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Effects of 24R,25- and 1a,25-Dihydroxyvitamin
D3 on Mineralizing Growth Plate Chondrocytes
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Abstract Time- and dosage-dependent effects of 1,25(OH)2D3 and 24,25(OH)2D3 on primary cultures of pre- and
post-confluent avian growth plate (GP) chondrocytes were examined. Cultures were grown in either a serum-containing
culturemediumdesigned to closelymimic normalGP extracellular fluid (DATP5) or a commercially available serum-free
media (HL-1) frequently used for studying skeletal cells. Hoechst DNA, Lowry protein, proteoglycan (PG), lactate
dehydrogenase (LDH), and alkaline phosphatase (ALP) activity and calcium and phosphate mineral deposition in the
extracellular matrix were measured. In preconfluent cultures grown in DATP5, physiological levels of 24,25(OH)2D3

(0.10–10 nM) increased DNA, protein, and LDH activity significantly more than did 1,25(OH)2D3 (0.01–1.0 nM).
However, inHL-1, the reversewas true.Determining ratios of LDHand PG toDNA, protein, and each other, revealed that
1,25(OH)2D3 specifically increased PG, whereas 24,25(OH)2D3 increased LDH. Post-confluent cells were generally less
responsive, especially to 24,25(OH)2D3. The positive anabolic effects of 24,25(OH)2D3 required serum-containing GP-
fluid-like culture medium. In contrast, effects of 1,25(OH)2D3 were most apparent in serum-free medium, but were still
significant in serum-containing media. Administered to preconfluent cells in DATP5, 1,25(OH)2D3 caused rapid,
powerful, dosage-dependent inhibition of Ca2þ and Pi deposition. The lowest level tested (0.01 nM) caused >70%
inhibition during the initial stages of mineral deposition; higher levels of 1,25(OH)2D3 caused progressively more
profound and persistent reductions. In contrast, 24,25(OH)2D3 increased mineral deposition 20–50%; it required >1
week, but the effects were specific, persistent, and largely dosage-independent. From a physiological perspective, these
effects can be explained as follows: 1,25(OH)2D3 levels rise in hypocalcemia; it stimulates gut absorption and releases
Ca2þ from bone to correct this deficiency. We now show that 1,25(OH)2D3 also conserves Ca2þ by inhibiting
mineralization. The slow anabolic effects of 24,25(OH)2D3are consistent with its production under eucalcemic
conditions which enable bone formation. These findings, which implicate serum-binding proteins and accumulation of
PG in modulating accessibility of the metabolites to GP chondrocytes, also help explain some discrepancies previously
reported in the literature. J. Cell. Biochem. 98: 309–334, 2006. � 2006 Wiley-Liss, Inc.
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Vitamin D metabolites are known to be
critical for normal calciummetabolism.Vitamin
D3 deficiency leads to a failure in the absorption

of Ca2þ [Wasserman, 1964; Harris et al., 1965],
which in growing animals leads to rickets, a
failure of growth plate (GP) calcification. Under
conditions of low blood Ca2þ, metabolism of
25(OH)D3 to 1,25(OH)2D3 by kidney stimulates
absorption of Ca2þ by the gut [Holick and
DeLuca, 1974] and during prolonged Ca2þ

deficiency causes release of Ca2þ from bone
[Chambers, 1988]. Under conditions of eucalce-
mia, synthesis of 24,25(OH)2D3 is increased and
synthesis of 1,25(OH)2D3 is reduced [Henry
et al., 1976]. Thus, elevated levels of circulating
24,25(OH)2D3 are a signal of Ca2þ suffici-
ency (eucalcemia), whereas increased 1,25
(OH)2D3 indicates Ca2þ deficiency (hypocalce-
mia) [DeLuca and Schnoes, 1976]. 1,25(OH)2D3
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is considered to be ‘‘active,’’ whereas 24,25
(OH)2D3 is commonly thought to be ‘‘inactive,’’
but few studies have tested their direct effects
on mineralization under defined conditions
where Ca2þ and Pi, and the metabolite levels
were controlled.

Both dihydroxyvitaminD3metabolites can be
produced extra-renally. Schwartz et al. [1992]
showed that rat costal chondrocytes and early
growth-zone cells metabolize [3H]-25(OH)D3 to
1,25(OH)2D3 and 24,25(OH)2D3. They found
that 1,25(OH)2D3 stimulates 24R-hydroxylase
activity. Similarly, Seo et al. [1996] have shown
that both dihydroxylated D3 metabolites accu-
mulate in GP cartilage when rats are injected
with [3H]-25(OH)D3. These findings indicate
that vitamin D metabolites may be important
local regulators that contribute to the physiolo-
gical development of the GP.

The purpose of this study was to determine
the direct effects of the two principal dihydrox-
yvitamin D metabolites on the differentiation
and mineralization of GP chondrocytes. That
regulation of GP chondrocytes by these vitamin
D3 metabolites is not straight-forward is evi-
dent from inconsistencies reported on the
activity of each. For example, 1,25(OH)2D3 has
been shown in some studies to increase ALP
activity [Manolagas et al., 1981; Majeska and
Rodan, 1982; Schwartz et al., 1988a; Gersten-
feld et al., 1990; Farquharson et al., 1993] and in
others to decrease it [Hale et al., 1986; Inao and
Conrad, 1992]. Collagen synthesis also has been
shown to be variably affected [Hinek and Poole,
1988; Gerstenfeld et al., 1990]. Although often
regarded as inactive [DeLuca, 1988; Reichel
et al., 1989; Holick, 1996], it has become
apparent from several reports [Sebert et al.,
1982; Nakamura et al., 1987, 1992; Schwartz
et al., 1989] that 24,25-(OH)2D3 has distinct
effects on cartilage, in particular on resting zone
cells [Schwartz et al., 1995]. Factors in these
apparent discrepancies appeared to be differ-
ences in culture media, source of the chondro-
cytes, timing of exposure, as well as levels of the
metabolites studied. To clarify their physiologi-
cal effects, we studied each of these variables
using two different culture systems.

Based on the authors’ previous analyses of
electrolytes [Wuthier, 1969, 1971, 1977], amino
acids [Ishikawa et al., 1985] and other consti-
tuents, a culture media was constructed that
closely matches GP extracellular fluid. This
culture medium, DATP5, fully supports prolif-

eration, differentiation, and mineralization of
primary cultures of GP chondrocytes isolated
from rapidly growing broiler-strain chickens
[Ishikawa et al., 1986; Wu et al., 1989, 1995;
Ishikawa andWuthier, 1992]. Of special impor-
tance are supplemental ascorbate [Wu et al.,
1989], specific amino acids [Ishikawa et al.,
1986], and inorganic phosphate [Ishikawa and
Wuthier, 1992], although other factors present
in serum are also known to be important. This
serum-containing medium consistently sup-
ports calcification in the absence of organic
phosphate supplements. As a control, we also
used a standard commercially available serum-
free culture medium (HL-1), which contains b-
glycerophosphate and is also supplemented
with ascorbate [Wu et al., 1989].

In the present studies, we investigated the
effects of two major vitamin D3 metabolites:
1,25(OH)2D3 and 24,25(OH)2D3 on chicken GP
chondrocytes using these serum-containing and
serum-free culture media. Since previous stu-
dies had indicated that the response of GP
chondrocytes is stage-dependent [Schwartz
et al., 1995], the metabolites were administered
first to either pre- or post-confluent cells for
various time periods. The metabolites were
administered first to either pre- or post-conflu-
ent cells for various time periods, and studied at
various levels ranging from deficient to physio-
logical to supra-physiological. We report here
the effects of 1,25(OH)2D3 and 24,25 (OH)2D3 on
basic tissue parameters includingDNA, general
protein, proteoglycans (PG), lactate dehydro-
genase (LDH), and alkaline phosphatase (ALP)
activity, and mineralization.

MATERIALS AND METHODS

Materials

Vitamin D3 metabolites, 1,25(OH)2D3 and
24,25(OH)2D3 were from Hoffman-La Roche,
Inc.

Cell Culture

Epiphyseal growth plates were dissected
from the tibiae of a large number of 6–8-week-
old hybrid broiler-strain chickens; these were
pooled and the chondrocytes isolated as pre-
viously described [Wu et al., 1995]. For these
studies, the isolated cells were distributed into
320 identical primary cultures grown in 35-mm
dishes in DMEM (2 ml per dish) with 10% fetal
bovine serum for the first 3–4 days. Culture
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media were changed and a supplement of fresh
ascorbic acid (25–50 mg/ml) added every 3–4
days for the duration of the experiments.
From day 7 onward for 160 of the cultures,
themediumwas changed toDATP5mineraliza-
tion medium [Wu et al., 1995]. To the other
160 dishes on day 7, themediumwas changed to
DMEM:HL-1 (1:1) and from day 10 onward, to
HL-1 serum-free medium (Biowhittaker, Walk-
ersville, MD). HL-1 chemically defined proprie-
tary media contains transferrin, testosterone,
sodium selenite, ethanolamine, saturated and
unsaturated fatty acids, and stabilizing pro-
teins (less than 30 mg/ml) and is supplemented
with 10 mM b-glycerophosphate. DATP5 med-
ium was prepared from DMEM basal medium
byaddition of eight amino acids [Ishikawa et al.,
1985], insulin (5 mg/ml)-transferrin (5 mg/ml)-
selenite (5 ng/ml), and 5% defined FBS; it had a
total Pi level of 1.9 mM (0.9 mM from DMEMþ
1 mM added Na2HPO4) and Ca2þ of 1.8 mM
[IshikawaandWuthier,1992].All culturemedia
contained 100 IU/ml of penicillin, 100 mg/ml
streptomycin, and 0.25 mg/ml amphotericin B.

Treatment Protocols

Administration of the vitamin D3metabolites
was initiated either before the cells attained
confluence (Day 7, pre-confluent tests), or
after they had become confluent (Day 14, post-
confluent tests), and continued as indicated.
Stock solutions (2 mM) of the vitamin D3

metabolites were prepared and further diluted
in ethanol so that 2 ml of the test solution was
added to 2 ml of culture medium.

Biochemical Assays

To analyze biochemical activities, cells were
harvested from the 35-mm dishes as previously
described [Wu et al., 1995] in 1 ml TMT buffer
(50 mM Tris, pH 7.5, 0.5 mM MgCl2, 0.05%
Triton X-100), the samples being sonicated in a
water-bath. Aliquots were taken from each
sample for analysis of the following seven
parameters: ALP and LDH activities, Hoechst
DNA, Lowry protein, PG and Ca2þ, and Pi
mineral content as previously described [Ishi-
kawa et al., 1998]. In brief, ALP activity was
assayed at 378C in 750 mM AMP buffer, pH
10.3, containing 1 mM p-NPP and 0.25 mM
MgCl2 by monitoring the formation of p-nitro-
phenol for 510 min. ALP units were expressed
as nanomoles of p-NPP hydrolyzed per minute,
based on the extinction coefficient of p-nitro-

phenol of 18,450/M� cm [Tietz et al., 1983].
Cellular and matrix protein content was ana-
lyzed using the method of Lowry et al. [1951].
Bovine serum albumin was used as a standard.
PG content of the cell matrix was analyzed
using the dimethylmethylene blue reagent
[Chandrasekhar et al., 1987] measuring the
absorbency difference at 520 and 589 nm. The
assay is based on the ability of the sulfated
glycosaminoglycans to bind to the cationic dye,
dimethylmethylene blue, in solution. DNA con-
tent of TMT sonicates was assayed fluorome-
trically in Millipore F plates after cell lysis by
freezing in distilled water then mixing with
Hoechst 33258 [Rago et al., 1990]. Hoechst
33258 is a bisbenzimide DNA intercalator that
excites in the nearUV (350 nm) and emits in the
blue region (450 nm). Hoechst 33258 binds to
theAT-rich regions of double strandedDNAand
exhibits enhancedfluorescenceunder high ionic
strength conditions. This method allows for
determining DNA and is not affected by con-
taminating protein or RNA. For determination
of LDH activity and mineral (calcium and
phosphate) content, the TMT sonicates were
centrifuged for 1 h to separate insoluble pro-
teins and minerals. LDH activity in the TMT
supernatant was assayed at 378C in 0.2 M Tris
buffer, pH 7.5, containing 0.2% Triton X-100,
0.15mMNADH,and1mMsodiumpyruvate. To
extract mineral ions, 0.1 N HCl was first added
to the culture dish, and then a precalculated
aliquot was transferred to the sediment in the
centrifuge tube equivalent to 1 ml/dish. After
vortexing and standing at room temperature for
1 h, the tubes were centrifuged and the clear
supernatants were separated for Pi and Ca2þ

analyses. Pi concentration was determined
spectrophotometrically at 820 nm using amodi-
fication of the ammonium molybdate method of
Ames [1966]. Calcium was measured colorime-
trically using a modification of the O-cre-
solpthalein complexone microdetermination
method of Baginski et al. [1973]. Calcium reacts
with O-cresolphthalein complexone in the
presence of 8-hydroxyquinoline to form a purple
chromophore. The intensity of the final color
reaction is proportional to the amount of
calcium in the sample.

Thus within each sample, the seven para-
meters were analyzed and subsequently com-
pared. Overall statistical analysis of differences
between the various treatment parameters was
performed using ANOVA with post-hoc Tukey
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HSD multiple comparisons. For specific
comparisons, differences were analyzed using
Student’s t-test. Results are presented as
the mean� standard error of the mean.

RESULTS

DNA and Protein Content

TotalDNA,measuredby theHoechstmethod,
provides a measure of the extent of cell replica-
tion. Total protein, measured using the Lowry
method, gives a broad measure of cell growth
and general matrix synthesis, a picture of the

general viability of the cultures.Effects on these
parameters formed the basis for assessing the
selectivity of the effects of the two vitamin D
metabolites on more cartilage-specific entities.

Pre-confluent cultures. Visually the cells
appeared to reach confluence by Day 14 in both
serum-containing DATP5 and serum-free HL-1
media. This is a consistent feature of these
cultures [Wu et al., 1989, 1995]. In both
cultures, DNA and protein levels continued to
increase throughout the culture period (Figs. 1
and 2) beyond the confluency stage. In control,
serum-free HL-1 medium, DNA, and protein

Fig. 1. Time- and dosage-dependent effects of 1,25(OH)2D3

and 24,25(OH)2D3 on DNA Levels of GP chondrocyte cultures
compared in serum-containing DATP5 and serum-free HL-1
media. Times shown are for the end of the treatment period.
Cultures were first treated with the metabolites on Day 7, which
are considered to be on preconfluent cells. Values shown are
mean of four samples each, expressed as the percentage of the
Day 17 control. SEMare not shown on the graphs but included in
the statistical analyses. Differences between indicated paired

values are statistically significant as indicated. Equivalent levels
of 1,25(OH)2D3 versus 24,25(OH)2D3 were compared: 0.01–
0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively. *P� 0.05,
**P� 0.01, ***P� 0.001. a¼ (þ) serum versus (�), b¼Control
versus metabolite-treated, c¼1,25(OH)2D3 versus 24,25(OH)2-
D3. Left Graphs—Effect of 1,25(OH)2D3, RightGraphs—Effect of
24,25(OH)2D3. A: DATP5 medium, (B) HL-1 medium. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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levels rose less and leveled off at 65–75% of
those seen in the more physiological serum-
containing DATP5 medium.
In this physiological medium, 1,25(OH)2D3

and 24,25(OH)2D3 caused markedly different
responses (Figs. 1 and 2). While 1,25(OH)2D3

caused early small, dosage-dependent increases
in DNA and protein, longer exposure caused
dosage-dependent decreases in both. In con-
trast, 24,25(OH)2D3 caused slower but persis-
tent increases in DNA and Lowry protein levels
that were significantly greater than those
produced by 1,25(OH)2D3.

In the b-glycerophosphate-containing serum-
free HL-1 medium, 1,25(OH)2D3 caused a
greater response than 24,25(OH)2D3. 1,25
(OH)2D3 caused dosage-dependent increases in
DNA and protein levels throughout the culture
period (Figs. 1 and 2). However, supra-physio-
logical levels of 1,25-(OH)2D3 (10 nM) led to
marked reduction in DNA and protein levels.
24,25(OH)2D3 caused lesser increases in DNA
andprotein levels, and thehighdosage (100nM)
caused smaller reductions in DNA and protein.

These data reveal that preconfluent GP chon-
drocytes are more responsive to 24,25(OH)2D3

Fig. 2. Time- and dosage-dependent effects of 1,25(OH)2D3

and 24,25(OH)2D3 on Lowry protein levels of GP chondrocyte
cultures compared in serum-containing DATP5 and serum-free
HL-1media. Times shownare for the end of the treatment period.
Cultures were first treated with the metabolites on Day 7, which
are considered to be on preconfluent cells. Values shown are
mean of four samples each, expressed as the percentage of the
Day 17 control. SEM are not shownon the graphs but included in
the statistical analyses. Differences between indicated paired

values are statistically significant as indicated. Equivalent levels
of 1,25(OH)2D3 versus 24,25(OH)2D3 were compared: 0.01–
0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively. *P�
0.05, **P�0.01, ***P� 0.001. a¼ (þ) serum versus (�),
b¼Control versus metabolite-treated, c¼ 1,25(OH)2D3 versus
24,25(OH)2D3. Left Graphs—Effect of 1,25(OH)2D3, Right
Graphs—Effect of 24,25(OH)2D3. A: DATP5 medium, (B) HL-1
medium. [Color figure canbe viewed in the online issue,which is
available at www.interscience.wiley.com.]
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than to 1,25(OH)2D3 in in-vivo-matched DATP5
medium. It is also evident that serum proteins
bind to and buffer the effects of both, affecting
cell division and cell viability. In the absence of
serum proteins, 1,25(OH)2D3 had a greater
effect, but at supra-physiological levels both
metabolites lost their stimulatory effect and
became inhibitory.

Post-confluent cultures. In both DATP5
and HL-1 cultures, post-confluent treatment
with 24,25(OH)2D3 had minimal effect on total
DNA and Lowry protein levels. In contrast,
1,25(OH)2D3 caused effects similar to those seen
during pre-confluent treatment (Figs. 1 and 2).
The major exception was that in serum-free
cultures, the highest level of 1,25(OH)2D3 (10
nM)wasno longer inhibitory, but stimulatory to
Lowry protein levels.

Proteoglycans

PGs are a specific component of all types of
cartilage; in combination with type-2 collagen
they are responsible for the viscoelastic proper-
ties of these tissues. They also provide an
important diffusion barrier that buffers these
cells from external influences.

Pre-confluent cultures. In control cul-
tures grown in serum-containing DATP5 med-
ium, PG levels progressively increased with
time; in serum-free HL-1 medium, PG levels
increased significantly less (Fig. 3).

In serum-containing DATP5 medium, early
exposure (Day 7–17) to 1,25(OH)2D3 led to a
marked dosage-dependent increase in PG
(> fourfold over the control at 10 nM); at that
time 24,25(OH)2D3 causedminimal stimulation
(Fig. 3A). However, longer exposure to
24,25(OH)2D3 led to significant increases in
PG, equal to or greater than those caused by
1,25(OH)2D3.

In serum-freeHL-1medium, the effects of the
vitamin D metabolites on PG levels were
significantly greater (Fig. 3B). Maximal stimu-
lation of 1,25(OH)2D3 was seen at �1.0 nM and
ranged from � fourfold on Day 17 to nearly
sevenfold by Day 24. Supra-physiological levels
of 1,25(OH)2D3 (10 nM), however, led tomarked
reduction in PG. 24,25(OH)2D3 also stimulated
PG formation in serum-freemedia. Its maximal
effects, seen at 10 nM, were only about half
of those with 1,25(OH)2D3, but still highly
significant. Supra-physiological levels of 24,25
(OH)2D3 (100 nM) were also inhibitory to PG
formation in serum-freemedia. Thus, PG synth-

esis by GP chondrocytes is highly sensitive
to the level of both 1,25(OH)2D3 and 24,25
(OH)2D3, especially in the absence of serum
which contains proteins that buffer their
availability.

Post-confluent cultures. The most strik-
ing difference between the effect of post-con-
fluent and pre-confluent treatment with 1,25
(OH)2D3 was the finding that high levels were
no longer inhibitory, but actually increased PG
levels. This occurred in both serum-containing
and serum-free cultures. In contrast, post-
confluent exposure to24,25(OH)2D3 caused only
small effects on PG. As will be discussed later,
the lack of inhibition by high levels of 1,25
(OH)2D3 in the post-confluent state appears to
result from the fact that the cells had already
produced significant amounts of PG by Day
14 when the cells were first exposed to the
metabolite.

Lactate Dehydrogenase Activity

LDH is an important enzyme involved in
hypoxicmetabolism of glucose. Upper GP tissue
is largely avascular and generally hypoxic
[Davis et al., 1989]. Under hypoxic conditions,
LDH catalyzes the NADH-dependent reduction
of pyruvate to lactate [Boiteux and Hess, 1981],
regenerating NADþ needed for the continued
metabolism of glucose via the glycolytic
pathway.

Pre-confluent cultures. In control cul-
tures in serum-containing DATP5 medium,
LDH activity greatly increased, more than
doubling from Day 17 to Day 24 (Fig. 4A). In
contrast, over this same period, LDH activity
increased much less in serum-free HL-1 med-
ium. In serum-containing DATP5, exposure to
physiological levels of both 1,25(OH)2D3 and
24,25(OH)2D3 led to progressive increases in
LDH activity. Although occurring more slowly,
the increase in LDH activity seen in
24,25(OH)2D3-treated cells was significantly
greater than that seen with 1,25(OH)2D3. In
contrast, in serum-free media, the response to
1,25(OH)2D3 was generally greater than that
seen with 24,25(OH)2D3 (Fig. 4B). In addition,
in serum-free HL-1 medium, cells treated with
levels above the physiological range of either
metabolite had significantly lower LDHactivity
compared to those treated with optimal levels.

Post-confluent cultures. Treatment of
post-confluent GP chondrocytes with graded
levelsof1,25(OH)2D3causedsignificant increases
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in LDH activity in both serum-containing and
serum-free media. But with 24,25(OH)2D3, this
delay in exposure abrogated the positive res-
ponses seen with preconfluent cells. Also, the
inhibitory effects of high levels of 1,25(OH)2D3 in
serum-free pre-confluent cultures were not
observed in post-confluent cultures.

Mineral Deposition

In this portion of the study, the direct effects
of 1,25(OH)2D3 and 24,25(OH)2D3 on mineral
deposition by primary GP chondrocyte cultures

are documented. In addition, their effects on
ALP, an enzyme that has long been associated
with bone formation, will also be presented.

Mineralization is a key feature of GP carti-
lage, the site of longitudinal bone growth. The
resulting calcified cartilage can be considered
temporary scaffolding that providesmechanical
strength to the growing bone until it is replaced
by cancellous bone formed by osteoblasts.

Pre-confluent cultures. In control cul-
tures grown in serum-containing DATP5 med-
ium, Ca2þ and Pi levels progressively increased

Fig. 3. Time- and dosage-dependent effects of 1,25(OH)2D3

and 24,25(OH)2D3 on PG levels of GP chondrocyte cultures
compared in serum-containing DATP5 and serum-free HL-1
media. Times shown are for the end of the treatment period.
Cultures were first treated with the metabolites on Day 7, which
are considered to be on preconfluent cells. Values shown are
mean of four samples each, expressed as the percentage of the
Day 17 control. SEM are not shownon the graphs but included in
the statistical analyses. Differences between indicated paired

values are statistically significant as indicated. Equivalent levels
of 1,25(OH)2D3 versus 24,25(OH)2D3 were compared: 0.01–
0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively. *P�
0.05, **P�0.01, ***P� 0.001. a¼ (þ) serum versus (�),
b¼Control versus metabolite-treated, c¼ 1,25(OH)2D3 versus
24,25(OH)2D3. Left Graphs—Effect of 1,25(OH)2D3, Right
Graphs—Effect of 24,25(OH)2D3. A: DATP5 medium, (B) HL-1
medium. [Color figure canbe viewed in the online issue,which is
available at www.interscience.wiley.com.]
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with time (Fig. 5). Physiological levels of
1,25(OH)2D3 (0.01–1.0 nM) caused highly sig-
nificant, dose-dependent inhibition of bothCa2þ

and Pi deposition. In contrast, physiological
levels (0.10–10 nM) of 24,25(OH)2D3 caused
significant (30–50%) increases in Ca2þ and Pi
deposition. The dramatic differences between
the effects of preconfluent exposure to 1,25-
(OH)2D3 and 24,25(OH)2D3 on mineralization
can be seen in three-dimensional bar graphs of
Ca2þ and Pi deposition (compare Fig. 5A,B).

On Day 7–17, even the lowest physiological
dosage of 1,25(OH)2D3 tested (0.01 nM) caused

70–75% inhibition ofmineral deposition. Later,
(Days 7–21 and 7–24) inhibition by this low
level of 1,25(OH)2D3 was reduced, but higher
levels (0.1–1.0 nM) continued to be strongly
inhibitory. The highest (supra-physiological)
level tested (10 nM) caused >90% inhibition of
both Ca2þ and Pi deposition throughout the
culture period.

The stimulatory effects of 24,25(OH)2D3were
not apparent until after it had been exposed
to the cells for 14 days or longer (Days 7–21 and
7–24). Note that these stimulatory effects were
largely dosage-independent—the lowest level of

Fig. 4. Time- and dosage-dependent effects of 1,25(OH)2D3

and 24,25(OH)2D3 on LDH activity of GP chondrocyte cultures
compared in serum-containing DATP5 and serum-free HL-1
media. Times shown are for the end of the treatment period.
Cultures were first treated with the metabolites on Day 7, which
are considered to be on preconfluent cells. Values shown are
mean of four samples each, expressed as the percentage of the
Day 17 control. SEMare not shown on the graphs but included in
the statistical analyses. Differences between indicated paired

values are statistically significant as indicated. Equivalent levels
of 1,25(OH)2D3 versus 24,25(OH)2D3 were compared: 0.01–
0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively. *P�
0.05, **P� 0.01, ***P� 0.001. a¼ (þ) serum versus (�),
b¼Control versus metabolite-treated, c¼1,25(OH)2D3 versus
24,25(OH)2D3. Left Graphs—Effect of 1,25(OH)2D3, Right
Graphs—Effect of 24,25(OH)2D3. A: DATP5 medium, (B) HL-1
medium. [Color figure canbe viewed in theonline issue,which is
available at www.interscience.wiley.com.]
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24,25(OH)2D3 tested (0.10 nM) was equal or
more stimulatory than the higher dosages. The
supra-physiological dosage of 24,25(OH)2D3

(100 nM), however, caused some inhibition of
both Ca2þ and Pi deposition.
Post-confluent cultures. Exposure of post-

confluent cells to 1,25-(OH)2D3 caused a less
inhibitory response; in fact the lowest dosage
tested (0.01 nM) appeared to have a slight
stimulatory effect (Fig. 5). Higher dosages

caused progressively inhibition, but only about
one-third of that seen with preconfluent cells.
Exposure of post-confluent cells to low levels
of 24,25(OH)2D3 (0.10 nM) modestly stimulat-
ed Ca2þ and Pi deposition (�20–30%). Thus in
post-confluent cells, the effects of 1,25(OH)2D3

and 24,25(OH)2D3 on Ca2þ and Pi de-
position were qualitatively similar to those
seen in preconfluent cells, but were generally
smaller.

Fig. 5. Time- and dosage-dependent effects of 1,25(OH)2D3

and 24,25(OH)2D3 on calcium and phosphate deposition by GP
chondrocytes cultured in serum-containing DATP5 medium.
Times shown are for the end of the treatment period. Cultures
were first treated with the metabolites on Day 7, which are
considered to be on preconfluent cells. Values shown are mean
of four samples each, expressed as the percentage of the Day 17
control. SEM are not shown on the graphs but included in the
statistical analyses. Differences between indicated paired values

are statistically significant as indicated. Equivalent levels
of 1,25(OH)2D3 versus 24,25(OH)2D3 were compared: 0.01–
0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively. *P�
0.05, **P�0.01, ***P� 0.001. a¼ (þ) serum versus (�),
b¼Control versus metabolite-treated, c¼ 1,25(OH)2D3 versus
24,25(OH)2D3. Left Graphs—Effect of 1,25(OH)2D3, Right
Graphs—Effect of 24,25(OH)2D3. A: DATP5 medium, (B) HL-1
medium. [Color figure canbe viewed in the online issue,which is
available at www.interscience.wiley.com.]
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Alkaline Phosphatase Activity

Pre-confluent cultures. In control serum-
containing DATP5 medium, ALP activity
increased rapidly from Day 17 to Day 24
(Fig. 6). In control serum-free HL-1 medium,
ALP activity was initially �60% of that in
serum-containing DATP5 medium, but increa-
sed only slightly from Day 17 to Day 24,
reaching a maximum of only about 20% of that
in serum-containing DATP5 medium.

In serum-containing DATP5 medium, early
exposure (Day 7–17) to 1,25(OH)2D3 caused

dosage-dependent increases in ALP activity up
to a maximum of �180% at 1–10 nM (Fig. 6).
But longer exposure to physiological levels
(0.01–1.0 nM) of 1,25(OH)2D3 led to 10–30%
reduction in ALP activity, while supra-physio-
logical levels (10 nM) lead to �60% reduction.
Physiological levels of 24,25(OH)2D3 (0.1–
10 nM) caused a 10–25% increase in ALP
activity, primarily after 17-day exposure. Initi-
ally, supra-physiological levels (100 nM)
slightly reduced it. On Days 21–24, ALP
activity in 1,25(OH)2D3-treated cells was only
about 70% of that in cells treated with equi-

Fig. 6. Time- and dosage-dependent effects of 1,25(OH)2D3

and 24,25(OH)2D3 on ALP activity of GP chondrocyte cultures
compared in serum-containing DATP5 and serum-free HL-1
media. Times shown are for the end of the treatment period.
Cultures were first treated with the metabolites on Day 7, which
are considered to be on preconfluent cells. Values shown are
mean of four samples each, expressed as the percentage of the
Day 17 control. SEMare not shown on the graphs but included in
the statistical analyses. Differences between indicated paired

values are statistically significant as indicated. Equivalent levels
of 1,25(OH)2D3 versus 24,25(OH)2D3 were compared: 0.01–
0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively. *P�
0.05, **P� 0.01, ***P� 0.001. a¼ (þ) serum versus (�),
b¼Control versus metabolite-treated, c¼1,25(OH)2D3 versus
24,25(OH)2D3. A: Effect of 1,25(OH)2D3, (B) Effect of
24,25(OH)2D3. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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valent levels of 24,25(OH)2D3. This was also
true of post-confluent treated cells. Thus,
24,25(OH)2D3 exerted a slower but more persis-
tent stimulation of ALP activity than did
1,25(OH)2D3.
In serum-free HL-1 medium, 10–14-day

exposure to physiological levels (0.1–1.0 nM)
of 1,25(OH)2D3 caused near doubling of ALP
activity, but even so levels were less than half of
those seen in serum-containing DATP5 med-
ium. This stimulatory effect was lost upon
treatment beyond Day 7–21. Also in serum-free
HL-1 medium, supra-physiological (10 nM)
1,25(OH)2D3 caused a marked (�70%) decrease
in ALP at all treatment times (Fig. 6). Physio-
logical levels (0.1–10 nM) of 24,25(OH)2D3

caused generally minor effects on ALP activity;
however supra-physiological levels (100 nM)
caused significant reduction similar to that seen
with 1,25(OH)2D3.
Post-confluent cultures. In serum-free

HL-1 medium, 1,25(OH)2D3 and 24,25(OH)2D3

caused more variable effects on ALP activity.
1,25(OH)2D3 produced 20–30% increase at
0.1–1.0 nM; 24,25(OH)2D3 caused inconsistent
minor effects except for �65% reduction at
100 nM.

Relationships Between Components

Consistent effects were produced by both
vitamin D metabolites on most of the tested
factors; however, it was not immediately obvi-
ouswhether thesewere primary or secondary to
effects on cell division and/or general protein
expression. Initially, scatter plots were con-
structedwith regression analyses of trend lines;
these showed close relationships betweenmany
of these parameters. To facilitate interpretation
of the data, ratios of PG and LDH to either DNA
or Lowry protein, or to each other, were calcu-
lated. The effects of physiological levels of
1,25(OH)2D3 (0.01–1.0 nM) and 24,25(OH)2D3

(0.10–10 nM), in the presence or absence of
serum, were averaged and compared statisti-
cally (Table I).

Lowry protein/DNA. The calculated ratios
reveal that 1,25(OH)2D3 increased protein sig-
nificantly more than DNA in both serum-free
and serum-containing media. 24,25(OH)2D3

exerted a less specific effect on protein levels
(Table I).

PG/DNA and PG/Lowry protein. Control
cells grown in serum-containing DATP5 med-
ium had significantly higher PG levels relative

TABLE I. Ratios of Chondrocyte Components

Ratio Control (0 nM)
[1,25(OH)2D3]
(0.01–1.0 nM)

[24,25(OH)2D3]
(0.10–10.0 nM)

Protein/DNA
(þ) Serum (32) 33.24�0.92 (48) 36.71� 0.84b,{ (48) 34.94� 0.68
(�) Serum (32) 33.19�0.90 (48) 41.45�1.24a,{,b,{ (48) 37.00� 1.14b,*,c,{

PG/DNA
(þ) Serum (32) 1.84� 0.10 (48) 2.65� 0.12b,{ (48) 2.14� 0.08b,*,c,{

(�) Serum (32) 1.46�0.04a,{ (48) 3.90� 0.24a,{,b,{ (48) 2.06� 0.15b,{,c,{

PG/Protein (100�)
(þ) Serum (32) 5.48� 0.19 (48) 7.19�0.27b,{ (48) 6.13� 0.08b,{,c,*
(�) Serum (32) 4.45�0.13a,{ (48) 9.24� 0.45a,{,b,{ (48) 5.43� 0.28b,{,c,{

LDH/DNA
(þ) Serum (32) 9.10� 0.28 (48) 10.20� 0.23b,{ (48) 10.30� 0.20b,{

(�) Serum (32) 7.78�0.18a,{ (48) 10.14� 0.24b,{ (48) 10.08� 0.23b,{

LDH/Protein (10�)
(þ) Serum (32) 2.75� 0.06 (48) 2.81� 0.06 (48) 2.97� 0.06b,{,c,*
(�) Serum (32) 2.38�0.07a,{ (48) 2.51�0.06a,{ (48) 2.82� 0.09b,{,c,{

LDH/PG
(þ) Serum (32) 5.14� 0.15 (48) 4.07�0.13b,{ (48) 5.06� 0.17c,{

(�) Serum (32) 5.43� 0.15 (48) 2.97� 0.14a,{,b,{ (48) 5.69� 0.29c,{

Values shown are the average�SEM of the indicated control and metabolite-treated cultures. They comprise all of the treatment
periods, including both those initiated in the pre- and post-confluent states. The numbers of individual samples are shown in
parenthesis. (þ) Serum indicates cultures grown in DATP5medium; (�) Serum indicates cultures grown inHL-1 medium. Equivalent
levels of 1,25(OH)2D3 versus 24,25(OH)2D3 were compared: 0.01–0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively.
Differences between the indicated paired values are statistically significant as indicated:
*P�0.05.
{P� 0.001.
{P� 0.01.
a(þ) Serum versus (�) Serum.
bControl versus metabolite-treated.
c1,25(OH)2D3 versus 24,25(OH)2D3.
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Fig. 7. Comparison of the effects of physiological levels of
1,25(OH)2D3 and 24,25(OH)2D3 on the ratios of PG to Lowry
protein in primary cultures of GP chondrocytes. Cultures were
grown in 35-mm diameter dishes in serum-containing DATP5
medium (A) or serum-free HL-1 medium (B). Shown are the
average� SEM of the ratios of PG/Lowry protein (100�)
expressed as mg/dish. Averaged for each time period were:
controls, 4–8 replicates; 1,25(OH)2D3-treated cultures, 12

replicates (4 each for 0.01, 0.10, and 1.0 nM); 24,25(OH)2D3-
treated cultures, 12 replicates (4 each for 0.10, 1.0, and 10 nM).
Differences between the indicated paired values are statistically
significant as indicated: *P� 0.05, **P�0.01, ***P�0.001.
a¼ (þ) Serum versus (�) Serum, b¼Control versus metabolite-
treated, c¼ 1,25(OH)2D3 versus 24,25(OH)2D3. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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to DNA or protein than did those grown in
serum-freeHL-1medium (Table I). 1,25(OH)2D3

significantly increased PG relative to both DNA
and protein, especially in serum-free media.
24,25(OH)2D3 also significantly increased PG
relative to DNA or protein, but its effects were
less obvious. Time-dependent effects of both
metabolites on the PG/Lowry protein ratios,
shown in Figure 7, revealed a specific stimula-
tion of PGby 1,25(OH)2D3,which is particularly
apparent in serum-free HL-1 medium.

LDH/DNA and LDH/Lowry Protein

Control cultures grown in serum-containing
DATP5 medium had significantly higher LDH
activity relative to DNA and protein than did
those grown in serum-free HL-1 medium
(Table I). Although 1,25(OH)2D3 increased both
Lowry protein and LDH activity, the LDH/
Lowry protein ratios in both serum-containing
or serum-free media were the same as in the
control. This indicates that the stimulatory
effect of 1,25(OH)2D3 on LDH was dependent
on its effect on general protein levels, rather
than on LDH expression. More surprising was
the finding that 24,25(OH)2D3 caused increases
in the LDH/DNA ratios equal to those of
1,25(OH)2D3, and when LDH/Lowry protein
ratios were compared, 24,25(OH)2D3 caused a
significantly greater effect than 1,25(OH)2D3

(Table I). The time-dependent effects of both
metabolites on the LDH/Lowry protein ratios,
shown in Figure 8, reveal that 24,25(OH)2D3

caused a specific stimulation of LDH activity.
This was especially evident in serum-free
media.

LDH/PG

Comparison of theLDH/PG ratioswas used to
clarify the selective effects of 1,25(OH)2D3 and
24,25(OH)2D3. Treatment with 1,25(OH)2D3

caused a highly significant decrease in the
LDH/PG ratios, especially in serum-free cul-
tures (Table I). These time-dependent effects
are more obvious in Figure 9 where it is evident
that 24,25(OH)2D3 selectively stimulated LDH
activity relative to PG in both culture media
under all experimental conditions studied.
These differences between 24,25(OH)2D3 and
1,25(OH)2D3-treated cultures are highly signif-
icant statistically (Table I). They can be largely
attributed to two factors: (1) 1,25(OH)2D3

strongly stimulatedPG in theseGPchondrocyte
cultures, but had minimal effect on LDH

expression. (2) 24,25(OH)2D3 was less stimula-
tory to PG, but significantly increased LDH
activity relative toDNAorLowry protein. Thus,
24,25(OH)2D3 selectively enhanced LDH activ-
ity in both serum-containing and serum-free
cultures.

Mineral Deposition

Tomore accurately interpret the time-depen-
dent effects of the vitamin D metabolites, plots
were made of their effect on the relationship
between mineral deposition and various para-
meters including Hoechst DNA, Lowry protein,
ALP, and LDH activity. Shown first is their
effect on Ca2þ versus Pi deposition (Fig. 10). As
expected, there was a close linear relationship
between these mineral ions. The progressive
stimulation of Ca2þ deposition by 24,25(OH)2D3

and the strong inhibition by 1,25(OH)2D3

become readily apparent.
Figure 11 illustrates effects on Ca2þ deposi-

tion relative to those on Hoechst DNA and
Lowry protein. The time-dependent, progres-
sive stimulatory effect of 24,25(OH)2D3, and the
rapid inhibitory effect of 1,25(OH)2D3 on Ca2þ

deposition follow a linear continuum. By calcu-
lating the ratios of Ca2þ and Pi deposition to
Hoechst DNA, or Lowry protein, it became
evident that these metabolic effects were spe-
cific and statistically significant (Fig. 12).
1,25(OH)2D3 caused rapid and profound reduc-
tions in both the Ca2þ/Lowry and Pi/Lowry
protein ratios, revealing its specific inhibitory
effect on mineral deposition; 24,25(OH)2D3

caused progressive increases in both Ca2þ and
Pi/Lowry ratios, revealing a specific stimulation
of mineral deposition, over and above its ana-
bolic effect on protein synthesis. Also evident
in Figures 11 and 12 is the fact that if exposure
was delayed until after the cells attained
confluence, the effects of both 1,25(OH)2D3 and
24,25(OH)2D3 were diminished.

To shed further light on the relationship
between mineral deposition and enzyme acti-
vity, the effects of 1,25(OH)2D3 and 24,25
(OH)2D3 on Ca2þ deposition relative to their
effects on ALP and LDH were also plotted
(Fig. 13). Several features become evident from
these plots. (1) The inhibitory effects of 1,25
(OH)2D3 on Ca2þ deposition were not closely
related to its effects on ALP or LDH activity.
Early on (Day 7–17) 1,25(OH)2D3 stimulated
both ALP and LDH activity, but strongly
inhibited Ca2þ deposition. Later (Day 7–21
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Fig. 8. Comparison of the effects of physiological levels of
1,25(OH)2D3 and 24,25(OH)2D3 on the ratios of LDH activity to
Lowry protein in primary cultures of GP chondrocytes. Cultures
were grown as indicated in Figure 1, serum-containing DATP5
medium (A) and serum-free HL-1 medium (B). Shown are the
average� SEM of the ratios of LDH/Lowry protein (100�)
expressed as units of activity/mg protein. Averaged for each time
period were: controls, 4–8 replicates; 1,25(OH)2D3-treated

cultures, 12 replicates (4 each for 0.01, 0.10, and 1.0 nM);
24,25(OH)2D3-treated cultures, 12 replicates (4 each for 0.10,
1.0, and10nM).Differencesbetween the indicatedpaired values
are statistically significant as indicated: *P�0.05, **P� 0.01,
***P�0.001. a¼ (þ) Serum versus (�) Serum, b¼Control versus
metabolite-treated, c¼1,25(OH)2D3 versus 24,25(OH)2D3.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Fig. 9. Comparison of the effects of physiological levels of
1,25(OH)2D3 and 24,25(OH)2D3 on the ratios of LDH activity to
PG in primary cultures of GP chondrocytes. Cultureswere grown
as indicated in Figure 1, serum-containing DATP5 medium (A)
and serum-freeHL-1 medium (B). Shown are the average� SEM
of the ratios of LDH/PG expressed as units of activity/mg PG.
Averaged for each time period were: controls, 4–8 replicates;
1,25(OH)2D3-treated cultures, 12 replicates (4 each for

0.01, 0.10, and 1.0 nM); 24,25(OH)2D3-treated cultures, 12
replicates (4 each for 0.10, 1.0, and 10 nM).Differences between
the indicated paired values are statistically significant as
indicated: *P� 0.05, **P� 0.01, ***P� 0.001. a¼ (þ) Serum
versus (�) Serum, b¼Control versus metabolite-treated, c¼
1,25(OH)2D3 versus 24,25(OH)2D3. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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and 7–24), although 1,25(OH)2D3 became
inhibitory to both enzymes, the degree of
inhibition was smaller than its powerful effect
on Ca2þ. (2) The stimulatory effects of 24,25
(OH)2D3 onCa2þdepositionwerevisibly greater
than its stimulus to either ALP or LDHactivity,
and (3) became progressively more obvious
when the cells had been treated for 14–17 days.
(4) If exposure to the metabolites was delayed
until after confluence, the differential effects of
the two metabolites became blurred.

Finally, to clarify whether these metabolites
had a specific effect on ALP activity per se, their
comparative effects on ALP versus Lowry
protein in both serum-containing DATP5 and
serum-free HL-1 media were plotted. Figure 14
reveals that in serum-containing DATP5 med-
ium,while 1,25(OH)2D3 had an early (Day 7–17)
stimulatory effect on ALP relative to Lowry
protein, upon longer exposure this was
reversed. In contrast, while 24,25(OH)2D3 initi-
ally had minimal effect, with time its specific
stimulation of ALP relative to Lowry protein
becamemore andmore apparent. This was true
in both pre- and post-confluent treated cells.
Further, in serum-free HL-1 medium, whereas
1,25(OH)2D3 was generally stimulatory to
ALP, 24,25(OH)2D3 failed to stimulate enzyme
activity. But most conspicuous was the mark-
edly lower levels of ALP in serum-free HL-1
medium.

DISCUSSION

The current study focused on the effects of
1,25(OH)2D3 and 24,25(OH)2D3 administered
in-vitro to primary cultures of chicken GP
chondrocytes. These metabolites were provided
at levels ranging from deficient, to physiologi-
cal, to supra-physiological and were given at
different stages of culture development (e.g.,
preconfluent and postconfluent) in the presence
or absence of serum, and for varying periods of
time ranging from 7 to 17 days. The findings of
this comprehensive study help clarify divergent
findings reported in the literature, revealing
that 1,25(OH)2D3 and 24,25(OH)2D3 exert sig-
nificantly different dose- and time-dependent
effects on theproliferation anddifferentiation of
GP chondrocytes.

Of our various findings, in this aspect of the
study, four have particular physiological inter-
est: (1) the selective, remarkable stimulatory
effect of 1,25(OH)2D3 on PG levels, (2) the small
general stimulatory effect of 24,25(OH)2D3 on
basic cellular parameters (DNA and Lowry
protein levels) in serum-containing media, (3)
the selective stimulatory effect of 24,25(OH)2D3

on LDH activity, and (4) the close correlation
betweenLDHactivity and thePG levels under a
wide variety of culture conditions.

Previous studieshave reporteddiverse effects
of 1,25(OH)2D3 on PG synthesis ranging from

Fig. 10. Time-dependent effects of 1,25(OH)2D3 and
24,25(OH)2D3 on calcium relative to phosphate deposition by
GP chondrocytes cultured in serum-containingDATP5medium.
Cultures first treated with the metabolites on Day 7 are indicated
as being on preconfluent cells; those treated from Day 14 are
indicated as being on postconfluent cells. Shown are paired

values of analyses of individual cultures from the untreated
control (4) or the full range of metabolite-treated (16) cells: 4
cultures each for 0.01, 0.10, 1.0, and 10 nM 1,25(OH)2D3; 4
each for 0.10, 1.0, 10, and 100 nM 24,25(OH)2D3. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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inhibitory [Takigawa et al., 1988; Horton et al.,
1991; Bagi and Miller, 1992] to no effect [Hinek
andPoole, 1988] tomild stimulation [Kato et al.,
1990]. These varying responses can now be
explained by differences in the cells used, the
levels of 1,25(OH)2D3 tested, as well as the
timing (developmental stage) when exposure
occurred. Our studies reveal that GP cells are
exquisitely sensitive to 1,25(OH)2D3, their
responses depending on the level, timing, and
medium in which exposure occurred. Precon-
fluent GP cultures showed large, dosage-depen-
dent increases in PG levels in both serum-free
and serum-containing media. In early cultures
in serum-containingmedia, supra-physiological

levels of 1,25(OH)2D3 (10 nM)were stimulatory,
whereas in serum-free media they were highly
inhibitory. In contrast, in postconfluent cul-
tures 1,25(OH)2D3 caused dosage-dependent
increases in PG in both serum-free and serum-
containing media. The inhibitory effect of high
levels of 1,25(OH)2D3 in preconfluent cells
cultured can be explained by cellular toxicity:
in serum-free media 10 nM 1,25(OH)2D3

strongly inhibited DNA, Lowry protein, and
most other parameters tested. The paradoxical
stimulation of PG in serum-containing media
(and in postconfluent cultures) can be explained
by the tight binding of 1,25(OH)2D3 by both
albumin and D-binding protein [Bikle et al.,

Fig. 11. Time-dependent effects of 1,25(OH)2D3 and 24,25
(OH)2D3 on calcium deposition relative to Hoechst DNA and
Lowry protein levels in GP chondrocytes cultured in serum-
containing DATP5 medium. Cultures first treated on Day 7 are
considered to be preconfluent; those treated from Day 14 are
considered to be postconfluent. Shown are paired values of

analyses of individual cultures from the untreated control (4) or
the full range of metabolite-treated (16) cells: 4 cultures each for
0.01, 0.10, 1.0, and 10 nM 1,25(OH)2D3; 4 each for 0.10, 1.0,
10, and 100 nM 24,25(OH)2D3. A: Hoechst DNA, (B) Lowry
protein. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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1985] thatwould complexmost of themetabolite
present and thus reduce its activity and/or
accessibility to the cells. More will be made of
this later. We also found that 24,25(OH)2D3

increased PG levels significantly, especially in
serum-containingmedia specifically designed to
promote GP development.

Why should elevated levels of 1,25(OH)2D3

stimulate extracellular matrix PG synthesis?
Serum levels of 1,25(OH)2D3 are inversely
correlated with Ca2þ levels [Holick, 1996;
Hamada et al., 1998]. Our findings reveal that
levels of 1,25(OH)2D3 causing increased DNA,
Lowry protein, and PG encompass the range
found by Bikle et al. [1985] in hypocalcemic
serum. Thus, in a hypocalcemic state, GP
expansion would continue in anticipation of
restoration of Ca2þ that would enable miner-
alization to resume. The specific increase in PG
would increase water content and turgidity
(mechanical strength since water is noncom-
pressible) to the tissue in the absence ofmineral

deposition. This would explain expansion of the
GP in the absence of calcification during devel-
opment of rickets.

Another interesting finding of this study
was thatGP chondrocytes treated before attain-
ing confluence with physiological levels of
24,25(OH)2D3 in DATP5 media for 14–17 days
had higher levels of DNA, Lowry protein, PG,
and LDH activity than did those treated with
1,25(OH)2D3. The stimulatory effects of 24,25
(OH)2D3 were seen over its physiological range
(0.10–10 nM), were most obvious after 14-day
treatment, and occurred primarily in serum-
containing DATP5 medium. Stimulation of
LDH activity by 24,25(OH)2D3 was confirmed
when ratios of LDH/DNA were compared with
the control, and LDH/Lowry protein, or LDH/
PG ratios were compared with those of
1,25(OH)2D3. These levels of 24,25(OH)2D3 are
characteristic of a normocalcemic state, and
appear to signal conditions permissive for
normal GP development.

Fig. 12. Time-dependent effects of 1,25(OH)2D3 and
24,25(OH)2D3on the ratiosof calciumandphosphate deposition
to Lowry protein in GP chondrocytes cultured in serum-
containing DATP5 medium. A: Calcium/Lowry protein ratios,
(B) Phosphate/Lowryprotein ratios.Culturesfirst treatedonDay7
are considered to be preconfluent; those treated fromDay 14 are
considered to be postconfluent. Values shown are the mean�
SEM of 4–8 samples of the control and 12 samples of the

metabolite-treated cultures. 1,25(OH)2D3 and 24,25(OH)2D3

are compared at physiologically equivalent levels: 0.01–
0.10 nM, 0.1–1.0 nM, and 1.0–10 nM, respectively. Differences
between the indicatedpaired values are statistically significant as
indicated: *P� 0.05, **P� 0.01, ***P�0.001. b¼Control
versus metabolite-treated, c¼1,25(OH)2D3 versus 24,25
(OH)2D3. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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The stimulatory effects of 24,25(OH)2D3were
not large and were for the most part, lost if the
timing of exposure was delayed until the post-
confluent period. This is in accord with previous
findings by Schwartz et al. [1992, 1995] that
indicated chondrocytes are most sensitive to
24,25(OH)2D3 prior to development of the GP
phenotype. Thus, exposure of GP chondrocytes
to 24,25(OH)2D3 at a time when they are
becoming established prior to confluence
appears to be required for optimal sensitivity
to the metabolite.
Ofwhat significancewould the small stimula-

tion of LDH by 24,25(OH)2D3 have in GP

physiology? First, LDH activity is a prominent
feature in cartilaginous tissues [Patzschke,
1967]; it plays a critical role in glycolysis
[Boiteux and Hess, 1981]. Glycolysis provides
the primary energy source for GP differentia-
tion and mineral deposition [Hoffman and
Wertheimer, 1928; Futami et al., 1979]. Glyco-
gen, stored in large amounts in GP cells
[Lewinson, 1989; Townsend and Gibson,
1970], provides the glucose metabolized by
glycolysis. Second, LDH expression is strongly
upregulated under hypoxic conditions [Firth
et al., 1995; Gleadle et al., 1995]. We find that
LDHactivity closely correlateswithPG levels in

Fig. 13. Time-dependent effects of 1,25(OH)2D3 and 24,25
(OH)2D3 on the relationship between calciumdeposition and (A)
ALP or (B) LDH activity in preconfluent GP chondrocytes
cultured in serum-containing DATP5 medium. Cultures first
treated onDay 7 are considered to be preconfluent; those treated
from Day 14 are considered to be postconfluent. Shown are

paired values of analyses of individual cultures from the
untreated control (4) or the full range of metabolite-treated (16)
cells: 4 cultures each for 0.01, 0.10, 1.0, and 10 nM 1,25
(OH)2D3; 4 each for 0.10, 1.0, 10, and 100 nM 24,25(OH)2D3.
[Color figure canbeviewed in theonline issue,which is available
at www.interscience.wiley.com.]
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the extracellular matrix. Elevated levels of PG
would create a diffusion barrier impeding
diffusion of O2 to the cells; the imposed hypoxia
would induce expression of LDH. Thus, even
that small increase in LDH activity caused by
24,25(OH)2D3 should help these rapidly grow-
ing cells to better tolerate the hypoxic state that
results from the dense PG-rich matrix that
surrounds these cells [Evans et al., 1981;
Rajpurohit et al., 1996].

Regarding the long controversy over 24,25
(OH)2D3, data presented in this report show
that it can significantly stimulate GP chondro-
cytes. In fact, 24,25(OH)2D3 increased DNA,
Lowry protein, and LDH activity more than
1,25(OH)2D3, but only under special conditions,

which may largely explain previous failures
to discern these stimulatory effects. First,
24,25(OH)2D3 exerts its stimulatory effects only
under culture conditions that very closely
match those occurring in vivo. These conditions
are not easily met. Second, the anabolic
responses to 24,25(OH)2D3 are not large and
require considerable exposure time (generally
>10 days). Few studies have provided this
length of exposure to 24,25(OH)2D3. Third, if
exposure to 24,25(OH)2D3 is delayed until after
the cells attained confluence, again there is
little or no effect. This last finding is in
agreement with Schwartz et al. [1992, 1995]
who showed that only the early cells are
sensitive, and that 24,25(OH)2D3 promotes

Fig. 14. Time-dependent effects of 1,25(OH)2D3 and 24,25
(OH)2D3 on the relationship between ALP activity and Lowry
protein in (A) Serum-containingDATP5, and (B) Serum-freeHL-1
medium. Cultures first treated on Day 7 are considered to be
preconfluent; those treated from Day 14 are considered to be
postconfluent. Shown are paired values of analyses of individual

cultures from the untreated control (4) or the full range of
metabolite-treated (16) cells: 4 cultures each for 0.01, 0.10, 1.0,
and 10 nM 1,25(OH)2D3; 4 each for 0.10, 1.0, 10, and 100 nM
24,25(OH)2D3. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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advancement to the GP phenotype. Thus, tim-
ing, level of administration, length of exposure,
and critically, the nature of the culturemedium,
all strongly influence the observed response.
The notable differences in cellular responses

to 1,25(OH)2D3 in serum-containing and serum-
freemediummerit furtherdiscussion. Inhuman
serum, vitamin D metabolites are bound with
high affinity by a-globulin and with high
capacity by albumin [Haddad, 1979; Bikle
et al., 1985, 1986]; over 99% of the total
1,25(OH)2D3 present in serum is bound [Bikle
et al., 1985]. Thus, in serum-containing media,
most of the 1,25(OH)2D3 would be sequestered,
markedly lowering its ambient concentration.
This helps explain the muted response of
preconfluent cells to 1,25(OH)2D3 in serum-
containing medium. But during cell culture,
synthesis of PG also shields the cells from
protein-bound 1,25(OH)2D3. GP chondrocytes
produce a PG-rich matrix that forms a diffusion
barrier to protein-bound metabolites [Kuettner
and Kimura, 1985; Comper andWilliams, 1987;
Torzilli et al., 1997; Christakos et al., 2003].
Thiswould explainwhypostconfluent cellswere
not inhibited by high levels of 1,25(OH)2D3.
Chondrocytes synthesize and export PG into
their extracellular matrix, shielding them-
selves from external influences. A striking
example of this is the finding that normal GP
chondrocytes in vivo manifest clear signs of
essential fatty acid deficiency, even in the face of
normal serum fatty acid levels [Adkisson et al.,
1991]. This finding, observed in awide variety of
species, can be most readily explained by the
fact that fatty acids are carried in blood by
serum albumin, which cannot diffuse through
the PG barrier.
Another striking finding from this aspect of

the study was the remarkable inhibitory effect
that 1,25(OH)2D3 had onmineral deposition. Its
effects were rapid, dosage-dependent, and pro-
found. Equally interesting was the finding that
24,25(OH)2D3 had a specific stimulatory effect
on mineral formation that exceeded its general
anabolic effect on DNA and Lowry protein
levels. The degree of stimulation was not large
and required considerable exposure time, but it
was consistent, specific, and persistent. Thus,
these two major vitamin D metabolites exert
diametrically opposite effects on mineraliza-
tion. What makes these findings especially
interesting is the fact that they make good
physiological sense.

Careful studies by Bushinsky et al. [1985a,b]
have documented that the level of 1,25(OH)2D3

formation is inversely proportional to the
degree of hypocalcemia; other studies indicate
that hypocalcemia may induce 1,25(OH)2D3

formation indirectly via parathyroid hormone
[DeLuca, 1988; Holick, 1995]. In any event,
1,25(OH)2D3 has long been known to stimulate
intestinal Ca2þ absorption [Holick, 1996].
Under hypocalcemic stress, 1,25(OH)2D3 also
causes release of skeletal Ca2þ by indirect
activation of osteoclasts [Merke et al., 1986].
Both of these actions serve to replenish Ca2þ

levels in the blood.What our data nowalso show
is that 1,25(OH)2D3 can conserve Ca2þ by
directly inhibiting mineral deposition during
bone development (endochondral calcification).
The extent of inhibition depends of the level of
1,25(OH)2D3; this enables the body to rapidly
suppressmineral deposition inproportion to the
degree of Ca2þ deficiency. There is no informa-
tion available on whether 1,25(OH)2D3 directly
affects osteoblastic mineralization under phy-
siological conditions [DeLuca, 1988].

In contrast, while 24,25(OH)2D3 has been
considered to be inert by many [DeLuca, 1988;
Reichel et al., 1989; Holick, 1996], there are
persistent reports that it does have biological
activity [Sebert et al., 1982; Nakamura et al.,
1987, 1992; Schwartz et al., 1989]. Our findings
strongly support this latter concept, and docu-
ment that 24,25(OH)2D3 can play a significant
stimulatory role in GP mineralization. How-
ever, its functionality depends heavily on the
circumstances in which it is presented. If given
in serum-free HL-1 medium, or after the GP
cells have attained confluence, 24,25(OH)2D3

was largely without effect. However, when
presented to preconfluent cells in a serum-
containing medium that supports mineraliza-
tion, 24,25(OH)2D3 not only had a general
anabolic effect on cell proliferation and protein
synthesis, but over and above this enhanced
mineral deposition. The effectswerenot large or
immediate; they took 14–17 days exposure
before full stimulation of mineral deposition
was evident. This critical time-dependency for
exposure to 24,25(OH)2D3 is consistent with
previous studies by Schwartz et al. [1995]which
indicate that only in the earliest stages of
differentiation are GP chondrocytes sensitive
to the metabolite.

From a physiological perspective, the rapid
response to 1,25(OH)2D3 and the relatively slow
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measured response to 24,25(OH)2D3 are reason-
able. A decrease in blood Ca2þ is an emergency
that requires immediate remediation. Thus, it
makes sense to rapidly shut down new bone
formation when this condition occurs. On the
other hand, bone formation requires a steady,
adequate supply of both Ca2þ and Pi. While
their simple presence enables mineralization to
occur, the persistent presence of 24,25(OH)2D3

clearly stimulates bone development. Our data
show is that this metabolite is not inert, but
exerts a significant stimulatory effect that
would enhance bone formation. Thus, in-vivo
the presence of an adequate supply of Ca2þ

would signal production of 24,25(OH)2D3 from
25-OH-D3, which in turn would directly stimu-
late bone formation. This interpretation is
consistent with the slow persistent anabolic
effects of 24,25(OH)2D3 on in vivo bone forma-
tion reported by Nakamura et al. [1992].

Our study also shows that the inhibitory
effect of 1,25(OH)2D3 on mineralization is
direct. The effects of vitamin D3 metabolites on
mineralization were carried out in primary
cultures of chicken GP chondrocytes in which
adequate levels of Ca2þ and Pi were continu-
ously present. Despite the fact that mineraliza-
tion progressed readily in the controls,
1,25(OH)2D3 powerfully inhibited it in a
dosage-dependent manner. During the incipi-
ent stages ofmineral formation, even the lowest
level of 1,25(OH)2D3 tested (0.01 nM) markedly
inhibited Ca2þ and Pi deposition. Higher levels
of 1,25(OH)2D3 caused progressively greater
and more persistent reductions. These findings
are consistent with a primary function of
1,25(OH)2D3 inmaintaining normal Ca2þ levels
in the blood. Our studies now show that
1,25(OH)2D3 conserves Ca

2þ by potently block-
ing mineralization of the growth plate.

Also of interest was the effect of the two
vitamin D metabolites on ALP activity, in as
much as recent gene knockout studies in mice
unequivocally establish the importance of this
enzyme in mammalian skeletal mineralization
[Narisawa et al., 1997; Fedde et al., 1999]. From
these studies, insight into the role of inorganic
pyrophosphate (PPi)-generating enzymes have
also become evident, pointing to the importance
of a balanced rate of production of PPi and the
activity of ALP in local destruction of this
inhibitor of mineralization [Hessle et al.,
2002]. Nevertheless, very recent studies reveal
that other factors also must be involved in long

bone mineralization, because double knock-out
of the genes for both ALP and nucleotide
pyrophosphatase phosphodiesterase 1 (NPP1),
a key PPi-generating enzyme in skeletal tis-
sues, failed to correct the osteomalacia of the
long bones of these mice [Anderson et al., 2005].
This reveals that ALP must have a role beyond
its action as a phosphatase for PPi. This is in
accordwith our current findings, which failed to
find a close correlation between the effects of the
two vitamin D metabolites on ALP activity and
mineralization.

Also of direct pertinence here is the finding in
ALP-deficient mice that mineral forms nor-
mally within matrix vesicles (MVs), but fails to
emerge and trigger general tissue mineraliza-
tion [Anderson et al., 1997]. This reveals that
mineral formation within MV is not dependent
of ALP, and suggests that ALP must somehow
be required for the egress of mineral from MV.
Indications of such a rolewereuncovered nearly
a decade ago when it was discovered that there
was a progressive die-off of ALP activity during
MV mineralization, which was closely corre-
lated with the extent of mineral formation
[Genge et al., 1988]. Thus, because of the
intimate association between MV and ALP,
mineral formation within MV followed by
penetration through the vesicle membrane
may result in ALP denaturation or occlusion
and subsequent loss of activity.

The question then arises how 1,25(OH)2D3

brings about such profound inhibition of
mineral deposition. Since inhibition occurs
relatively rapidly, a logical target would be
MVs, which trigger mineral formation by GP
cells. Extensive studies have been made on the
effects of 1,25(OH)2D3 and 24,25(OH)2D3 on
MVs derived from passaged cultures of GP
chondrocytes [Schwartz et al., 1988b; Dean
et al., 1996; Greising et al., 1997; Maeda et al.,
2001]. These studies recently focused on the
rapid activation of phospholipase A2 (PLA2)
by membrane receptor-mediated action of
1,25(OH)2D3 [Boyan et al., 2002]. Thus,
1,25(OH)2D3 may inhibit mineralization by
activating PLA2, which could destabilize MVs
before they were able to form mineral within
their lumen. But the timing is critical. PLA2 has
been shown to stimulate mineral formation in a
unilamellar liposomal model of MV calcifica-
tion—if the vesicles are preincubated to allow
mineral to form within the lumen [Blandford
et al., 2003]. Note in the current study that
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inhibition by 1,25(OH)2D3 was most profound
early in the mineralization process.
An equally important question is how

24,25(OH)2D3 stimulates mineralization. The
fact that this was a relatively slow process
requiring many days of exposure to the meta-
bolite suggests an indirect mechanism. Also,
24,25(OH)2D3 was effective only in serum-
containing DATP5 medium, raising the possi-
bility of a serum-derived cofactor. However,
DATP5 also contains other components desig-
ned to mimic the extracellular fluid of avian GP
cartilage, including the slightly elevated levels
of Pi (�2 mM). Recent studies reveal that Pi is
an important regulator of numerous genes
involved in osteoblast differentiation [Beck,
2003; Beck and Knecht, 2003; Beck et al.,
2003; Conrads et al., 2005]. It is possible that
24,25(OH)2D3 in combination with the slightly
elevated Pi levels exerted its general anabolic
effect via this mechanism.
Finally, it is important to note that the control

values for mineral deposition by GP cultures in
serum-containing DATP5 medium in the cur-
rent study were comparable to those observed
previously with chicken GP chondrocytes cul-
tured in the same medium [Wu et al., 1997a,b]
However, in the current study, Ca2þ and Pi
deposition in serum-free HL-1 medium was
minimal (data not shown). This lack of miner-
alization had not been observed previously in
HL-1 medium [Wu et al., 1997a,b]. One possi-
bility is that these cells did not express adequate
levels of ALP activity, perhaps because they
were less mature and did not remain in contact
with serum for an adequate period of time.
Factors in serum have been shown to be
essential for the normal expression of ALP
activity in GP chondrocytes [Ishikawa et al.,
1987; Ishikawa et al., 1991]. In any case, the
levels of ALP in cells cultured in the serum-free
HL-1 medium were only a fraction (�20%) of
those seen in serum-containing DATP5 med-
ium. In our earlier studies, the levels of ALP in
HL-1 medium also tended to be low, and yet
mineralization occurred. However, again, in
those studies the extent of mineralization was
not closely correlated with ALP activity in
either DATP5 or HL-1 medium.

REFERENCES

Adkisson HDt, Risener FS, Jr., Zarrinkar PP, Walla MD,
Christie WW, Wuthier RE. 1991. Unique fatty acid
composition of normal cartilage: Discovery of high levels

of n-9 eicosatrienoic acid and low levels of n-6 poly-
unsaturated fatty acids. Faseb J 5:344–353.

Ames BN. 1966. Assay of inorganic phosphate, total phos-
phate and phosphatases. Methods Enzymol 8:115–118.

Anderson HC, Hsu HH, Morris DC, Fedde KN, Whyte MP.
1997. Matrix vesicles in osteomalacic hypophosphatasia
bone contain apatite-like mineral crystals. Am J Pathol
151:1555–1561.

Anderson HC, Harmey D, Camacho NP, Garimella R, Sipe
JB, Tague S, Bi X, Johnson K, Terkeltaub R, Millan JL.
2005. Sustained osteomalacia of long bones despite major
improvement in other hypophosphatasia-related mineral
deficits in tissue nonspecific alkaline phosphatase/
nucleotide pyrophosphatase phosphodiesterase 1 dou-
ble-deficient mice. Am J Pathol 166:1711–1720.

Bagi DM, Miller SC. 1992. Dose-related effects of 1,25-
dihydroxyvitamin D3 on growth, modeling, and morphol-
ogy of fetal mouse metarsals cultured in serum-free
medium. J Bone Min Res 7:29–40.

Baginski ES, Marie SS, Clark WL, Zak B. 1973. Direct
microdetermination of serum calcium. Clin Chim Acta
46:49–54.

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

Beck GR, Jr., Knecht N. 2003. Osteopontin regulation
by inorganic phosphate is ERK1/2-, protein kinase C-,
and proteasome-dependent. J Biol Chem 278:41921–
41929.

Beck GR, Jr., Moran E, Knecht N. 2003. Inorganic
phosphate regulatesmultiple genes during osteoblast dif-
ferentiation, including Nrf2. Exp Cell Res 288:288–300.

Bikle DDSP, Ryzen E, Haddad JG. 1985. Serum protein
binding of 1,25-dihydroxyvitamin D: A re-evaluation by
direct measurement of free metabolite levels. J Clin
Endocrinol Metab 61:969–975.

Bikle DDGE, Halloran B, Kowalski MA, Ryzen E, Haddad
JG. 1986. Assessment of the free fraction of 25-hydro-
xyvitamin D in serum and its regulation by albumin and
the vitamin D-binding protein. J Clin Endocrinol Metab
63:954–959.

Blandford NR, Sauer GR, Genge BR, Wu LN, Wuthier RE.
2003. Modeling of matrix vesicle biomineralization using
large unilamellar vesicles. J Inorg Biochem 94:14–27.

Boiteux A, Hess B. 1981. Design of glycolysis. Philos Trans
R Soc Lond B Biol Sci 293:5–22.

Boyan BD, Sylvia VL, Dean DD, Del Toro F, Schwartz Z.
2002. Differential regulation of growth plate chondro-
cytes by 1alpha,25-(OH)2D3 and 24R,25-(OH)2D3
involves cell-maturation-specific membrane-receptor-
activated phospholipid metabolism. Crit Rev Oral Biol
Med 13:143–154.

Bushinsky DA, Riera GS, Favus MJ, Coe FL. 1985a.
Evidence that blood ionized calcium can regulate serum
1,25(OH)2D3 independently of parathyroid hormone and
phosphorus in the rat. J Clin Invest 76:1599–1604.

Bushinsky DA, Riera GS, Favus MJ, Coe FL. 1985b.
Response of serum 1,25(OH)2D3 to variation of ionized
calcium during chronic acidosis. Am J Physiol 249:F361–
F365.

Chambers TJ. 1988. The regulation of osteoclastic devel-
opment and function. Ciba Found Symp 136:92–107.

Chandrasekhar S, Esterman MA, Hoffman HA. 1987.
Microdetermination of proteoglycans and glycosamino-

Effects on Proteoglycan, Lactate Dehydrogenase, Calcium, and Phosphate Deposition 331



glycans in the presence of guanidine hydrochloride. Anal
Biochem 161:103–108.

Christakos S, Barletta F, Huening M, Dhawan P, Liu Y,
Porta A, Peng X. 2003. Vitamin D target proteins:
Function and regulation. J Cell Biochem 88:238–244.

Comper WD, Williams RP. 1987. Hydrodynamics of
concentrated proteoglycan solutions. J Biol Chem 262:
13464–13471.

Conrads KA, Yi M, Simpson KA, Lucas DA, Camalier CE,
Yu LR, Veenstra TD, Stephens RM, Conrads TP, Beck
GR. 2005. A combined proteome and microarray inves-
tigation of inorganic phosphate-induced pre-osteoblast
cells. Mol Cell Proteomics 4(9):1284–1296.

Davis WKM, Shibata K, Farmer GR, Cortinas E, Matthews
JL, Goodman DB, 1989. The immunohistochemical
localization of superoxide dismutase activity in the avian
epiphyseal growth plate. Histochem J 21:210–215.

Dean DD, Boyan BD, Muniz OE, Howell DS, Schwartz Z.
1996. Vitamin D metabolites regulate matrix vesicle
metalloproteinase content in a cell maturation-depen-
dent manner. Calcif Tissue Int 59:109–116.

DeLuca HF. 1988. The vitamin D story: A collaborative
effort of basic science and clinical medicine. Faseb J
2:224–236.

DeLuca HF, Schnoes HK. 1976. Metabolism and mechan-
ism of action of vitamin D. Annu Rev Biochem 45:631–
666.

Evans NT, Naylor PF, Rowlinson G. 1981. Diffusion of
oxygen through themouse ear. Br J Dermatol 105:45–56.

Farquharson C, Whitehead CC, Rennie JS, Loveridge N.
1993. In vivo effect of 1,25-dihydroxycholecalciferol on
the proliferation and differentiation of avian chondro-
cytes. J Bone Miner Res 8:1081–1088.

Fedde KN, Blair L, Silverstein J, Coburn SP, Ryan LM,
Weinstein RS, Waymire K, Narisawa S, Millan JL,
MacGregor GR, Whyte MP. 1999. Alkaline phosphatase
knock-out mice recapitulate the metabolic and skeletal
defects of infantile hypophosphatasia. J Bone Miner Res
14:2015–2026.

Firth JD, Ebert BL, Ratcliffe PJ. 1995. Hypoxic regulation
of lactate dehydrogenase A. Interaction between hypoxia-
inducible factor 1 and cAMP response elements. J Biol
Chem 270:21021–21027.

Futami TON, Nagatsuka Y, Yosizawa Z. 1979. Comparison
of carbohydrate-containing substances from non-calcified
and calcified portions of bovine costal cartilage. J
Biochem (Tokyo, Japan) 85:1067–1073.

Genge BR, Sauer GR, Wu LN, McLean FM, Wuthier RE.
1988. Correlation between loss of alkaline phosphatase
activity and accumulation of calcium during matrix
vesicle-mediated mineralization. J Biol Chem 263:
18513–18519.

Gerstenfeld LC, Kelly CM, Von Deck M, Lian JB. 1990.
Effect of 1,25-dihydroxyvitamin D3 on induction of
chondrocyte maturation in culture: Extracellular matrix
gene expression and morphology. Endocrinology 126:
1599–1609.

Gleadle JM, Ebert BL, Ratcliffe PJ. 1995. Diphenylene
iodonium inhibits the induction of erythropoietin and
other mammalian genes by hypoxia. Implications for the
mechanism of oxygen sensing. Eur J Biochem 234:92–99.

Greising DM, Schwartz Z, Posner GH, Sylvia VL, Dean DD,
Boyan BD. 1997. A-ring analogues of 1, 25-(OH)2D3 with
low affinity for the vitamin D receptor modulate

chondrocytes via membrane effects that are dependent
on cell maturation. J Cell Physiol 171:357–367.

Haddad JG, Jr. 1979. Transport of vitamin D metabolites.
Clin Orthop 142:249–261.

Hale LV, Kemick ML, Wuthier RE. 1986. Effect of vitamin
D metabolites on the expression of alkaline phosphatase
activity by epiphyseal hypertrophic chondrocytes in
primary cell culture. J Bone Miner Res 1:489–495.

Hamada K, Nagai S, Tsutsumi T, Izumi T. 1998. Ionized
calcium and 1,25-dihydroxyvitamin D concentration in
serum of patients with sarcoidosis. Eur Respir J.
11:1015–1020.

Harris F, Hoffenberg R, Black E. 1965. Calcium kinetics in
vitamin D deficiency rickets. II. Intestinal handling of
calcium. Metabolism 14:1112–1121.

Henry HL, Norman AW, Taylor AN, Hartenbower DL,
Coburn JW. 1976. Biological activity of 24,25-dihydrox-
ycholecalciferol in chicks and rats. J Nutr 106:724–734.

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

Hinek A, Poole AR. 1988. The influence of vitamin D
metabolites on the calcification of cartilage matrix and
the C-propeptide of type II collagen (chondrocalcin).
J Bone Miner Res 3:421–429.

Hoffman ALG, Wertheimer E. 1928. Glycogen content of
cartilage and its significance. Pfleugers Archiv fuer die
Gesamte Physiologie des Menschen und der Tiere
220:183–193.

Holick MF. 1995. Defects in the synthesis and metabolism
of vitamin D. Exp Clin Endocrinol Diabetes 103:219–227.

Holick MF. 1996. Vitamin D: Photobiology, metabolism,
mechanism of action, and clinical applications. In: Favus
MJ, editor. ‘‘Primer on the metabolic bone diseases and
disorders of mineral metabolism.’’ Philadelphia, PA:
Lippincott-Raven Publishers. pp 74–81.

Holick MF, DeLuca HF. 1974. Chemistry and biological
activity of vitamin D, its metabolites and analogs. Adv
Steroid Biochem Pharmacol 4:111–155.

Horton WE, Jr., Balakir R, Precht P, Liang CT. 1991. 1,25-
Dihydroxyvitamin D3 down-regulates aggrecan proteo-
glycan expression in immortalized rat chondrocytes
through a post-transcriptional mechanism. J Biol Chem
266:24804–24808.

Inao S, Conrad HE. 1992. Coordinate inhibition of alkaline
phosphatase and type X collagen syntheses by 1,25-
dihydroxyvitamin D3 in primary cultured hypertrophic
chondrocytes. Calcif Tissue Int 50:445–450.

Ishikawa Y, Wuthier RE. 1992. Development of an in vitro
mineralization model with growth plate chondrocytes
that does not require beta-glycerophosphate. Bone Miner
17:152–157.

Ishikawa Y, Chin JE, Hubbard HL, Wuthier RE. 1985.
Utilization and formation of amino acids by chicken
epiphyseal chondrocytes: Comparative studies with
cultured cells and native cartilage tissue. J Cell Physiol
123:79–88.

Ishikawa Y, Chin JE, Schalk EM, Wuthier RE. 1986. Effect
of amino acid levels on matrix vesicle formation by
epiphyseal growth plate chondrocytes in primary culture.
J Cell Physiol 126:399–406.

332 Wu et al.



Ishikawa Y, Valhmu WB, Wuthier RE. 1987. Induction of
alkaline phosphatase in primary cultures of epiphyseal
growth plate chondrocytes by a serum-derived factor.
J Cell Physiol 133:344–350.

Ishikawa Y, Wu LN, Valhmu WB, Wuthier RE. 1991.
Fetuin and alpha-2HS glycoprotein induce alkaline
phosphatase in epiphyseal growth plate chondrocytes.
J Cell Physiol 149:222–234.

Ishikawa Y, Genge BR, Wuthier RE, Wu LN. 1998. Thyroid
hormone inhibits growth and stimulates terminal differ-
entiation of epiphyseal growth plate chondrocytes. J Bone
Miner Res 13:1398–1411.

Kato Y, Shimazu A, Iwamoto M, Nakashima K, Koike T,
Suzuki F, Nishii Y, Sato K. 1990. Role of 1,25-dihydrox-
ycholecalciferol in growth-plate cartilage: Inhibition of
terminal differentiation of chondrocytes in vitro and
in vivo. Proc Natl Acad Sci USA 87:6522–6526.

Kuettner KE, Kimura JH. 1985. Proteoglycans: An over-
view. J Cell Biochem 27:327–336.

Lewinson D. 1989. Application of the ferrocyanide-reduced
osmium method for mineralizing cartilage: Further
evidence for the enhancement of intracellular glycogen
and visualization of matrix components. Histochem
J 21:259–270.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 1951.
Protein measurement with the Folin phenol reagent.
J Biol Chem 193:265–275.

Maeda S, Dean DD, Gay I, Schwartz Z, Boyan BD. 2001.
Activation of latent transforming growth factor beta1 by
stromelysin 1 in extracts of growth plate chondrocyte-
derived matrix vesicles. J Bone Miner Res 16:1281–
1290.

Majeska RJ, Rodan GA. 1982. The effect of 1,25(OH)2D3 on
alkaline phosphatase in osteoblastic osteosarcoma cells.
J Biol Chem 257:3362–3365.

Manolagas SC, Burton DW, Deftos LJ. 1981. 1,25-Dihy-
droxyvitamin D3 stimulates the alkaline phosphatase
activity of osteoblast-like cells. J Biol Chem 256:7115–
7117.

Merke J, Klaus G, Hugel U, Waldherr R, Ritz E. 1986. No
1,25-dihydroxyvitamin D3 receptors on osteoclasts of
calcium-deficient chicken despite demonstrable receptors
on circulating monocytes. J Clin Invest 77:312–314.

Nakamura T, Kurokawa T, Orimo H. 1987. Action of 24R,
25 dihydroxyvitamin D3 (24,25 (OH)2D3) on bone in vivo.
In Vivo 1(5):313–317.

Nakamura T, Suzuki K, Hirai T, Kurokawa T, Orimo H.
1992. Increased bone volume and reduced bone turnover
in vitamin D-replete rabbits by the administration of
24R,25-dihydroxyvitamin D3. Bone 13:229–236.

Narisawa S, Frohlander N, Millan JL. 1997. Inactivation of
two mouse alkaline phosphatase genes and establish-
ment of a model of infantile hypophosphatasia. Dev Dyn
208:432–446.

Patzschke EDA. 1967. Distribution patterns of main
metabolic pathway enzymes and intermediary metabo-
lites in cartilage. Enzymologia Biologica et Clinica 8:
421–450.

Rago R, Mitchen J, Wilding G. 1990. DNA fluorometric
assay in 96-well tissue culture plates using Hoechst
33258 after cell lysis by freezing in distilled water. Anal
Biochem 191:31–34.

Rajpurohit R, Koch CJ, Tao Z, Teixeira CM, Shapiro IM.
1996. Adaptation of chondrocytes to low oxygen tension:

Relationship between hypoxia and cellular metabolism.
J Cell Physiol 168:424–432.

Reichel H, Koeffler HP, Norman AW. 1989. The role of the
vitaminD endocrine system in health and disease.NEngl
J Med 320:980–991.

Schwartz Z, Knight G, Swain LD, Boyan BD. 1988a.
Localization of vitamin D3-responsive alkaline phospha-
tase in cultured chondrocytes. J Biol Chem 263:6023–
6026.

Schwartz Z, Schlader DL, Swain LD, Boyan BD. 1988b.
Direct effects of 1,25-dihydroxyvitamin D3 and 24,25-
dihydroxyvitamin D3 on growth zone and resting zone
chondrocyte membrane alkaline phosphatase and phos-
pholipase-A2 specific activities. Endocrinology 123:
2878–2884.

Schwartz Z, Soskolne WA, Atkin I, Goldstein M, Ornoy A.
1989. A direct effect of 24,25-(OH)2D3 and 1,25-(OH)2D3
on the modeling of fetal mice long bones in vitro. J Bone
Miner Res 4:157–163.

Schwartz Z, Brooks B, Swain L, Del Toro F, Norman A,
Boyan B. 1992. Production of 1,25-dihydroxyvitamin D3
and 24,25-dihydroxyvitamin D3 by growth zone and
resting zone chondrocytes is dependent on cell matura-
tion and is regulated by hormones and growth factors.
Endocrinology 130:2495–2504.

Schwartz Z, Dean DD, Walton JK, Brooks BP, Boyan BD.
1995. Treatment of resting zone chondrocytes with 24,25-
dihydroxyvitamin D3 [24,25-(OH)2D3] induces differen-
tiation into a 1,25-(OH)2D3-responsive phenotype char-
acteristic of growth zone chondrocytes. Endocrinology
136:402–411.

Sebert JL, Fournier A, Lambrey G, Moriniere P, Decour-
celle PH, Makdassi R, De Fremont JF. 1982. [Does 24,25
dihydroxycholecalciferol have a physiological and patho-
physiological role?]. Nephrologie 3:133–141.

Seo EG, Kato A, Norman AW. 1996. Evidence for a
24R,25(OH)2-vitamin D3 receptor/binding protein in a
membrane fraction isolated from a chick tibial fracture-
healing callus. Biochem Biophys Res Commun 225:203–
208.

Takigawa M, Enomoto M, Shirai E, Nishii Y, Suzuki F.
1988. Differential effects of 1 alpha,25-dihydroxychole-
calciferol and 24R,25-dihydroxycholecalciferol on the
proliferation and the differentiated phenotype of rabbit
costal chondrocytes in culture. Endocrinology 122:831–
839.

Tietz NW, Burtis CA, Duncan P, Ervin K, Petitclerc
CJ, Rinker AD, Shuey D, Zygowicz ER. 1983. A
reference method for measurement of alkaline phos-
phatase activity in human serum. Clin Chem 29:751–
761.

Torzilli PA, Arduino JM, Gregory JD, Bansal M. 1997.
Effect of proteoglycan removal on solute mobility in
articular cartilage. J Biomech 30:895–902.

Townsend FJ, Gibson MA. 1970. A histochemical study of
glycogen metabolism in developing cartilage and bone.
Can J Zool 48:87–95.

Wasserman RH. 1964. Vitamin D and the intestinal
absorption of calcium. NY State J Med 64:1329–
1332.

Wu LN, Sauer GR, Genge BR, Wuthier RE. 1989.
Induction of mineral deposition by primary cultures
of chicken growth plate chondrocytes in ascorbate-
containing media. Evidence of an association between

Effects on Proteoglycan, Lactate Dehydrogenase, Calcium, and Phosphate Deposition 333



matrix vesicles and collagen. J Biol Chem 264:21346–
21355.

Wu LN, Ishikawa Y, Sauer GR, Genge BR, Mwale
F, Mishima H, Wuthier RE. 1995. Morphological
and biochemical characterization of mineralizing
primary cultures of avian growth plate chondrocytes:
Evidence for cellular processing of Ca2þ and Pi prior
to matrix mineralization. J Cell Biochem 57:218–
237.

Wu LN, Ishikawa Y, Genge BR, Sampath TK, Wuthier RE.
1997a. Effect of osteogenic protein-1 on the development
and mineralization of primary cultures of avian growth
plate chondrocytes: Modulation by retinoic acid. J Cell
Biochem 67:498–513.

Wu LN, Ishikawa Y, Nie D, Genge BR, Wuthier RE. 1997b.
Retinoic acid stimulates matrix calcification and initiates
type I collagen synthesis in primary cultures of avian
weight-bearing growth plate chondrocytes. J Cell Bio-
chem 65:209–230.

Wuthier RE. 1969. A zonal analysis of inorganic and
organic constituents of the epiphysis during endochon-
dral calcification. Calcif Tissue Res 4:20–38.

Wuthier RE. 1971. Zonal analysis of electrolytes in
epiphyseal cartilage and bone of normal and rachitic
chickens and pigs. Calcif Tissue Res 8:24–35.

Wuthier RE. 1977. Electrolytes of isolated epiphyseal
chondrocytes, matrix vesicles, and extracellular fluid.
Calcif Tissue Res 23:125–133.

334 Wu et al.


