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Previous studies have shown that phospholipase A 2 activity in rat costochondral chondrocyte cultures is differentially 
regulated by 1,25-(OH)2D 3 and 24,25-(OH)2D 3. 1,25-(OH)2D 3 stimulates enzyme activity in growth zone chondrocytes 
but has no effect on the resting zone chondrocyte enzyme activity. 24,25-(OH)2D 3 inhibits the resting zone enzyme but 
has no effect on the growth zone chondrocyte phospholipase A 2- This study examined whether the metabolites affect 
arachidonic acid turnover in their target cell populations. Incorporation and release of [ 14C]arachidonate was measured 
at various times following addition of hormone to the cultures. Acylation and reacylation were measured independently 
by incubating half of the [14C]arachidonate-labeled cultures with p-chloromercuribenzoate. The results demonstrated 
that the distribution of [14C]arachidonate in membrane phospholipids differed between growth zone and resting zone 
chondrocytes and between the plasma membranes and matrix vesicles isolated from the growth zone chondrocyte 
cultures. Plasma membrane phospholipids were more susceptible to the release of [14Clarachidonic acid by exogenous 
phospholipases than were matrix vesicle phospholipids. The effect of 1,25-(OH)2D 3 on growth zone chondrocytes was 
observed within 5 min. Incorporation was greatest after 60 min; release was greatest after 30 min. 24,25-(OH)2D 3 
stimulated consistently elevated incorporation throughout the incubation period, peaking at 15 min. Peak release was at 
60 min. The results confirm that resting zone chondrocytes and growth zone chondrocytes retain a differential 
phenotype in culture and demonstrate that matrix vesicles are distinct from the plasma membrane in terms of lipid 
composition and arachidonic acid incorporation. 1,25-(OH)2D 3 and 24,25-(OH)2D 3 appear to stimulate arachidonic acid 
turnover in their target cells by different mechanisms. Changes in fatty acid acylation and reacylation may be one mode 
of vitamin D-3 action in cartilage. 

Introduction 

The vitamin D metabolite, 1,25-dihydroxyvitamin 
D-3 (1,25-(OH)2D3) , plays an active role in calcified 
cartilage differentiation and maturation [1]. Previous 
studies [2-6] indicate that cartilage cells have 24,25-di- 
hydroxyvitamin D-3 (24,25-(OH)2D3) receptors, sug- 
gesting that they are responsive to this metabolite as 
well. Boyan et al. [7] have shown that chondrocytes at 
distinct stages of endochondral maturation respond dif- 
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ferentially to these two vitamin D-3 metabolites. Cellu- 
lar response includes changes in the activities of matrix 
vesicle enzymes like alkaline phosphatase [7] and phos- 
pholipase A 2 [8], matrix vesicle phospholipid composi- 
tion [7], extracellular matrix protein synthesis and cell 
proliferation [9], and handling of calcium [10]. Specifi- 
cally, 1,25-(OH)2D 3 targets primarily growth zone 
cartilage cells and 24,25-(OH)2D 3 the less differentiated 
resting zone cartilage cells. 

Wuthier [11] has demonstrated that there is substan- 
tial phospholipase A 2 activity in mineralizing cartilage 
and has suggested that hydrolysis of lipids might be 
related to the calcification process. This hypothesis is 
supported by the fact that the activity of phospholipase 
A 2 is correlated with the differentiation of the epi- 
physeal growth plate. As chondrocytes hypertrophy and 
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crystals begin to form in extracellular matrix vesicles, 
the activity of this enzyme is increased. Wuthier [12] has 
also shown that the phospholipid composition of matrix 
vesicles appears to be related to their functional role in 
mineralization. The increase in lysophospholipids is due 
in part to phospholipase A 2. 

Recently, we demonstrated that the specific activity 
of phospholipase A 2 is enriched in matrix vesicles iso- 
lated from cultured rat costochondral chondrocytes [8]. 
Its activity can be differentially regulated by vitamin 
D-3 metabolites, depending on the metabolite used and 
the state of differentiation of the cell. For example, 
phospholipase A 2 is stimulated by 1,25-(OH)2D 3 in 
matrix vesicles isolated from cultures of growth zone 
chondrocytes but there is no effect of 1,25-(OH)2D 3 on 
the enzyme in matrix vesicles isolated from cultures of 
resting zone cells. In contrast, phospholipase A 2 is 
inhibited by 24,25-(OH)2D3 in matrix vesicles isolated 
from cultures of resting zone cells but this metabolite 
has no effect on phospholipase A 2 in matrix vesicles 
isolated from growth zone chondrocyte cultures [13]. 
Since differential regulation of phospholipase A 2 is also 
observed in isolated matrix vesicle membranes in- 
cubated directly with the vitamin D metabolites, that is 
in the absence of the chondrocyte and, therefore, of 
nuclear hormone receptors, gene transcription or new 
protein synthesis, it is likely that the effect of the 
hormone is directly on the membrane itself [8]. 

At least some of the differential response to 1,25- 
(OH)2D 3 and 24,25-(OH)2D 3 may be due to a dif- 
ference in the composition of the matrix vesicles [14]. 
Another possibility is that the basal metabolism of 
membrane phospholipids differs between the two mem- 
brane populations. Vitamin D-3 metabolites may regu- 
late membrane enzyme activity and calcium transport 
across membranes, at least in part, by inducing a specific 
alteration in membrane phospholipids, leading to in- 
creased membrane fluidity [15,16]. One mechanism to 
accomplish this is by changing the activity of the resi- 
dent phospholipases. This has been shown to be the 
case in intestinal brush border epithelium [17]. 

Studies by Matsumoto et al. [16] indicate that synthe- 
sis of phospholipids may also play a role. 1,25-(OH)2D 3 
enhanced the synthesis of phosphatidylcholine, inde- 
pendently of a protein synthetic pathway, and also 
enhanced the incorporation of unsaturated fatty acid, 
with resultant alterations in Ca 2 + transport through the 
plasma membrane. These results have been substanti- 
ated by Levy et al. [18], showing that changes in phos- 
pholipid composition induced by 1,25-(OH)2D3 were 
related to changes in Ca 2÷ permeability. 

Additional observations continue to strengthen the 
correlation between the action of vitamin D-3 metabo- 
lites and changes in membrane composition. For exam- 
ple, 1,25-(OH)2D3 induces mechanisms for the release 
of arachidonate from phospholipids [19] and 1,25- 

(OH)2D 3 increases the activity of the intestinal 
phosphatidylcholine deacylation-reacylation cycle [20]. 
There is an accumulation of arachidonic acid in bone 
marrow-derived macrophages due to an increase in acyl- 
transferase activity in response to this hormone [21]. 

A similar mechanism may be functional in cartilage 
as well. Therefore, in the current study we determined 
whether 1,25-(OH)2D 3 and 24,25-(OH)2H 3 regulate the 
incorporation and release of [14C]arachidonic acid in 
their respective target cell populations. An understand- 
ing of rapid, direct changes in fatty acid turnover 
stimulated by 1,25-(OH)2D 3 and 24,25-(OH)2D 3 may 
explain the mechanism of the direct action of vitamin 
D-3 metabolites in chondorcyte membranes. These 
studies also enabled us to test the hypothesis that there 
is active matrix vesicle phospholipid metabolism and 
that it differs with the state of chondrocyte differentia- 
tion. 

Materials and Methods 

Chondrocyte cultures. The culture system has been 
described in detail by Boyan et al. [13]. Rib cages were 
removed from 30 125-g Sprague-Dawley rats/experi- 
ment and placed in Dulbecco's modified Eagle's medium 
(DMEM). The resting zone and adjacent growth zone 
cartilage were separated, sliced, and incubated over- 
night in DMEM with 5% CO 2 in air at 37°C and 100% 
humidity. DMEM was replaced by two 20-min washes 
in Hank's balanced salt solution (HBSS), followed by 
sequential incubations in 1% trypsin for 1 h and 0.02% 
collagenase for 3 h. All enzymes were prepared in 
HBSS. After enzymatic digestion, cells were separated 
from debris by filtration, collected by centrifugation at 
500 x g for 10 min, resuspended in DMEM, and plated 
at a density of 10 000 cells/cm 2 for resting zone cells or 
25 000 cells/cm 2 for growth zone cells. Cultures were 
incubated in DMEM containing 10% fetal bovine serum 
(FBS) and 50/~g/ml vitamin C in an atmosphere of 5% 
CO 2 in air at 37 °C and 100% humidity. Media were 
changed at 24 h and then at 72-h intervals. At con- 
fluence (approximately 7-10 days), cells were subcul- 
tured using the same plating densities and technique as 
those described above and allowed to return to con- 
fluence. Fourth passage cells were used, since previous 
studies had shown that differential responses to vitamin 
D-3 metabolites are preserved at this passage (see Intro- 
duction above and Refs. 7-10, 13, 14, 22). 

Preparation of cell fractions. Matrix vesicles and 
plasma membranes were prepared as described previ- 
ously [14]. At harvest, cultures were trypsinized (1% in 
HBSS), the reaction was stopped with DMEM contain- 
ing 10% FBS, and the cells were collected by centrifuga- 
tion at 500 × g for ten minutes, resuspended, in 0.9% 
NaC1, washed twice, and counted. The trypsin digest 
supernatant was centrifuged for 10 rain at 13 000 × g to 
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pellet a mi tochondr ia /membrane  fraction. The re- 
sultant supernatant was centrifuged for one hour at 
100000 × g to pellet matrix vesicles. The chondrocytes 
were homogenized and the plasma membranes were 
isolated by differential centrifugation, followed by 
sucrose density centrifugation. Membranes were resus- 
pended as described below. All samples used in subse- 
quent assays represent the combination of five cultures 
(i.e., five T-75 flasks). 

Both the plasma membrane and matrix vesicle pre- 
parations contain plasma membrane marker enzymes 
(alkaline phosphatase, 5'-nucleotidase, ouabain-sensi- 
tive Na + / K  +-ATPase, and phospholipase A 2) but they 
are differentially distributed between them [8,13]. En- 
richment of alkaline phsphatase specific activity in the 
matrix vesicles is routinely 3-10-fold greater than in the 
plasma membrane. Previous studies [22] demonstrated 
that there is no contamination of the matrix vesicles or 
plasma membranes with mitochondrial enzymes. 

Incorporation and release of arachidonic acid. 
[laC]Arachidonic acid turnover was measured by the 
method of Kroner et al. [17]. [1-aac]Arachidonic acid 
was obtained from New England Nuclear (Boston, MA) 
as an aqueous solution and diluted in DMEM so that 5 
/~1 contained 0.05 #Ci. Confluent, fourth passage growth 
zone and resting zone chondrocyte cultures were pre- 
labeled by adding 5 /~1 [1-14C]arachidonic acid (0.05 
/~Ci) to the media. The cultures were incubated for 60 
min and then washed three times with cold DMEM to 
stop the reaction. For studies assessing the distribution 
of [14C]arachidonic acid in the matrix vesicle and plasma 
membrane phospholipids, membrane fractions were 
prepared (e.g., Table I). 

For studies examining acylation and reacylation (e.g., 
Table II), cultures were incubated for an additional 60 
min in 5 ml fresh DMEM containing 10% FBS. p- 
Chloromercuribenzoate (100 nmol /ml  DMEM) (Sigma) 
was added to half of the cultures to block reacylation. 
All cultures were incubated an additional 60 min. At 
this time (time 0), the appropriate vitamin D-3 metabo- 
lite, either 1,25-(OH)zD 3 or 24,25-(OH)2D3, was added 
to the medium and the cells were cultured for six hours. 
The vitamin D-3 metabolites were solubilized in ethanol 
and these stock solutions were diluted at least 1:5000 
(v /v)  with DMEM prior to addition to the cultures [7]. 
Cultures with no exogenous hormone or vehicle and 
cultures incubated with ethanol at the same concentra- 
tions were used as internal controls: < 0.0005% ethanol 
for 1,25-(OH)zD 3 and <0.05% for 24,25-(OH)2D 3. 
Both hormones were gifts of Dr. Milan Uskokovic of 
Hoffman-LaRoche (Nutley, N J). 

At 5, 15, 30, 60, 90, 120, 180, 270 and 360 min, 50/,1 
aliquots of culture media were collected and the content 
of [~4C]arachidonic acid determined. Reactions were 
stopped by addition of 5.0 ml chloroform/methanol  
(2 : 1, v /v )  to each 50/*1 aliquot. Phospholipids present 

in the resultant organic phase were separated by high- 
performance, thin-layer chromatography and ~4C con- 
tent quantified by liquid scintillation spectroscopy. 
Phospholipids were identified by comparison of their Rf 
values with those of known standards (Sigma) run on 
the same plate. The percent release of [a4C]arachidonic 
acid was calculated as the amount of [a4C]arachidonic 
acid released to the media in the presence of p-chloro- 
mercuribenzoate at the specified time point, divided by 
the total [14C]arachidonic acid in the cell layer and 
culture medium plus each 50 ~1 aliquot at the time of 
harvest at 360 rain. The percent incorporation of 
[14C]arachidonic acid was determined as the difference 
in the amount of [~4C]arachidonic acid released to the 
medium in the presence or absence of p-chloromercuri- 
benzoate, at the specified time point, divided by the 
total [14C]arachidonic acid in the cell layer and medium 
at harvest at 360 min. This experimental design [17] 
permits measurement of acylation and reacylation on 
the same population of cells. As a result, any incorpora- 
tion of [14C]arachidonate is reacylation since the only 
source of fatty acid is the pre-labeled cell itself. 

In order to determine that the [14C]arachidonate was 
actually incorporated into phospholipids, prelabeled 
membrane fractions were incubated with exogenous 
phospholipase C and phospholipase A 2 and the amount 
of [14C]arachidonate released was determined. The ef- 
fect of phospholipase C (EC 3.1.4.3) was measured as 
described by Low and Zilversmit [21]. The reaction 
mixture consisted of 15/ ,g phospholipase C (Sigma), 25 
/*g membrane protein (0.45 ml), and 2.35 ml 40 mM 
Tris acetate containing 0.002% NaN 3 (pH 7.8). Samples 
were incubated at 37 °C for 30 min. The incubation was 
stopped with the addition of 4 ml cold CHC13/CH3OH 
(2:1,  v/v) .  Phospholipids were then identified as de- 
scribed below. 

The action of phospholipase A z (EC 3.1.1.4) on the 
membrane lipids was measured as a function of hydrol- 
ysis of [14C]arachidonate by a modification of tech- 
niques previously published [23]. Phospholipase A 2 (0.1 
/,g) (Sigma) and 0.5 ml of the membrane fraction con- 
taining 25 ~g protein were added to 0.5 ml 100 mM 
Tris-HC1 containing 2 mM CaC12 and 0.2 M NaC1. The 
mixture was incubated at 37°C for 60 min and the 
reaction stopped by addition of 5 ml CHCI3 /CH3OH 
(2: 1, v/v) .  

To eliminate the possibility that endogenous phos- 
pholipases might also be active or that a membrane 
component might inhibit the exogenous phospholipase, 
phospholipids were extracted in CHC13/CH3OH (2:1,  
v /v )  and incubated directly with phospholipase A 2 as 
described by Christiansen et al. [24]. Samples (25 /.tl) 
were dried in microfuge tubes using N 2. 0.25 ml 10 mM 
Tris acetate (pH 7.0) was added to the dry film for 10 
min at 35 ° C. The tube was then sonicated for 5 min 
(two times) followed by addition of 5/,1 phospholipase 



A 2 (8 U ,  Sigma) for 15 min at 30°C. The reaction was 
stopped with the addition of 5 ml CHC13/CHaOH 
(2: 1, v/v). 

Phospholipid analyses. Following extraction of the 
reaction mixtures with CHC12/CH2OH (2:1, v/v), the 
resultant organic phases were concentrated under N 2 
and redissolved in 1 ml CHCIa/CH3OH (2:1, v/v) 
containing 0.05% butylated hydroxytoluene (BHT). The 
extracts were analyzed by one-dimensional, high-perfor- 
mance thin-layer chromatography (HPTLC) [25]. Sam- 
ples were separated on preformed silica gel G HPTLC 
plates (Analtech, Newark, DE). Plates were prewashed 
with CHC13/CH3OH (1 : 1, v/v), followed by ethanol/ 
chloroform/ammonium hydroxide (50 : 6 : 6, v/v), also 
used as the mobile phase. 

Phospholipids separated by HPTLC were visualized 
by heating. Each experimental HPTLC plate also con- 
tained a combined standard of 1 #g each bovine brain 
t-a-phosphatidylserine (PS), L-a-phosphatidylinositol 
(PI), cardiolipin (CL), L-a-phosphatidylcholine (PC) and 
sphingomyelin (Sph) and E. coli L-a-phosphatidyl- 
ethanolamine (PE). All standards were obtained from 
Sigma Chemical Company (St. Louis, MO) and shown 
to be pure by HPLC (data not shown). Material was 
removed from the thin-layer chromatogram and counted 
by liquid scintillation spectroscopy. 

Statistical analysis. Data on the distribution of 
[14C]arachidonic acid in matrix vesicles and plasma 
membranes are expressed as the mean +_ S.E. of six 
samples, where each sample represents the combined 
membranes from five T-75 flasks. Data on arachidonic 
acid turnover are expressed as the mean +_ S.E. of six 
individual cultures. Significance between data points 
and controls was determined by Student's t-test using 
P < 0.05 confidence limits. Treatment/control ratios 
represent the means of six replicate experiments. 

Results 

The results of this study demonstrate that the distri- 
bution of 14C-label in membrane phospholipids differs 
between growth zone and resting zone chondrocytes 
following a 60 min incubation in medium containing 
[a4C]arachidonic acid (Table I). For example, in matrix 
vesicles produced by growth zone chondrocytes, 2.4 
times more [~4C]arachidonate is incorporated into 
sphingomyelin, but only half as much is incorporated 
into phosphatidylcholine or phosphatidylinositol as in 
matrix vesicles produced by resting zone cells. In con- 
trast, incorporation of [~4C]arachidonate into phospha- 
tidylserine was essentially the same for both cell types. 
These data were not compared statistically because dif- 
ferent cell types were used and the cells were not 
harvested on the same day since they reached con- 
fluence at different times. However, the observations 
were consistent from experiment to experiment. 
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TABLE I 

The incorporation of [t4C]arachidonate into phospholipids from mem- 
brane fractions isolated from confluent, fourth passage cultures of resting 
zone and growth zone chondrocytes 

Each point is the mean .+ S.E. of six samples. Data presented are from 
one representative experiment. Each experiment was repeated six 
times for growth zone chondrocytes (GC) and three times for resting 
zone chondrocytes (RC) with comparable results. Phospholipid stan- 
dards were sphingomyelin (Sph), phosphatidylcholine (PC), phospha- 
tidylinositol (PI), phosphatidylserine (PS) and cardiolipin plus phos- 
phatidylethanolamine (CL+ PE). * Significant differences, P < 0.05, 
for matrix vesicles (MV) vs. plasma membranes (PM). 

Phospho- 
lipid 

% of total [14C]arachidonic acid incorporated 

GC RC 

MV PM MV PM 

Sph 34+10 37.+1 14.+3 22.+3 
PC 12.+ 0 21_+1" 24.+1 31.+1" 
PI 11_+ 2 13-+1 21-+1 15-+3 
PS 11+ 2 9.+1 16.+1 26.+2* 
C L + P E  31.+ 6 20.+0* 24.+2 5.+1" 

Distribution of [t4C]arachidonate also showed statis- 
tically significant variations between plasma mem- 
branes and matrix vesicles isolated from growth zone 
chondrocytes. Although radiolabeled fatty acid was pre- 
sent in comparable amounts in sphingomyelin and 
phosphatidylinositol, matrix vesicle phosphatidylcholine 
contained only half as much [14C]arachidonate as did 
phosphatidylcholine in the plasma membranes of growth 
zone chondrocytes. In contrast, radiolabel was enriched 
in the phosphatidylserine and cardiolipin + phospha- 
tidylethanolamine pools of the matrix vesicles. The 
cardiolipin + phosphatidylethanolamine pool also con- 
tains any free radio-labeled fatty acid. 

Statistically significant differences in phospholipid 
[14C]arachidonate content were observed in matrix 
vesicles and plasma membranes isolated from resting 
zone cell cultures as well (Table I). The plasma mem- 
brane contained 1.5-fold more radiolabeled sphingo- 
myelin, phosphatidylcholine and phosphatidylserine 
than the matrix vesicles. In contrast, matrix vesicles 
contained slightly higher levels of radiolabeled phospha- 
tidylinositol (not significant), but were significantly en- 
riched in [14C]arachidonate-labeled cardiolipin + phos- 
phatidylethanolamine pool. 

Following a second 60 min incubation in fresh 
DMEM (Table II), there were changes in the distribu- 
tion of radiolabel in the matrix vesicle and plasma 
membrane phospholipids when compared to data pre- 
sented in Table I (h GC MV and PM vs. Ih GC MV- 
and PM-). For example, the amount of [14C]arachi- 
donate incorporated into matrix vesicle phosphatidyl- 
choline was increased. As a result, the differential distri- 
bution of [14C]arachidonate between matrix vesicle and 
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TABLE II 

The effect of p-chloromercuribenzoate on the incorporation of 
[14C]arachidonate into matrix uesicles and plasma membranes isolated 
from growth zone chondrocyte cultures 

Each point is the mean_+ S.E. of six samples. Data presented are from 
one representative experiment. Each experiment was repeated four 
times with comparable results. Chondrocytes were incubated with ( + ) 
or without ( - ) p-chloromercuribenzoate. Phospholipid standards were 
sphingomyelin (Sph), phosphatidylcholine (PC), phosphatidylinositol 
(PI), phosphatidylserine (PS) and cardiolipin plus phosphatidyl- 
ethanolamine (CL+PE) .  No statistically significant differences were 
noted as a result of p-chloromercuribenzoate treatment or between 
matrix vesicles (MV) and plasma membranes (PM) from the same 
cultures. 

Phospho- 
lipid 

Percent of total [14C]arachidonic acid incorporated 

MV + MV - PM + PM - 

Sph 32+3 27+2  26+2  26+2  
PC 20_+2 20_+1 16+3 18-+1 
PI 14+1 15-+1 16_+1 15_+2 
PS 8+1  9-+1 11-+1 13_+3 
C L + P E  26±2  35-+4 33-+1 27-+2 

label was released by enzymatic action from plasma 
membrane phospholipids. There were no differences 
noted between resting zone or growth zone chondrocyte 
cultures. Release of [t4C]arachidonic acid from isolated 
phospholipids followed the same pattern following in- 
cubation with phospholipase A 2 that was observed when 
the parent membranes were incubated with exogenous 
enzyme (Fig. 1). 

Incubation of growth zone chondorcytes with 1,25- 
(OH)2D 3 had a marked effect on incorporation and 
release of [14C]arachidonic acid (Table III, Fig. 2). 
Examination of the treatment/control  ratios presented 
in Fig. 2 demonstrate that the effects of hormone were 
observed within 5 min. In cultures incubated with 10-8 
M 1,25-(OH)2D3, incorporation of [14C]arachidonate 
was stimulated 2.2-fold at 5 min whereas release was 
stimulated only 1.3-fold. Incorporation peaked at 60 
min whereas release peaked at 30 min and then returned 
to control levels by 360 min. Incubation of the growth 

plasma membrane phospholipids was lost. There was no 
significant effect of p-chloromercuribenzoate on the 
distribution of label in the phospholipid pools of either 
matrix vesicles or plasma membranes (Table II). This 
indicated that this reacylation blocking agent could be 
used without causing artifactual shifts in the 
[14C]arachidonate incorporation measured. It should be 
stressed that the protocol which generated the data used 
in Table I differed from that used for data in Table II, 
with attendant differences in results. Both types of 
experiments were repeated multiple times and the data 
in each table, while from single experiments, are typical 
for their respective experimental protocol. 

Reduction or loss of radiolabel from the phospho- 
lipid groups following incubation of the matrix vesicles 
or plasma membranes with either phospholipase C or 
p h o s p h o l i p a s e  A 2 demonstrated that most of the 
[~4C]arachidonate had been incorporated into the phos- 
pholipid pool (Fig. 1). Loss of label was distributed 
evenly among the phospholipid classes, including 
sphingomyelin, phosphatidylcholine, phosphatidyl- 
inositol, and phosphatidylserine. Since cardiolipin and 
phosphatidylethanolamine run near the solvent front, 
along with any free fatty acids, any effect of either 
enzyme on them is unknown. As shown in Fig. 1, most 
of the released label was found in this region of the 
chromatogram. 

Release of [14C]arachidonic acid from the plasma 
membranes by exogenous phospholipases was distinctly 
different from its release from the matrix vesicle phos- 
pholipids (Fig. 1). Even after incubation with enzyme, 
between 15-76% of the label was retained by the matrix 
vesicle phospholipids. In contrast, virtually all of the 
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TABLE III 

The effect of 1,25-(OH)eD 3 on [~'qarachidonic acid turnooer by con- 
fluent, fourth passage growth zone chondrocytes in culture 

* Sample vs. control: P < 0.05. Data are from one representative 
experiment of three replicate experiments, all yielding comparable 
results. Each value is the mean_+ S.E. of four samples. 

1,25- Incubation time (rain) 

(OH)2D3 30 90 270 

% [14C]Arachidonic acid released 
0 37_+ 5 65+ 8 75+11 

1 0 - 1 ° M  38_+ 7 69+ 7 7 6 +  5 
10 9 M  59± 6* 83_+ 8 85+ 7 
10-SM 73_+10" 86_+ 3* 90_+ 3 

% [14C]Arachidonic acid incorporated 
0 16_+ 3 27+ 5 40-+12 

10 -~° M 19_+ 6 21-+11 45_+12 
10-9M 32_+14 26_+ 8 32_+ 9 
10-SM 43_+ 9* 52_+ 4* 59_+ 4 
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Fig. 2. Effect of 1,25-(OH)2D 3 on [14C]arachidonic acid turnover in 
confluent, fourth passage cultures of growth zone costochondral 
chondrocytes. Data are expressed as treatment/control ratios. Each 
value represents the means+S.E, for six samples• Data are from a 
single representative experiment. Each experiment was repeated three 
times with comparable results. Data from one replicative experiment 
are presented in Table III. The following values are statistically 
significant (P < 0.05) with respect to controls. Incorporation: 10 -9 
M, 15 to 90 min; 10 -s  M, 5 to 360 min. Release: 10 -9 M, 15 to 180 

min; 10 -s  M, 5 to 270 min. 
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Fig. 3. Effect of 24,25-(OH)2D 3 on [14C]arachidonic acid turnover in 
confluent, fourth passage cultures of resting zone costochondral 
chondrocytes. Data are expressed as treatment/control ratios. Each 
value represents the mean+S.E, for six samples. Data are from a 
single representative experiment. Each experiment was repeated three 
times with comparable results. Data from one replicative experiment 
are presented in Table IV. The following values are statistically 
significant (P < 0.05) with respect to controls. Incorporation: 10 7 
M, 15 to 90 min; 10 -8 M, 15 to 270 min. Release: 10 -7 M, 60 min; 

10 -s  M, 15 to 90 n-fin. 

e f fec t  o n  e i t he r  p a r a m e t e r .  T h e  s ta t i s t ica l  s ign i f i cance  o f  

the  d a t a  a re  i n d i c a t e d  in the  f igure  l egend .  

W h e n  d a t a  are  e x p r e s s e d  as t r e a t m e n t / c o n t r o l  ra t ios ,  

i t  is c lea r  tha t  t he  r e l a t ive  e f fec t  of  1 , 2 5 - ( O H ) 2 D  3 was  

g r ea t e r  on  [14C]a rach idona te  i n c o r p o r a t i o n  w h e n  c o m -  

p a r e d  to  re lease .  H o w e v e r ,  e x a m i n a t i o n  o f  the  ac tua l  

d a t a  o b t a i n e d  in a c o m p a r a b l e  e x p e r i m e n t  ( T a b l e  I I I )  

d e m o n s t r a t e s  t ha t  in a b s o l u t e  a m o u n t s ,  m o r e  l abe l  was  

r e l eased  t h a n  was  i n c o r p o r a t e d .  F o r  e x a m p l e ,  in the  

c o n t r o l  c u l t u r e s ,  t h e  p e r c e n t  i n c o r p o r a t i o n  o f  

[14C]a rach idona te  was  16.4% at  30 m i n  w h e r e a s  the  

p e r c e n t  re lease  o f  l abe l ed  m a t e r i a l  was  37%. E v e n  af te r  

270 min ,  t he  a m o u n t  o f  l abe l  r e l eased  (75%) was  two  

t imes  g r ea t e r  t h a n  the  a m o u n t  tha t  was  i n c o r p o r a t e d  

(40%). 

I n c u b a t i o n  o f  r e s t i ng  z o n e  cel ls  w i t h  2 4 , 2 5 - ( O H ) 2 D  3 

a lso  a f f e c t e d  i n c o r p o r a t i o n  o f  [14C]a rach idona te  (Fig.  

3). Cel l s  e x p o s e d  to  10 -8  M 2 4 , 2 5 - ( O H ) 2 D  3 e x h i b i t e d  

c o n s i s t e n t l y  e l e v a t e d  i n c o r p o r a t i o n  o f  labe l  t h r o u g h o u t  

the  i n c u b a t i o n  pe r iod .  P e a k  s t i m u l a t i o n  (2 .5-fo ld)  was  

seen  at  15 min .  A t  10 -7  M 2 4 , 2 5 - ( O H ) 2 D  3 the  e f fec t  

p e a k e d  at  30 min ,  b u t  was  o v e r  b y  120 rain.  T h e r e  was  

e s sen t i a l ly  n o  e f fec t  o f  h o r m o n e  at 10 - 6  M.  S ta t i s t i ca l  

s i gn i f i cance  o f  t he  d a t a  a re  i n d i c a t e d  in the  f igure  

l egend .  
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TABLE IV 

The effect of  24,25-(OH)2D 3 on [14C]arachidonic acid turnover by 
confluent, fourth passage resting zone chondrocyte cultures 

* Sample vs. control: P < 0.05. Data are from one representative 
experiment of three replicate experiments, all yielding comparable 
data. Each value is the mean -+ S.E. of four samples. 

24,25- Incubation time (min) 

(OH)2D3 30 90 270 

% [lac]Arachidonic acid released 
0 27-+5 2 5 + 4  28_+5 

10 -8  M 51 +1 * 70-+4"  76-+3"  
10 -7  M 31 5:6 42-+5 * 52-+5 * 
10 6 M  21-+2 25-+2 41-+4 

% [14C]Arachidonic acid incorporated 
0 5 + 2  13-+2 13-+2 

10 -8 M 3 4 + 6  * 51 -+7 * 54-+3* 
10 7 M 10_+3 17-+3 19-+4 
10 -6  M 3-+1 15-+3 19-+3 

Release of [14C]arachidonate in resting zone cells was 
also stimulated by 24,25-(OH)2D 3 (Fig. 3). Peak stimu- 
lation (1.8-fold) of release was seen in cells incubated 
with 10 -8 M hormone at 60 min. The magnitude of 
stimulation was reduced in cells incubated with 10-7 M 
24,25-(OH)zD 3 and was not significant in cells in- 
cubated with 10  - 6  M hormone. As shown in Table IV 
(data are derived from a comparable experiment to 
those in Fig. 3), in absolute values, the amount of 
radiolabel released was greater than the amount incor- 
porated for unstimulated cells as well as for the experi- 
mental cultures. 

Discussion 

Our data support the hypothesis that vitamin D-3 
metabolites regulate membrane function by changing 
the composition of membrane phospholipids [17,26,27] 
via restructuring of their fatty acid moieties. There is 
mounting evidence to support this hypothesis. For ex- 
ample, Matsumoto et al. [16] demonstrated that 1,25- 
(OH)2D 3 stimulated synthesis of phosphatidylcholine 
and elevated the incorporation of unsaturated fatty 
acids. Others [28] have reported that 1-(OH)D 3 caused a 
change in the fatty acid composition of phosphatidyl- 
choline in chick intestinal microvillus membranes. 

As in the present study, both deacylation and re- 
acylation can be affected, thereby serving as a point for 
regulation. 1,25-(OH)2D 3 has been shown to induce 
mechanisms for the release of arachidonate from phos- 
pholipids [19]. Changes in the deacylation-reacylation 
cycle can alter significantly membrane parameters such 
as fluidity and even permeability and transport [20]. 

Whether the effect of 1,25-(OH)2D 3 or 24,25- 
(OH)2D 3 on arachidonic acid turnover is cell-specific 
was not examined. Previous studies had shown that 

stimulation or inhibition of phospholipase A 2 activity 
by 1,25-(OH)2D 3 or 24,25-(OH)zD 3 was dependent on 
the state of chondrocyte differentiation [8]. Nonetheless, 
the results indicate that each metabolite affected its 
target cell population in a different manner. This may 
have been due to differences in the basal phospholipid 
metabolism of the cell or to structural differences in the 
membranes. 

The net effect of both metabolites on their respective 
target cells is to stimulate arachidonic acid release. 
Other investigators [19] have shown that cells can re- 
spond to 1,25-(OH)2D 3 by increasing arachidonic acid 
release. Variations in arachidonic acid content and 
turnover, like those observed in the present study, might 
effect a wide range of cellular and membrane events 
[29,30] with important implications for the mechanism 
of vitamin D action. For example 1,25-(OH)2D3-dif- 
ferentiated HL-60 cells further metabolize [14C]arachi- 
donate to cyclooxygenase and lipoxygenase products, 
suggesting that these compounds may play a role in 
autocrine or paracrine regulation [19]. Low doses of 
p r o s t a g l a n d i n  E 2 are known to stimulate bone forma- 
tion [31-34] and bone cell activity [25,36]. Ca ion flux 
may also be regulated since prostaglandin E 2 is an 
effective activator of the phosphoinositol pathway in 
cultured osteoblasts [36]. However, the effects of prosta- 
glandins and leukotrienes on chondrocytes have not 
been investigated in the chondrocyte culture system 
used in this study. 

Independent of target cell or metabolite, there ap- 
pears to be two effects of 1,25-(OH)2D 3 and 24,25- 
(OH)3D 3, one that is short term and one that is long 
term. When chondrocyte cultures were incubated for 24 
h with hormone [8], 1,25-(OH)2D 3 stimulated phospho- 
lipase A 2 activity in the growth zone cell cultures 
whereas 24,25-(OH)2D 3 inhibited phospholipase A 2 ac- 
tivity in the resting zone cultures. In the short term 
cultures used in the present study, both acylation and 
reacylation were stimulated in each cell by its respective 
metabolite. However, in resting zone cells incubated 
w i t h  10  - 6  M 24,25-(OH)2D3, there was a transient 
inhibition in arachidonic acid release. It is important to 
note that the earlier study [8] only addressed the activity 
of endogenous phospholipase A 2 on exogenous 
phosphatidylethanolamine while the present study mea- 
sured total release of [14C]arachidonate from pre-labeled 
phospholipids in the culture. 

The data indicate that there is active phospholipid 
metabolism in matrix vesicles that is independent of the 
cell. Not only are the matrix vesicle phospholipids 
labeled differently from those of their respective parent 
plasma membranes but there are distinct differences 
between the cell types, confirming our previous observa- 
tions that the chondrocytes retain their differential phe- 
notype in culture [7-10,13,14,22]. While our previous 
studies demonstrated that there is resident phospho- 



lipase A 2 activity in the matrix vesicles [13], the present 
studies demonstrate that the matrix vesicles can also 
reacylate their phospholipids. Only arachidonic acid 
metabolism was examined; there may be other dif- 
ferences in fatty acid turnover as well. 

Although the phospholipid composition of matrix 
vesicles produced by the growth zone chondrocytes is 
enriched in phosphatidylserine and sphingomyelin in 
comparison to the plasma membrane [13,26,37], the 
percent of [14C]arachidonic acid incorporated into these 
phospholipids was the same in both membrane frac- 
tions, indicating that not all of each phospholipid was 
labeled. In addition, three times more [14C]arachidonic 
acid was incorporated into the sphingomyelin pool than 
was incorporated into the phosphatidylserine pool in 
both membrane fractions isolated from the growth zone 
chondrocytes. One explanation for this is that the 
phsophatidylserine was protected by the formation of 
calcium-phospholipid-phosphate complexes, which are 
present in matrix vesicles isolated from the hypertrophic 
zone of epiphyseal cartilage [38] and have been shown 
by Boskey (personal communication) to be resistant to 
phospholipase A 2 activity. It has been hypothesized 
that these complexes are formed on the plasma mem- 
brane prior to matrix vesicle production [20]. In con- 
trast, there was no difference in [14C]arachidonic acid 
incorporation in the sphingomyelin and phosphatidyl- 
serine pools of matrix vesicles or plasma membranes 
isolated from resting zone chondrocyte cultures which 
are derived from cartilage which does not mineralize its 
matrix or form calcium-phospholipid-phosphate com- 
plexes in vivo [39]. 

The relative resistance of matrix vesicle membranes 
and isolated phospholipids to enzyme action may relate 
to any of several factors. Phospholipase A 2 c a n  also be 
inhibited b3; lyso-derivatives released from the mem- 
brane surface as a consequence of enzyme action, for- 
ruing complexes with the enzyme [40]. Different phos- 
pholipid compositions would result in differential re- 
lease of lyso-derivatives, reflected in the products re- 
leased from the respective matrix vesicles or plasma 
membrane populations examined. Differences in matrix 
vesicle and plasma membrane conformation may play a 
role as well. For example, in mitochondria, the activity 
of phospholipase A 2 is greatly influenced by the phos- 
pholipid composition and structure, either bilayer or 
hexagonal H n array, of the substrate aggregates [41]. 
The importance of substrate organization has also been 
demonstrated using phosphatidylcholines containing 
fatty acids of varying chain lengths [42]. 

Differences in composition and conformation may 
be of considerable importance in providing a suitable 
membrane environment for initial mineral formation. 
Phospholipase activity is postulated to be sterically in- 
hibited by the presence of mineral associated with the 
proteolipids (Boyan, unpublished data) and calcium- 
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phospholipid-phosphate complexes associated with ini- 
tiation of mineralization [43]. At the same time, other 
matrix vesicle phospholipids, like phosphatidylethanol- 
amine, are preferentially degraded [12]. 

Alterations in membrane phospholipids have the 
potential for altering calcium movements through mem- 
branes without synthesis of new proteins [18,38,44] and 
may be the mechanism by which 1,25-(OH):D 3 stimu- 
lates calcium movement through membranes. Our own 
studies [10] support this hypothesis, since resting zone 
cells and growth zone chondrocytes exhibit rapid 
changes in 45Ca2+ flux in response to 24,25-(OH)2D 3 
and 1,25-(OH)ED3, respectively, suggesting that new 
~srotein synthesis has not yet occurred. Changes in 

Ca 2+ content of the chondrocytes and their matrix 
vesicles, as well as the hormone-dependent effects on 
alkaline phosphatase and phospholipase A 2 activities, 
cannot be mimicked by the Ca 2+ ionophore, A23187 
(data not shown), indicating that the effects of 1,25- 
(OH)2D 3 and 24,25-(OH)ED 3 may involve mechanisms 
other than just calcium influx per se. Baran et al. [26], 
have shown that the effects of 1,25-(OH)ED 3 on ctosolic 
calcium in hepatocytes are completely blocked by in- 
hibitors of phospholipase A 2. 

In summary, this study demonstrates that phospho- 
lipid metabolism in matrix vesicles, at least with respect 
to [14C]arachidonic acid metabolism, is active and may 
be independent of the cell. The turnover of this fatty 
acid is regulated by vitamin D metabolites. The effects 
of 1,25-(OH)ED 3 on its target cell population are differ- 
ent from the effects of 24,25-(OH)2D 3 on its target cell 
population. Changes in arachidonic acid turnover may 
be one mechanism by which vitamin D metabolites 
elicit their effects on cells. 
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