,25-

(OH)2 D 3 (Lieberherr et al., 1989; Corvol et al., 1980; Balmain et al., 1993; Fine et al., 1985;

Norman et al., 1994), suggests that membrane receptors may play a role as well. Whether or not

a specific membrane receptor is involved in the mechanism of vitamin D3 action, rapid membrane

responses can elicit genomic effects, via a number of signal transduction pathways, including

PKC. It is also possible that these rapid responses may occur in the absence of new gene

transcription, in a nongenomic fashion, again via a variety of signal transduction pathways.

In this study, the mechanism of action of vitamin D3 was evaluated using specific

analogues of 1,25-(OH) 2 D3 which had very low binding capacities for the VDR (Posner et al.,

1992, 1994), yet still had biological effects (Schwartz et al., 1988a; Posner et al., 1992, 1993a, b,

1994). Compared to 1,25-(OH) 2 D3 , these analogues have less than 0.1% binding capacity to the

VDR, yet they maintain high antiproliferative activity (Schwartz et al., 1988a; Posner et al., 1992,

1993a, b, 1994). The results show that despite the low VDR binding capacity, these analogues,

like active metabolites of vitamin D3 , inhibited chondrocyte proliferation, increased proteoglycan

production, and increased PKC activity (which by itself can mediate the effects of the analogues)

(Sylvia et al., 1993; Sylvia et al., 1996; Schwartz et al., 1995). This suggests that, although both
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metabolites on the chondrocytes is not through the traditional VDR pathway. The increase in

sulfate incorporation in response to hybrid analogue 3b was inhibited by both cycloheximide and

actinomycin D, inhibitors of translation and transcription, indicating that new mRNA production

and protein synthesis are necessary. In contrast, stimulation of PKC activity by analogue 2a was

unaffected by either inhibitor, indicating that pre-existing enzyme was affected by treatment. The

nongenomic regulation of PKC has been further supported by showing that PKC activity is

modulated by the analogues in isolated matrix vesicles (data not shown).

The chemical structure of the analogue was important in its ability to regulate the

chondrocytes. The cells were able to discriminate between stereoisomers. For example, hybrid

analogue 3a had no effect on proteoglycan production in growth zone chondrocyte cultures

whereas analogue 3b caused a marked dose dependent stimulation in [3 5 S]-sulfate incorporation.

Similarly, 2a caused a marked increase in PKC activity in growth zone cells, comparable to that

seen in the presence of 1,25-(OH)2D3 ; in contrast, its stereoisomer, analogue 2b, had only a

minor effect on activity of this enzyme in these cells. These data indicate that the stereochemical

orientation of the A ring hydroxymethyl group is important in regulating biological responses.

These results indicate that the effects of the analogues are very specific and most probably

are mediated through receptors, although not the traditional VDR. Only small changes in the

structure of the analogues were sufficient to cause a major change in the biological response. The

specificity conferred by the correct stereoconformation has been shown by others using la,25-

(OH)2 D3 vs. 11,25-(OH)2D 3 , or 24R,25-(OH)2D 3 vs. 24S,25-(OH) 2D 3 (Baran et al., 1990;

Okamura et al., 1974). This specificity of the nongenomic response has also been demonstrated

with steroid hormones in addition to the secosteroids. 173-, but not 17a-, estradiol elicits rapid
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changes in membrane enzyme activity and fatty acid turnover in the costochondral chondrocyte

cultures and alters the fluidity of isolated membranes (Schwartz et al, 1996).

Not surprisingly, more substantive changes in the chemical structure, such as the

alterations in the A-ring and side chain used in the present study, elicited marked differences in

biological function as well. Whereas hybrid analogue 3b regulated proteoglycan production by

both types of chondrocytes, analogue 2b had no effect on proteoglycan production in either type

of cell culture. These data suggest that the nature of the side chain is important in regulating

biological responses. The data also indicates that analogues with even considerably modified side

chains can have potent biological responses. Other hybrid analogues can be envisioned that will

provide insight into structure-activity relationships.

The results of the present study confirmed previous observations demonstrating that

chondrocyte response to 1,25-(OH)2 D 3 and 24,25-(OH) 2D3 is cell maturation-specific.

Response to the analogues also exhibited dependence on the stage of cell maturation. For

example, hybrid analogue 3a had no effect on proteoglycan production in growth zone

chondrocyte cultures but stimulated [35S]-sulfate incorporation by resting zone cell cultures. In

contrast, this hybrid analogue stimulated PKC activity in growth zone cells but had no effect on

enzyme activity in resting zone cells.

These latter results may indicate that the effect of analogue 3 a on proteoglycan synthesis is

not mediated by PKC but through another signal transduction pathway. Although the method

used measures sulfation of glycosaminoglycans, and as a result can indicate the extent of post-

translational modifications of the core protein and its amino sugar side chains rather than new

protein synthesis, the fact that [3 5 S]-sulfate incorporation was decreased by both cyclohexinide

and actinomycin D suggests that at least some of the regulation by hybrid analogues 3a and 3b
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was through genomic mechanisms. Whether the protein(s) produced in response to the analogues

was proteoglycan core protein or another protein(s) involved in the production of proteoglycan

aggregate is not known.

The biological role of 24,25-(OH)2D 3 has been controversial for the last decade. Some

studies suggest that it is only a weak metabolite (Norman et al., 1982), although there is mounting

evidence that it plays an important role in cartilage differentiation (Ornoy et al., 1978; Lidor et al.,

1987; Nakamura et al., 1992; Yamaura et al., 1993; Schwartz et al., 1995) as well as in fracture

healing (Lidor et al., 1987). This study shows for the first time that some of the analogues had

similar effects on chondrocyte proliferation, matrix production, and PKC activity as 24,25-

(OH)2 D3 whereas 1,25-(OH) 2D 3 did not, suggesting that metabolites other than 1,25-(OH)2 D3

play a role in endochondral bone formation in general and on cartilage differentiation, specifically.

In summary, this study shows that selected biological responses can, in fact, be elicited by

specific structural modification of vitamin D. Moreover, the results indicate that part of the effect

of vitamin D metabolites on chondrocytes is not mediated through the VDR and that some of

these effects are rapid, membrane-mediated nongenomic effects. The results also indicate that the

analogues have potential as pharmaceuticals for treatment of specific vitamin D-related diseases

which do not involve the VDR.



LITERATURE CITED

Anderson, H.C. (1969) Vesicles associated with calcification in the matrix of epiphyseal cartilage.

J. Cell. Biol., 41: 59-72.

Abe, E., Miyyaura, C., Sakagami, H., Takeda, M., Konno, K., Yamazaki, T., Yoshiki, S. and

Suda, T. (1981) Differentiation of mouse myeloid leukemia cells induced by Ic ,25-

dihydroxyvitamin D 3. Proc. Natl. Acad. Sci. USA. 78: 4990-4994.

Ali, S., Sajdera, S. and Anderson, H. (1970) Isolation and characterization of calcifying matrix

vesicles from epiphyseal cartilage. Proc. Natl. Acad. Sci. USA., 67: 1513.

Aloia, J., Vaswani, A., Yeh, J., Ellis, E., Yasumura, S. and Cohn, S. (1988) Calcitriol in the

treatment of postmenopausal osteoporosis. Am. J. Med. 84: 401-408.

Atkin, I., Pita, J., Omoy, A., Agundez, A., Castiglione, G. and Howell, D. (1985) Effects of

vitamin D metabolites on healing of low phosphate, vitamin D-deficient induced rickets in

rats. Bone, 6: 113-123.
Balmain, N., Hauchecorne, M., Pike, J.W., Cuisimer-Gleizes, P. and Matlieu H. (1993)

Distribution and subcellular immunolocalization of 24,25-dihydroxyvitamin D3 receptors in

rat epiphyseal cartilage. Cell. Molec. Biology., 39: 339-350.

Baran, D., Sorensen, A., Honeyman, T., Ray, R. and Holick, M. (1990) la,25-dihydroxyvitamin

D3 -induced increments on hepatocyte cytosolic calcium and lysophophatidylinositol:

inhibition by pertussis toxin and l13,25-dihydroxyvitamin D3 . J. Bone. Miner. Res. 5: 517-

524.

Barger-Lux, M. and Heaney, R. (1994) The role of calcium intake in preventing bone fragility,

hypertension, and certain cancers. J. Nutr. 124: 1406-141 ls.

Bell, R.M., Hannun, Y., and Loomis, C. (1986) Mixed micelle assay of protein kinase C. Methods

Enzymol., 124: 353-359.

Benya P.D. and Shaffer J.D. (1982) De-differentiated chondrocytes re-express the differentiated

collagen phenotype when cultured in agarose gels. Cell 30: 215.

Berg, J., Liane, K., Bjorhovde, S., Bjoro, T., Torjesen, P. and Haug, E. (1994) Vitamin D

receptor binding and biological effects of cholecalciferol analogues in rat thyroid cells. J.

Steroid. Biochem. Molec. Biol. 50: 145-150.

Berth-Jones, J. and Hutchinson, P. (1992) Vitamin D analogues and psoriasis. Br. J.

Dermatol. 127: 71-78.

Bikle D.D. (1992) Clinical counterpoint: vitamin D: new actions, new analogs, new

therapeutic potential. Endocrin. Rev. 13: 765-784.

40



Billaudel, B., Faure, A., Labriji-Mestaghanmi, H. and Sutter, B. (1989) Direct in vitro effect of

1,25-dihydroxyvitamin D3 on islets insulin secretion in vitamin deficient rats: influence of

vitamin D3 pretreatment. Diabete. Metab. 15:85-87.

Binderman I. and Somjen D. (1984) 24,25-Dihydroxycholecalciferol induces the growth of chick

cartilage in vitro. Endocrinology. 122: 2191.

Bishop, J., Collins, E., Okamura, W. and Norman A.W. (1994) Profile of ligand specificity of the

vitamin D binding protein for 1 a,25-dihydroxyvitamin D3 and its analogs. J. Bone. Min.

Res. 9( 8: 1277-1288.

Bollerslev, J., Gram, J., Nielsen, H., Brixen, K., Storm, T., Larsen, H. and Mosekilde, L. (1991)

Effect of a short course of 1,25-dihydroxyvitamin D3 on biochemical markers of bone

remodeling in adult male volunteers. Bone. 12: 339-343.

Boskey, A.L., Boyan, B.D., Doty, S.B., Feliciano, A., Greer, K., Weiland, D., Swain, L.D. and

Schwartz, Z. (1992) Studies of matrix vesicle-induced mineralization in a gelatin gel. Bone.

Min. Res. 17: 257-262.

Bouillon, R., Van Baelen, H. and De Moor, P. (1980) Comparative study of the affinity of the

serum vitamin D-binding protein. J. Steroid. Biochem. 13: 1029-1034.

Bourdeau, A., Atmani, F., Grosse, B. and Lieberrherr, M. (1990) Rapid effects of 1,25-

dihydroxyvitamin D3 and extracellular Ca2+ on phospholipid metabolism in dispersed

porcine parathyroid cells. Endocrinology. 127: 2738-2743.

Boyan, B.D. Dean, D.D., Sylvia, V. and Schwartz, Z. (1994a) Nongenomic regulation of

extracellular matrix events by vitamin D metabolites. J. Cell. Biochem. 56: 331-339.

Boyan, B.D., Schwartz, Z., Park-Snyder, S., Dean, D.D., Yang, F., Twardzik, D. and Bonewald,

L. (1994b) Latent transforming growth factor-O3 is produced by chondrocytes and activated

by extracellular matrix vesicles upon exposure to 1,25-(OH)2 D3 . J. Biol. Chem. 269:

28374-28381.

Boyan, B.D., Schwartz, Z. and Swain, L.D. (1992) In vitro studies on the regulation of

endochondral ossification by vitamin D. Crit. Rev. Oral. Biol. Med. 31/2 : 15-30.

Boyan, B.D., Schwartz, Z., Carnes, D.L. and Ramirez, V. (1988a) The effects of vitamin D

metabolites on the plasma and matrix vesicle membranes of growth zone and resting zone

cartilage cells in vitro. Endocrinology. 122: 2851-2860.

Boyan, B.D., Schwartz, Z., Swain, L.D., Canes, D.L. and Zislis, T. (1988b) Differential

expression of phenotype by resting zone and growth region costochondral chondrocytes in

vitro. Bone 9: 185-194.

Canterbury, J.M., Gavellas, G., Bourgoignie, J.J. and Reiss, E. (1980) Metabolic consequences of

oral administration of 24,25 hydroxycholecalciferol to uremic dogs. J. Clin. Invest. 65: 571-

580.

41



Chertow, B., Sivitz, W., Baraanetsky, N., Clark, S., Waite, A. and DeLuca, H. (1983) Cellular

mechanisms of insulin release: the effects of vitamin D deficiency and repletion on rat

insulin secretion. Endocrinology. 113: 1511-1518.

Colston, K., Chander, S., Mackay, A. and Coombes, R. (1992a) Effects of synthetic vitamin D

analogues on breast cancer cell proliferation in vivo and in vitro. Biochem. Pharmacol. 44:

693-702.

Colston, K., Mackay, A., James, S., Binderup, L., Chander, S. and Coombes, R. (1992b) EB

1089: a new vitamin D analogue that inhibits growth of breast cancer cells in vivo and in

vitro. Biochem. Pharmacol. 44: 2273-2280.

Corvol, M., Ulmann, A. and Garabedian, M. (1980) Specific nuclear uptake of 24,25-

dihydroxycholecalciferol: a vitamin D3 metabolite biologically active in cartilage. FEBS.

Lett. 116: 273-278.

Dean, D.D., Boyan, B.D., Muniz, 0., Howell, D. and Schwartz, Z. (1996) Vitamin D metabolites

regulate matrix vesicle metalloproteinase content in a cell maturation-dependent manner.

Calcif. Tissue. Int. in press.

Defacque, H., Dornand, J., Commes, T., Cabane, S., Sevilla, C. and Marti, J. (1994) Different

combinations of retinoids and vitamin D3 analogs efficiently promote growth inhibition and

differentiation of myelomonocytic leukemia cell lines. J. Pharmacol. Exp. Ther. 271: 193-

199.

DeLuca, H. (1979) B. Historical aspects. In: Vitamin D metabolism and function, F Gross, A

Labhart, T Mann, J Zander, editors, Berlin: Springer-Verlag, 3-7.

Elstner, E., Lee, Y., Hashiya, M., Pakkala, S., Binderup, L., Norman, A., Okamura, W. and

Koeffier, H. (1994) la,25-dihydroxy-20-epi-vitaminD 3 : an extraordinarly potent inhibitor

of leukemic cell growth in vitro. Blood. 84: 1960-1967.

Farach-Carson, M.C., Sergeev, I. and Norman, A. (1991) Nongenomic actions of 1,25-

dihydroxyvitamin D3 in rat osteosarcoma cells. Structure function studies using ligand

analogs. Endocrinology. 129: 1876-1884.

Fine, N., Binderman, I., Somjen, D., Earon, Y., Edelstein, S. and Weisman, Y. (1985)

Autoradiographic localization of 24,25-dihydroxyvitamin D3 in epiphyseal cartilage. Bone.

6: 99-106.

Ganong, W. (1993) Hormonal control of calcium metabolism and the physiology of bone: vitamin

D and the hydrocholecalciferols. In: Review of medicalphysiology. 16th edition. Norwalk,

Connecticut: Appleton and Lange, 353-355.

Gedik, 0. and Akalin, S. (1986) Effects of vitamin D deficiency and repletion on insulin and

glucagon secretion in man. Diabetologia. 29: 142-145.

42



Gerstenfeld, L.C., Kelly, C.M., Von Deek, M. and Lian, J.B. (1990) Comparative morphological

and biochemical analysis of hypertrophic, non-hypertrophic and 1,25-(OH) 2D3 -treated non-

hypertrophic chondrocytes. Connec. Tissue. Res. 24: 29-39.

Glaser, J. and Conrad, T. (1981) Formation of matrix vesicles by cultured chick embryo

chondrocytes. J. Biol. Chem. 256: 12607-12611.

Gniadecki, R. and Serup, J. (1994) Enhancement of the granulation tissue formation in hairless

mice by a potent vitamin D receptor agonist - KH 1060. J. Endocrinol. 141: 411-415.

Golub, E., Schattschneider, S., Berthold, P., Burke, A. and Shapiro, I. (1983) Induction of

chondrocyte vesiculation in vitro. J. Biol. Chem. 258: 616.

Hale, L.V., Kemick, M.L. and Wuthier, R.E. (1986) Effect of vitamin D metabolites on the

expression of alkaline phosphatase activity by epiphyseal hypertrophic chondrocytes in

primary cell culture. J. Bone. Min. Res. 1: 489-495.

Heaney, R., Recker, R. and Saville, P. (1978) Menopausal changes in calcium balance

performance. J. Lab. Clin. Med. 953-963.

Holick, M. (1986) Vitamin D requirements for the elderly. Clin. Nutr. 5: 121-129.

Holtrop, M.E., Cox, K.A., Carnes, D.L. and Holick, M.F. (1986) Effects of serum calcium and
phosphorus on skeletal mineralization in vitamin D-deficient rats. Am. J. Physiol. 251:

E234-240.

Holtrop, M.E. and Raisz, L.G. (1979) Comparison of the effects of 1,25-

dihydroxycholecalciferol, prostaglandin E2 , and osteoclast-activating factor with

parathyroid hormone on the ultrastructure of osteoclasts in cultured long bones of fetal rats.

Calcif. Tissue. Int. 29: 201-205.

Huh, N., Satoh, M., Nose, K., Abe, E., Suda, T., Rajewsky, M.F. and Kuroki, T. (1987)
Formation of multinucleated cells that respond to osteotropic hormones in long term human

bone marrow cultures. Endocrinology. 120/6: 2326-2333.

Hsu, H.H. and Anderson, H.C. (1978) Calcification of isolated matrix vesicles and reconstituted

vesicles from fetal bovine cartilage. Proc. Natl. Acad. Sci. USA. 75: 3805.

Jensen, G., Christiansen, C. and Transbol, I. (1982) Treatment of post-menopausal osteoporosis.
A controlled therapeutic trial comparing estrogen/gestagen, 1,25-dihydroxy-vitamin D3 and

calcium. Clin. Endocrinol. 16: 515-524.

Jung, S., Lee, Y., Pakkala, S., DeVos, S., Elstner, E., Norman, A., Green, J., Uskokovic, M., and
Koeffler, P. (1994) 1,25(OH)2-16ene-vitamin D3 is a potent antileukemic agent with low

potential to cause hypercalcemia. Leukemia Research 18: 453-463.

Kadowaki, S. and Norman, A. (1985) Studies on the mode of action of calciferol (LIX) time-
course study of the insulin secretion after 1,25-dihydroxyvitamin D3 administration.

Endocrinology. 117: 1765-1771.

43



Kim, Y., Dedhar, S., Hruska, K. (1994)Binding of the occupied vitamin D receptor (VDR)to

extranuclear sites: a potential mechanism of nongenomic actions of lc,25(OH)2D3. In:

Vitamin D: A Pluripotent Steroid Hormone, AW Norman, R Bouillon, M Thomasset,

editors, Berlin: Walter de Gruyter, 341-344.

Kragballe, K. (1992a) Vitamin D analogues in the treatment of psoriasis. J. Cell. Biochem. 49: 46-

52.

Kragballe, K. (1992b) Vitamin D3 and skin diseases. Arch. Dermatol. Res. 284: s30-36.

Kurihara, N., Suda, T., Miura, Y., Nakauchi, H., Kodama, H., Hiura, K., Hakeda, Y. and

Kumegawa, M. (1989) Generation of osteoclasts from isolated hematopoietic progenitor

cells. Blood. 74: 1295-1302.

Kyeyune-Nyombi, E., Lau, K.H.W., Baylink, D.J. and Strong, D.D. (1991) 1,25-

dihydroxyvitamin D3 stimulates both alkaline phosphatase gene transcription and mRNA

stability in human bone cells. Arch. Biochem. Biophys. 291: 316-325.

Langston, G.G., Swain, L.D., Schwartz, Z., Del Toro, F., Gomez, R. and Boyan, B.D. (1990)

Effect of 1,25-(OH)2D3 and 24,25-(OH) 2 D3 on calcium ion fluxes in costochondral

chondrocyte cultures. Calcif. Tissue. Int. 47: 230-236.

Lidor, C., Atkin, I., Omoy, A., Dekel, S. and Edelstein, S. (1987) Healing of rachitic lesions in

chicks by 24R,25S-dihydroxycholecalciferol administered locally into bone. J. Bone. Min.

Res. 2: 91-98.

Lidor, C., Dekel, S. and Edelstein, S. (1987) The metabolism of vitamin D3 during fracture-

healing in chicks. Endocrinology. 120: 3 89-393.

Lidor, C., Dekel, S., Hallel, T. and Edelstein, S. (1987) Levels of active metabolites of vitamin D3

in the callus of fracture repair in chicks. J. Bone. Joint. Surg. 69(B): 132-136.

Lieberherr, M., Garabedian, M., Guillozo, H., Bailly du Bois, M. and Balsan, S. (1979)

Interaction of 24,25-dihydroxyvitamin D3 and parathyroid hormone on bone enzymes in

vitro. Calcif. Tissue. Int. 27: 47-53.

Lieberherr, M., Grosse, B., Duchambon, P. and Drueke, T. (1989) A functional cell surface type

receptor is required for the early action of 1,25-dihydroxyvitamin D 3 on the

phosphoinositide metabolism in rat enterocytes. J. Biol. Chem. 264: 20403-20406.

MacLaughlin, J. and Holick, M. (1985) Aging decreases the capacity of human skin to produce

vitamin D3. J. Clin. Invest. 76: 1536-1538.

Mallon, J.P., Matuskewski, D. and Sheppard, H. (1980) Binding specificity of the rat serum

vitamin D transport protein. J. Steroid. Biochem. 13: 409-413.

Matsumoto, T., Fontaine, 0. and Rasmussen, H. (1981) Effect of 1,25-dihydroxyvitamin D3 on

phospholipid metabolism in chick duodenal mucosal cell. Relationship to its mechanism of

action. J. Biol. Chem. 256: 3354-3360.

44



McLaughlin, J.A., Cantley, L.C., Chahwala, S.B. and Holick, M.F. (1987) 1,25-(OH)2 D3

increases intracellular calcium in human keratinocytes by stimulating phosphatidylinositol

turnover. J. Bone. Min. Res. (abst.) 2:76.

McSheehy, P.M.J. and Chambers, T.J. (1987) 1,25-Dihydroxyvitamin D3 stimulates rat

osteoblastic cells to release a soluble factor that increases osteoblastic bone resorption. J.

Clin. Invest. 80: 425-429.

Nakamura, T., Suzuki, K., Hirai, T., Kurokawa, T. and Orimo, H. (1992) Increased bone volume

and reduced bone turnover on vitamin D-replete rabbits by the administration of 24R,25-

dihydroxyvitamin D3 . Bone. 13: 229-23 6.

Nasatzky, E., Schwartz, Z., Soskolne, W., Brooks, B., Dean, D., Boyan, B. and Ornoy, A. (1994)

Sex steroid enhancement of matrix production by chondrocytes os sex and cell maturation

specific. Endocrine J. 2: 207-215.

Norman, A. (1994) Editorial: the vitamin D endocrine system: identification of another piece of

the puzzle. Endocrinology. 134: 1601a-1601c.

Norman, A., Dormanen, M., Okamura, W., Hammond, M. and Nemere, I. (1994) Non-nuclear

actions of lc,25(OH)2D 3 and 24R,25(OH)2 D3 in mediating intestinal calcium transport:

The use of analogs to study membrane receptors for vitamin D metabolites and to determine

receptor ligand conformational preferences. In: Vitamin D: A Pluripotent Steroid

Hormone, AW Norman, R Bouillon, M Thomasset, editors, Berlin: Walter de Gruyter,

324-332.

Norman, A., Roth, J. and Orci, L. (1982) The vitamin D endocrine system: steroid metabolism,

hormone receptors and biological response (calcium binding proteins). Endocr. Rev. 3: 331-

366.

Norman, A., Frnkel, B., Heldt, A. and Grodsky, G. (1980) Vitamin D deficiency inhibits

pancreatic secretion of insulin. Science. 209: 823-825.

Okamura, W., Norman, A. and Wing, R. (1974) Vitamin D: concerning the relationship between

molecular topology and biological function. Proc. Natl. Sci. USA. 71: 4194-4197.

O'Keefe, R., Puzas, J., Brand, J. and Rosier, R. (1988) Effects of transforming growth factor f3
on matrix synthesis by chick growth plate chindrocytes. Endocrinology. 122: 2953-2961.

Ornoy, A., Goodwin, D., Noff, D. and Edelstein, S. (1978) 24,25-Dihydroxyvitamin D is a

metabolite of vitamin D essential for bone formation. Nature. 276: 517-519.

Oshima, J., Watanabe, M., Hirosumi, J. and Orimo, H. (1987) 1,25-(OH)2 D3 increases cytosolic

Ca2+ concentration of osteoblastic cells, clone MC3T3-E1. Biochem. Biophys. Res.

Commun. 145: 956-960.

45



Posner, G., Lee, J., Li, Z., Takeuchi, K., Guggino, S., Dolan, P. and Kensler, T. (1995) lt,25-

dihydroxyvitamin D3 hybrid analogs with structural modifications at both the A-ring and the

C,D-ring side chain II. Bioorganic. Med. Chem. Lett. 5: 2163-2168.

Posner, G., White, M., Dolan, P., Kensler, T., Yukihiro, S. and Guggino, S. (1994) lcx,25-

dihydroxyvitamin D3 hybrid analogs with structural modifications at both the A ring and the

C,D ring side chain. Bioorganic. Med. Chem. Lett. 4: 2919-2924.

Posner, G.H. and Dai, H. (1993) 1-(Hydroxyalkyl)-25-Hydroxyvitamin D3 Analogs of Calcitriol.

1. Synthesis. Bioorganic. Med. Chem. Lett. 3: 1829-1834.

Posner, G.H., Guyton, K., Kensler, T., Barsony, J., Lieberman, M., Reddy, G.S., Clark, J.,

Wankadiya, K. and Tserng, K. (1993a) 1-(Hydroxyalkyl)-25-Hydroxyvitanin D 3 Analogs

of Calcitriol. 2. Preliminary Biological Evaluation. Bioorganic. Med. Chem. Lett. 3: 1835-

1840.

Posner, G.H., Dai, H., Afarinkia, K., Murthy, N.N., Guyton, K.Z. and Kensler, T.W. (1993b)

Asymmetric total synthesis, x-ray crystallography, and preliminary biological evaluation of

1-(l'-Hydroxyethyl)-25-hydroxyvitamin D3 analogs of natural calcitriol. J. Org. Chem. 58:

7209-7215.

Posner, G.H., Nelson, T.D., Guyton, K.Z. and Kensler, T.W. (1992) New vitamin D3 derivatives

with unexpected antiproliferative activity: 1-(Hydroxymethyl)-25-hydroxyvitamin D 3

homologs. J. Med. Chem. 35: 3280-3287.

Raisz, L. and Kream, B. (1983a) Regulation of bone formation (first of two parts). N. Eng. J.

Med. 309: 29-35.

Raisz, L. and Kreani, B. (1983b) Regulation of bone formation (second of two parts). N. Eng. J.

Med. 309: 83-89.

Ramesh, K., Mahindrakar, M. and Bhat, E. (1993) A new role for vitamin D: cholecalciferol

promotes dermal wound strength and re-epithelization. Indian. J. Exp. Biol. 31: 778-779.

Rasmussen, H., Matsumoto, T., Fontaine, 0. and Goodman, D. (1982) Role of changes in

membrane lipid structure in the action of 1,25-dihydroxyvitamin D3 . Fed. Proc. 41: 72-77.

Reichel, H., Koeffler, H. and Norman, A. (1989) the role of the vitamin D endocrine system in

health and disease. N. Engl. J. Med. 320: 980-991.

Riggs, B. and Melvin, L. (1986) Involutional osteoporosis. N. Engl. J. Med. 314: 1676-1684.

Roodman, G., Ibbotson, B., MacDonald B., Kuehl, T. and Mundy G. (1985) 1,25-

dihydroxyvitamin D3 causes formation of multinucleated cells with several osteoclast

characteristics in cultures of primate marrow (acid phosphatase). Proc. Natl. Acad. Sci.

USA. 82: 8213-8217.

Rubin, C. (1991) Age related osteoporosis. Am. J. Med. Sci. 301: 281-298.

46



Sato, T., Hong, M.H., Jin, C.H., Ishimi, Y., Udagawa, N., Shinki, T., Abe, E. and Suda, T.

(1991) The specific production of the third component of complement by osteoblastic cells

treated with 1 a,25-dihydroxyvitanin D3 . FEBS. Lett. 285: 21-24.

Schmitz, J., Dean, D.D., Schwartz, Z., Cochran, D., Grant, G., Klebe, R., Nakaya, H. and Boyan,

B.D. (1996) Chondrocyte cultures express matrix metalloproteinase mRNA and

immunoreactive protein; stromelysin-1 and 72kDa gelatinase are localized in extracellular

matrix vesicles. J. Cell. Biochem. 61: 375-391.

Schwartz, Z., Gates, P., Nasatzky, E., Sylvia, V., Mendez, J., Dean, D.D. and Boyan, B.D.

(1996) Effect of 1703-estradiol on chondrocyte membrane fluidity and phospholipid

metabolism is membrane-specific, sex-specific, and cell maturation-dependent. Biochem.

Biophys. Acta. in press.

Schwartz, Z., Dean, D.D., Walton, J., Brooks, B. and Boyan, B.D. (1995) Treatment of resting

zone chondrocytes with 24,25-(OH)2 D3 induces differentiation into a 1,25-(OH)2D 3 -

responsive phenotype characteristic of growth zone chondrocytes. Endocrinology. 136:

402-411.

Schwartz, Z., Caulfield, K., Bonewald, L.F., Brooks, B. and Boyan, B.D. (1993) Direct effects of

TGF-beta on chondrocytes are modulated by vitamin D metabolites in a cell maturation

specific manner. Endocrinology 132: 1544-1550.

Schwartz, Z., Brooks, B., Swain, L., Del Toro, F., Norman, A. and Boyan, B.D. (1992a)

Production of 1,25-dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D 3 by growth zone

and resting zone chondrocytes is dependent on cell maturation and is regulated by hormones

and growth factors. Endocrinology 130: 2495-2504.

Schwartz, Z., Swain, L., Kelly, D., Brooks, B. and Boyan, B.D. (1992b) Regulation of

prostaglandin E2 production by vitamin D metabolites in growth zone and resting zone

chondrocyte cultures is dependent on cell maturation. Bone. 13: 395-401.

Schwartz, Z., Langston, G.G., Swain, L.D. and Boyan, B.D. (1991) Inhibition of 1,25-(OH) 2D3 -

dependent stimulation of alkaline phosphatase activity by A23187 suggests a role for

calcium in the mechanism of vitamin D regulation of chondrocyte cultures. J. Bone. Min.

Res. 6: 709-718.

Schwartz, Z., Swain, L.D, Ramirez, V. and Boyan, B.D. (1990) Regulation of arachidonic acid

turnover by 1,25-(OH) 2D 3 and 24,25-(OH) 2D 3 in growth zone and resting zone

chondrocyte cultures. Biochem. Biophys. Acta. 1027: 278-286.

Schwartz, Z., Schlader, D.L., Ramirez, V., Kennedy, M.B. and Boyan, B.D. (1989) Effects of

vitamin D metabolites on collagen production and cell proliferation of growth zone and

resting zone cartilage cells in vitro. J. Bone. Min. Res. 4: 199-207.

47



Schwartz, Z. and Boyan, B.D. (1988a) The effects of vitamin D metabolites on phospholipase A2

activity on growth zone and resting zone cartilage cells in vitro. Endocrinology 122: 2191-

2198.

Schwartz, Z., Knight, G., Swain, L. and Boyan, B. D. (1988b) Localization of vitamin D 3 -

responsive alkaline phosphatase in cultured chondrocytes. J. Biol. Chem. 263: 6023-6026.

Schwartz, Z., Schlader, D.L., Swain, L.D. and Boyan, B.D. (1988c) Direct effects of 1,25-

dihydroxyvitamin D3 and 24,25-dihydroxyvitamin D3 on growth zone and resting zone

chondrocyte membrane alkaline phosphatase and phospholipase A2 specific activities.

Endocrinology. 123: 2878-2884.

Sheetz, M.P. (1993) Glycoprotein motility and dynamic domains in fluidplasma membranes. Ann.

Rev. Biophys. Biomol. Struct. 22: 417-431.

Swain, L.D., Schwartz, Z., Caulfield, K., Brooks, B.P. and Boyan, B.D. (1993) Nongenomic

regulation of chondrocyte membrane fluidity by 1,25-(OH)2D3 and 24,25-(OH)2D 3 is

dependent on cell maturation. Bone. 14: 609-617.

Swain, L.D., Schwartz, Z. and Boyan, B.D. (1992) 1,25-(OH)2 D 3 and 24,25-(OH) 2 D3

regulation of arachidonic acid turnover in chondrocyte cultures is cell maturation-specific

and may involve direct effects on phospholipase A2 . Biochem. Biophys. Acta. 1136: 45-5 1.

Sylvia, V., Schwartz, Z., Ellis, B., Helm, S., Gomez, R., Dean, D.D. and Boyan, B.D. (1996)

Nongenomic regulation of protein kinase C isoforms by vitamin D metabolites lc, 24,25-

(OH)2 D3 and 24R,25-(OH) 2 D3. J. Cell. Physiol. 167: 380-393.

Sylvia, V., Schwartz, Z., Schuman, L., Morgan, R.T., Mackey, S., Gomez, R. and Boyan, B.D.

(1993) Maturation-dependent regulation of protein kinase C activity by vitamin D 3

metabolites in chondrocyte cultures. J. Cell. Phys. 157: 271-278.

Tanaka, H., Abe, E., Miyaura, C., Kuribayashi, T., Konno, K., Nishii, Y. and Suda, T. (1982)

la,25-dihydroxycholecalciferol and a human myeloid leukaemia cell line (IL-60). Biochem.

J. 204: 713-719.

Tang, W., Ziboh, V.A., Isseroff, R.R. and Martinez, D. (1987) Novel regulatory actions of 1-

alpha 1,25-dihydroxyvitamin D3 on the metabolism of polyphosphoinositides in murine

epidermal keratinocytes. J. Cell. Physiol. 132: 131-136.

Tsai, K., Heath, H., Kumar, R. and Riggs, B. (1984) Impaired vitamin D metabolism with aging in

women. J. Clin. Invest. 73: 1668-1672.

Wali, R.K, Baum, C.L., Sitrin, M.D. and Brasitus, T.A. (1990) 1,25-(OH) 2D3 vitamin D3

stimulates membrane phosphoinositide turnover, activates protein kinase C, and increases

cytosolic calcium in rat colonic epithelium. J. Clin. Inves. 85: 1296-1303.

48



Weinstein, R.S., Underwood, J.L., Hutson, M.S. and DeLuca, H.F. (1984) Bone

histomorphometry in vitamin D-deficient rat infused with calcium and phosphorus. Am. J.

Physiol. 246: E499-505.

Wong, G.L., Luben, R.A. and Cohn, D.V. (1977) 1,25-Dihydroxycholecalciferol and

parathormone: effects on isolated osteoclast-like and osteoblast-like cells. Science. 197:

663-665.

Yamaura, M., Nakamura, T., Nagai, Y., Yoshihara, A. and Suzuki, K. (1993) Reduced

mechanical competence of bone by ovariectomy and its preservation with 24R,25-

dihydroxyvitamin D3 administration in beagles. Calcif. Tissue. Int. 52: 49-56.

Yasuda, I., Kishimoto, A., Tanaka, s., Tominaga, M., Sakurai, A. and Nishizuka, Y. (1990) A

synthetic peptide substrate for selective assay of protein kinase C. Biochem. Biophys. Res.

Commun. 166: 1220-1227.

Zhou, L.X., Nemere, I. and Norman, A.W. (1992) 1,25-Dihydoxyvitamin D 3 analog structure-

function assessment of the rapid stimulation of intestinal calcium absorption (transcaltachia).

J. Bone. Min. Res. 7: 457-463.

49



VITA

Daniel MenzGreisiog
-~~~ * *. Dr. (ireising attende Dejauw University, Greencastle, Indiamii

PMduated in 1916 with a Bachelor of Arts degree in biological ceces. Dr. reisng received Wis
Doctor of Dea Sure degree from Tie University of Minois College of Dentistry at ChIcago
m 1990. During detal s ,chool Dr. Greising received the oh b* Spence Award for Superor
Peftman in aa Denistry Tefique, the University of llinois College of Demtsy
TaW Clnic Copetition 1st Place - Biologica Scienm Division, the ADADentspl Student
Cinician Progrm Award, the 125th Illinois Stme Dena Sociey Meeting Cappe Memorial
Fadation Table Clc Competion lit place and the Academy of General Dentistry Smr
Student Award. He was alo elected to memba p in the Omicron Kappa Upsilon Ntionl
Hoor Socit. Upon graduation fm dental school, Dr. Grhf was commsoned as an
o icr im the United States Air Force, ad atended an advced eduation in geeral dentistry

mag ran at Shapr Ak Form Base, T s. He received boomble mention in th ina t
division at the Dallas id-Wmter Detl Clinic Table Clinc Competitiom While stationed at
Dowe Air Forc Base, Delware Dr. Grdeisg woored as Company Grad Officer of t
Year for the 4Mth Me." Gropw and the 436th Arift Wing w well a Air Mobft Comand
Junior Dental O09m of the Year. Dr*. Grelsing started graduate training in periodontics at
WIford Ha Medical' Ceter, Tdckdand Air Force Bas, Te as nd The Uive of Teas
Heaids Science Cene at San Antonio in June 1994. Dr. (keising was maried on F4§MM
1986 to Rebecca L R.wa. Dr. and Mrs. Greing have one daught, Rade ,. IL rdeiq

so


