The Journal of
Steroid Biochemistry
&

Molecular Biology

PERGAMON Journal of Steroid Biochemistry & Molecular Biology 73 (2000) 211-224
www.elsevier.com/locate/jsbmb

The membrane effects of 17/ -estradiol on chondrocyte phenotypic
expression are mediated by activation of protein kinase C through
phospholipase C and G-proteins

V.L. Sylvia ®, B.D. Boyan *>¢* D.D. Dean ?, Z. Schwartz >4

& Department of Orthopaedics, The University of Texas Health Science Center at San Antonio, 7703 Floyd Carl Drive, San Antonio,
TX 78284-7774, USA
® Department of Periodontics, The University of Texas Health Science Center at San Antonio, San Antonio, TX 78284, USA
¢ Department of Biochemistry, The University of Texas Health Science Center at San Antonio, San Antonio, TX 78284, USA
d Department of Periodontics, Hebrew University Hadassah Faculty of Dental Medicine, Jerusalem 91010, Israel

Received 27 July 1999; accepted 3 April 2000

Abstract

Growth plate chondrocytes from both male and female rats have nuclear receptors for 17B-estradiol (E,); however, recent
studies indicate that an alternative pathway involving a membrane receptor may also be involved in the female cell response. E,
directly affects the fluidity of chondrocyte membranes derived from female, but not male, rats. In addition, E, activates PKC in
a nongenomic manner in female cells, and chelerythrine, a specific inhibitor of PKC, inhibits E,-dependent alkaline phosphatase
activity in these cells, indicating PKC is involved in the signal transduction mechanism. The aims of this study were: (1) to
examine if PKC mediates the effect of E, on chondrocyte proliferation, differentiation, and matrix synthesis; and (2) to determine
the pathway that mediates the membrane effect of E, on PKC. Confluent, fourth passage resting zone (RC) and growth zone (GC)
chondrocytes from female rat costochondral cartilage were treated with 10 1% to 10~7 M E, in the presence or absence of the
PKC inhibitor chelerythrine, and changes in alkaline phosphatase specific activity, proteoglycan sulfation, and [*H]thymidine
incorporation were measured. To examine the pathway of PKC activation, chondrocyte cultures were treated with E, in the
presence or absence of genistein (an inhibitor of tyrosine kinases), U73122 or D609 (inhibitors of phospholipase C [PLC)),
quinacrine (an inhibitor of phospholipase A, [PLA,]), and melittin (an activator of PLA,). Alkaline phosphatase specific activity
and proteoglycan sulfation were increased and [*H]thymidine incorporation was decreased by E,. The effects of E, on all
parameters were blocked by chelerythrine. Treatment of the cultures with E, produced a significant dose-dependent increase in
PKC. U73122 dose-dependently inhibited the activation of PKC in E,-stimulated female chondrocyte cultures. However, the
classical receptor antagonist ICI 182780 was unable to block the stimulatory effect of E, on PKC. Moreover, the classical receptor
agonist diethylstilbestrol (DES) had no effect on PKC, nor did it alter the stimulatory effect of E,. Inhibition of tyrosine kinase
and PLA, had no effect on the activation of PKC by E,. The PLA, activator also had no effect on PKC activation by E,. E,
stimulated PKC activity in membranes isolated from the chondrocytes, demonstrating a direct membrane effect for this steroid
hormone. These data indicate that the rapid nongenomic effect of E, on PKC activity in chondrocytes from female rats is
sex-specific and dependent upon a G-protein-coupled phospholipase C. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

17B-Estradiol (E,) regulates endochondral bone for-

mation directly through action on chondrocytes and
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estrogen receptor, now referred to as estrogen receptor-
o, and a second receptor called estrogen receptor-f [6].
Specific receptors for E, have been found in articular
cartilage [7], growth plate cartilage [8,9], and fracture
callus [10].

Some of the biological effects of E, are mediated by
rapid, membrane-associated mechanisms in various cell
types [11-15]. In bone, rapid effects of E, have been
linked to changes in calcium flux in osteoblasts [16] and
acid production by osteoclasts [17]. We have shown
that some of the effects of E, on growth plate chondro-
cytes are mediated by rapid, membrane-associated
mechanisms [18,19]. Using rat costochondral chondro-
cytes as a model for studying agents which modulate
cartilage cell differentiation and maturation [20], we
have shown that E, causes an increase in arachidonic
acid turnover, phospholipase A, activity, and mem-
brane fluidity in cultures of chondrocytes derived from
female rats [18]. Additionally, E, stimulates protein
kinase C (PKC) activity in a dose-dependent manner
via mechanisms that are independent of new gene ex-
pression [19].

These rapid events may be due to a unique mem-
brane receptor for the hormone that is structurally
distinct from the nuclear receptor [21,22]. Our studies
support this hypothesis. We have shown that E, affects
fluidity of matrix vesicles isolated from female, but not
male, chondrocyte cultures. Since these extracellular
organelles contain no DNA or protein synthesis capa-
bilities, the effect of E, is purely on the membrane.
17a-Estradiol does not affect membrane fluidity, nor
does it affect PKC activity, demonstrating that the
response to E, is stereo-specific, as is typical of recep-
tor-mediated mechanisms.

Steroid hormones can function via pathways tradi-
tionally ascribed to peptide hormones, including PKC
[23-26] and MAP kinase [27]. PKC is a family of
serine/threonine kinases that transduce signals from
extracellular growth factors and hormones to intracel-
lular effector molecules [28]. Other investigators have
suggested a role for PKC in the biological response to
E, by demonstrating that PKC inhibitors block the
action of this steroid on DNA synthesis [29,30]. In rat
costochondral chondrocyte cultures, the lipophilic seco-
steroids, 1,25-(OH),D; and 24,25-(OH),D,, stimulate
PKC activity in a cell maturation-dependent manner,
with 1,25-(OH),D; regulating the enzyme activity in
growth zone cells and 24,25-(OH),D; regulating the
enzyme activity in resting zone cells [31]. Both genomic
and nongenomic mechanisms are involved in the pro-
cess, including differential segregation of PKC isoforms
into plasma membrane and matrix vesicle compart-
ments and effects of the vitamin D metabolites on
PKC, which are specific to the membrane fraction
examined [32]. Recent studies have demonstrated that
specific membrane receptors exist for each metabolite
[33,34].

17B-Estradiol is a steroid hormone, whereas vitamin
D metabolites are seco-steroids; thus, they are likely to
exert similar, but not identical, effects on membrane
signaling pathways such as PKC. In addition, chondro-
cyte response to E, is gender-dependent [3,35-38],
which is not the case for the vitamin D metabolites
(unpublished data). The aims of the present study were
to examine the role of PKC in E, regulation of chon-
drocyte proliferation, differentiation, and matrix syn-
thesis and to determine the pathway mediating the
membranous effect of E, on PKC. We examined the
role of PKC by testing the effects of PKC inhibition on
[*H]thymidine incorporation, alkaline phosphatase spe-
cific activity, and proteoglycan sulfation in E,-treated
resting zone and growth zone chondrocyte cultures. To
determine the pathway mediating the effect of E,, we
examined the effects of phospholipase C, phospholipase
A,, cyclooxygenase (Cox) and lipoxygenase inhibition,
as well as the action of estrogen receptor agonists and
antagonists on PKC activity in E,-treated cultures.

2. Materials and methods
2.1. Reagents

17B-estradiol, 17a-estradiol, diethylstilbesterol
(DES), G-protein inhibitors (pertussis toxin, cholera
toxin, and GDPS) [39], indomethacin, and quinacrine
(phospholipase A, inhibitor) [40] were purchased from
Sigma Chemical Co. (St Louis, MO). The estrogen
receptor antagonist ICI 182780 [41] was obtained from
Tocris Cookson Inc. (Ballwin, MO). The following
chemicals were purchased from Calbiochem (San
Diego, CA): 1,2-dioctanoyl-sn-glycerol (DOG), chelery-
thrine (PKC inhibitor) [42], genistein (tyrosine kinase
inhibitor) [43], U73122 (phospholipase C inhibitor) [44],
and D609 (phosphatidylcholine-specific phospholipase
C inhibitor) [45]. The COX-1 specific inhibitor resvera-
trol [46] was obtained from Cayman Chemical (Ann
Arbor, MI). Phospholipase A, activators mastoparan
[47] and melittin [48] and the lipoxygenase inhibitor
nordihydroguaiaretic acid [49] were purchased from
BIOMOL Research Laboratories (Plymouth Meeting,
PA). PKC assay reagents and DMEM were obtained
from GIBCO-BRL (Gaithersburg, MD). The protein
content of each sample was determined using the bicin-
choninic acid (BCA) protein assay reagent [50] obtained
from Pierce Chemical Co. (Rockford, IL). [**PJATP,
[PH]thymidine and [**S]sulfate were obtained from
NEN-DuPont (Boston, MA).

2.2. Chondrocyte cultures

The culture system used in this study has been de-
scribed in detail previously [51]. Chondrocytes were
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isolated from the resting zone (RC; reserve zone) and
growth zone (GC; prehypertrophic/upper hypertrophic
cell zones) of the costochondral junction of 125 g
female Sprague—Dawley rats by enzymatic digestion
and cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS)
[18,19] and 50 pg/ml vitamin C in an atmosphere of 5%
CO, and 100% humidity at 37°C for 24 h. We previ-
ously showed that the membrane-dependent effects of
E, were observed in the presence of FBS and that in the
absence of FBS, the chondrocyte cultures fail to grow.
Fourth passage cells were used for all experiments.
Previous studies have shown that these cells retain their
chondrogenic phenotype, including the ability to form
cartilage nodules when implanted in nude mouse thigh
muscle [52]. Furthermore, they retain their differential
responsiveness to vitamin D metabolites at this passage
[51,53], as well as differential responsiveness to a num-
ber of other factors [54].

Since normal serum estradiol ranges from 10~° to
108 M, we chose to test E, at physiological and
pharmacological concentrations ranging from 10~ '° to
10-7 M. In some parallel experiments, the inactive
stereoisomer, 17a-estradiol (170) was used at similar
concentrations as a control. Both E, and 17a were
dissolved in absolute ethanol and diluted in culture
medium by at least 1000-fold to the required concentra-
tion. Control cultures contained ethanol at the highest
concentration used in the experimental cultures.

2.3. Role of PKC in mediating the physiologic response
to E,

2.3.1. PH]Jthymidine incorporation

E, inhibits [*H]thymidine incorporation by RC and
GC chondrocytes [35]. To determine if this response to
E, is mediated by PKC, DNA synthesis was estimated
by measuring [*H]thymidine incorporation into
trichloroacetic acid (TCA) insoluble cell precipitates as
described previously [53]. Quiescence was induced by
incubating confluent cultures for 48 h in DMEM con-
taining 1% FBS. The medium was then replaced with
DMEM containing 1% FBS alone (control), 10~ 10—
10-7 M E, or E, plus 10 uM chelerythrine (PKC
inhibitor) for 24 h. Two hours prior to harvest,
[*H]thymidine was added.

2.3.2. Alkaline phosphatase specific activity

E, has been shown previously to stimulate alkaline
phosphatase specific activity in both RC and GC chon-
drocyte cultures [35]. To determine if this effect is
mediated by PKC, confluent cells were treated with
medium containing vehicle alone, 10~ 1°-10-" M E, or
E, plus 10 uM chelerythrine for 24 h. 17a-estradiol was
used at similar concentrations in a control experiment.
Alkaline phosphatase [orthophosphoric monoester

phosphohydrolase, alkaline (EC 3.1.3.1)] specific activ-
ity was measured in cell layer lysates as a function of
release of para-nitrophenol from para-nitrophenylphos-
phate at pH 10.2 [55,56].

2.3.3. Proteoglycan sulfation

E, stimulates proteoglycan sulfation in RC and GC
chondrocyte cultures [36]. To determine if this is medi-
ated by PKC, proteoglycan synthesis was assessed by
measuring [**S]sulfate incorporation by confluent cul-
tures as described previously [36,57]. At confluence,
fresh medium containing vehicle alone, 10~ 1°-10~7 M
E, or E, plus 10 uM chelerythrine was added for an
additional 24 h. Four hours prior to harvest, 50 ul
DMEM containing 18 pCi/ml [**SJsulfate and 0.814
mM carrier sulfate were added to each culture. At
harvest, the conditioned media were removed, the cell
layers (cells and matrix) collected, and the amount of
[**S]sulfate incorporated determined as a function of
protein [50] in the cell layer.

2.4. Mechanism of E,-dependent PKC activation

To determine the signaling pathways involved in
E,-dependent activation of PKC, the following experi-
mental protocols were used. For each experiment,
confluent cultures in 24-well plates were treated for
various time periods with 0.5 ml of vehicle control
(0.02% ethanol in DMEM + 10% FBS) or experimental
DMEM + 10% FBS plus various concentrations of E,
in the absence or presence of various concentrations of
inhibitors as described below. Since E, activates PKC
in RC from female rats as quickly as 3 min, reaches
maximum activity at 90 min, and remains significantly
higher than control even after 4 h of treatment [58],
experimental time points of 9, 90 and 270 min were
chosen. After the appropriate incubation period, cell
layers were washed with phosphate buffered saline
(PBS), loosened from the wells with a sterile cell
scraper, and lysed in solubilization buffer (50 mM
Tris—HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM
phenylmethylsulfonylfluoride and 1% NP-40) for 30
min on ice. The cell layer lysates were assayed for
protein content [50] and PKC activity [31].

2.5. Protein kinase C assay

Cell layer lysates were mixed for 20 min with a lipid
preparation containing phorbol-12-myristate-13-ace-
tate, phosphatidylserine, and Triton X-100 mixed mi-
celles, which provides the necessary cofactors and
conditions for optimal activity [59]. To this mixture, a
high affinity myelin basic protein peptide substrate and
[?*P]ATP (25 uCi/ml) was added to a final volume of 50
pl. Following a 10-min incubation at 30°C, samples
were spotted onto phosphocellulose discs, washed, and
counted in a scintillation counter.
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2.5.1. Role of classical estrogen receptor

To assess the role of the classical estrogen receptor in
the effect of E, on PKC, female RC cells were treated
with E, in the presence or absence of estrogen receptor
agonist DES or antagonist ICI 182780. RC cultures
were treated for 90 min with control media (DMEM +
10% FBS) or media containing 10 ~°-10~7 M DES or
ICI 182780 in the presence or absence of 10 °-10~7 M
E,.

2.5.2. Phospholipase C

Phospholipase C (PLC) involvement in E, action was
assessed using U73122, an inhibitor of phosphatidyli-
nositol (PI)-specific PLC [44], and D609, an inhibitor of
phosphatidylcholine (PC)-specific PLC [45]. Cultures
were incubated for 90 min in media containing 10~°
M-10"8ME, plus 0, 1 or 10 uM U73122 or with 1, 10
or 100 uM D609. Controls contained the E, and
U73122 vehicles, ethanol and PBS. To examine the
effect of PLC inhibition over time, cultures were treated
with control media, 10-% M E,, 10 pM U73122, or
E, + U73122 for 9, 90 or 270 min. To further assess the
involvement of PLC we examined the effect of diacyl-
glycerol, the product of PLC action [60]. Cultures were
treated for 90 min with vehicle alone, or 10=°-10 "8 M
E, in the presence or absence of 1, 10 or 100 uM
dioctanoylglycerol (DOG).

2.5.3. G-proteins

To assess the role of G-proteins, pertussis toxin
(PTX, Gi inhibitor), cholera toxin (CTX, Gs inhibitor),
and the nonhydrolyzable GDPBS (general G-protein
inhibitor) were used. Cultures were treated for 90 min
with control media or 10~7 M E, in the presence or
absence of 1, 10, or 100 ng/ml PTX or CTX. In a
parallel set of experiments, cultures were treated for 90
min with control media, 10 =8 M E,, or E, + 100 ng/ml
PTX in the presence or absence of 1, 10 or 100 pM
GDPS. To examine the effect of G-protein inhibition
over time, cultures were treated with control media,
10-8 M E,, 100 uM GDPS, or E, + GDPBS for 9, 90,
or 270 min.

2.5.4. Tyrosine kinases

To assess the role of tyrosine kinases, cultures were
incubated with control media, 1078 M E,, 10 uM
genistein [43] or E, + genistein for 9, 90, or 270 min.
Control cultures contained the E, vehicle (ethanol) and
the genistein vehicle (PBS).

2.5.5. Phospholipase A,

To examine the role of phospholipase A, (PLA,),
melittin [48] or mastoparan [47] were used to activate
PLA, activity. Quinacrine [40] was used to inhibit PLA,
activity. Cultures were treated with control media, 103
M E,, 3 pg/ml melittin, or E, + melittin for 9, 90, or

270 min and assayed for PKC activity. Melittin or
quinacrine were tested in a similar manner at final
concentrations of 20 pg/ml or 10uM, respectively.

2.5.6. Cyclooxygenase and lipoxygenase

To examine the role of cyclooxygenase (COX) and
lipoxygenase (LPX), the general COX inhibitor in-
domethacin [61] and the LPX inhibitor nordihydrogua-
iaretic acid (NDGA) [49] were used. Cultures were
treated for 90 min with control media or 108 M E, in
the presence or absence of 10783-10-° M in-
domethacin. NDGA was tested in a similar manner at
final concentrations of 2, 20, or 40 uM.

2.6. Direct effect of 170 -estradiol on membrane
fractions

To verify that the effect of E, on PKC activity is
nongenomic, matrix vesicles and plasma membranes
were isolated from confluent, fourth passage RC cul-
tures from female rats as described previously [20,56,62]
and incubated directly with the hormone [32,62]. For
each experiment, there was an N of six membrane
preparations for each variable. Each membrane prepa-
ration was derived from the pooled membranes from
two separate cultures (i.e., two T-75 flasks). Matrix
vesicles or plasma membranes (30 pl of 1 mg/ml prepa-
rations in 0.9% NaCl containing 10% FBS) were incu-
bated in the absence (vehicle only) or presence of a final
concentration of 10~°~10~7 M E, for either 3, 9, 90,
or 270 min at 37°C. Following incubation, samples
were assayed for PKC activity.

2.7. Statistical management of data

For each experiment, each data point represents the
mean + SEM for six individual cultures (cell layers) or
six membrane samples. Significance between groups
was determined by Bonferroni’s modification of the
Student’s 7-test using P < 0.05. Each experiment was
repeated two or more times to ensure validity of the
data. The data presented are from a single representa-
tive experiment.

3. Results

3.1. The role of PKC in the physiological response to
E,

3.1.1. PH]thymidine incorporation

DNA synthesis was regulated in a PKC-dependent
manner in both RC and GC cells from female rats (Fig.
1). Chelerythrine inhibited DNA synthesis in control
cultures of both cell types. In E,-treated RC cultures,
the inhibitory effect of chelerythrine was even greater
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than that of E,. This was also the case for GC cells, but
only at the lowest E, concentration examined.

3.1.2. Alkaline phosphatase specific activity

E, regulated alkaline phosphatase specific activity in
RC cells via PKC. Chelerythrine reduced E,-stimulated
activity in a dose-dependent manner (Fig. 2, top panel).
At E, concentrations <10~° M, however, 10 uM
chelerythrine was unable to block the E,-stimulated
enzyme activity completely. Chelerythrine caused a
small decrease in basal PKC activity (bottom panel), as
has been noted previously [63]. The effect of E, was
specific, since 17a-estradiol, the inactive isomer, had no
effect on alkaline phosphatase in these cells.

PKC also mediated the response of GC cells to E,
(Fig. 3). Chelerythrine blocked the effect of E,, regard-
less of the concentration of E, used. In contrast to RC
cultures, chelerythrine did not inhibit basal enzyme
activity.
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Fig. 1. Effect of the PKC inhibitor chelerythrine on 17f-estradiol-(E,)
induced [*H]thymidine incorporation by resting zone and growth
zone chondrocytes. Confluent, fourth passage resting zone (RC,
upper panel) or growth zone (GC, lower panel) cells from female rats
were treated for 24 h with control media or media containing
10~'°-10=7 M E, in the presence or absence of 10 uM chelery-
thrine. Two hours prior to harvest, [*H]thymidine was added to the
cultures. At harvest, the cell layers were washed, precipitated with
trichloroacetic acid as described in Section 2, and counted in a
scintillation counter. Values are the mean + SEM of six cultures from
one of three experiments, all with comparable results. *P < 0.05, E,
treatment vs. control; # P < 0.05, Chel vs. control.
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Fig. 2. Effect of the PKC inhibitor chelerythrine on 17B-estradiol-(E,)
induced alkaline phosphatase specific activity of resting zone chon-
drocytes. Confluent, fourth passage resting zone cells (RC) from
female rats were treated for 24 h with control media or media
containing 10~'-10=7 M E, (upper panel) or 10~ '1°-10-7 M
17a-estradiol (lower panel) in the presence or absence of 10 uM
chelerythrine. At harvest, alkaline phosphatase specific activity in the
cell layer was determined as described in Section 2. Each data point
is the mean + SEM of six cultures from one of three experiments, all
with comparable results. *p <0.05, E, treatment vs control; #P <
0.05, Chel vs. control; ®P <0.05, 10" 8-10"" M E, vs. 10~ '°-10—°
M E,.

3.1.3. Proteoglycan sulfation

As expected [36], E, in chondrocytes increased pro-
teoglycan sulfation in female GC cells (Fig. 4). The
effect of E, was blocked by PKC inhibition. Similar
data were obtained for female RC cultures (data not
shown).

3.2. Mechanism of E,-dependent PKC activation

3.2.1. Role of classic estrogen receptor

The activation of PKC by E, in chondrocytes does
not involve classical nuclear E, receptors (Table 1).
PKC activity was not significantly changed in RC
cultures treated with either 10-°-10-7 M diethyl-
stilbesterol (DES) or ICI 182780. Further, neither com-
pound affected basal PKC activity or E,-stimulated
activity.

3.2.2. Role of phospholipase C
The effect of E, on PKC involved the action of
phospholipase C in RC cells (Fig. 5). The PI-PLC
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inhibitor U73122 had no effect on basal PKC activity,
but inhibited PKC activity in E,-treated RC cultures in
a dose-dependent manner (Fig. SA). At 10 uM, U73122
blocked the E, effect on PKC completely at all time
points tested (Fig. 5B). In contrast, the PC-PLC in-
hibitor D609 was without effect (Table 2). In GC
cultures, as in RC cultures, the PI-PLC inhibitor
U73122 blocked E,-induced PKC activity (Fig. 6). PKC
activity in control cultures was unaffected, but a dose-
dependent decrease in PKC activity was observed in

Effect of 17B-Estradiol on ALPase Activity
Female GC Cells

— Control

7  —— 10uM Chel

pmol Pi/mg Protein/Min

Control 10-1° 10° 108 107
17B-Estradiol (Molar)

Fig. 3. Effect of the PKC inhibitor chelerythrine on 17p-estradiol-(E,)
induced alkaline phosphatase specific activity of growth zone chon-
drocytes. Confluent, fourth passage growth zone cells (GC) from
female rats were treated for 24 h with control media or media
containing 10~1°-10~7 M E, in the presence or absence of 10 uM
chelerythrine. At harvest, alkaline phosphatase specific activity in the
cell layer was determined as described in the Methods. Each data
point is the mean + SEM of six cultures from one of three experi-
ments, all with comparable results. *P < 0.05, E, treatment vs. con-
trol; # P <0.05, Chel vs. control.
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Fig. 4. Effect of the PKC inhibitor chelerythrine on 17f-estradiol-(E,)
induced proteoglycan sulfation of growth zone chondrocytes. Conflu-
ent, fourth passage growth zone cells (GC) from female rats were
treated for 24 h with control media or media containing 10~ '°~10~7
M E, in the presence or absence of 10 pM chelerythrine. At harvest,
proteoglycan sulfation in the cell layer was determined as described in
the Methods. Each data point is the mean + SEM of six cultures from
one of three experiments, all with comparable results. *P < 0.05, E,
treatment vs. control; # P < 0.05, Chel vs. control.

Table 1

Effect of 17-estradiol receptor agonist diethylstilbesterol (DES) and
antagonist ICI 182780 (ICI) on PKC activity in female resting zone

chondrocytes*

Protein kinase C specific activity
(pmol Pi/pg protein/min)

Inhibitor [M] DES ICI
Control-E, 0.45+0.04 0.45+0.04
+10-° 0.44 +0.04 0.42 +0.02
+10-8 0.40 +0.02 0.40 +0.03
+1077 0.45 +0.05 0.41 +0.04
Control+10~7 M E, 2.10 +0.16* 2.10+0.16*
+10—° 2.07 +0.17* 201 +£0.11*
+10-8 2.11+0.18* 2.02 4 0.08*
+10-7 2.174+0.12* 2.03+0.10*

4 Each value is the mean + SEM of six cultures from one of two
experiments yielding comparable results. *P <0.05, +E, vs. —E, at
each concentration of inhibitor.

both 102 M and 10 8 M E, in cultures treated for 90
min (Fig. 6A). As noted for RC cultures, at 9 min, 10
pM U73122 reduced PKC in E,-treated cultures to
levels below those seen in control cultures (Fig. 6B).

Dioctanoylglycerol (DOG) significantly increased
PKC activity in control and E,-treated cultures of RC
cells in a dose- and time-dependent manner (Fig. 7).
RC cultures treated for 90 min with 10~-°-10-8 M E,
in the presence of 10 or 100 pM DOG had higher PKC
activity than cultures receiving E, alone, and the effects
of DOG and E, were additive (Fig. 7A). The additive
effects of DOG and E, were also noted at 9 and 270
min (Fig. 7B). Similar results were seen for GC cells
(data not shown).

3.2.3. Role of G-proteins

G-proteins mediate the effect of E, on PKC; how-
ever, neither Gi nor Gs is involved. The Gi inhibitor
pertussis toxin (PTX) had no effect on PKC activity in
E,-treated RC cultures (Table 3). Similarly, cholera-
toxin (CTX) had no effect. In contrast, PKC activity
was reduced in RC cultures treated with E, in the
presence of GDPBS (Fig. 8A). Cultures treated with
either 1073 M E, or E, + 100 ng/ml PTX in the pres-
ence of 1 uM GDPS had PKC activity equivalent to
that of control cultures. At higher concentrations of the
inhibitor, PKC was reduced to levels below baseline
whether or not E, was present. This was noted at all
times examined (Fig. §B).

3.2.4. Role of tyrosine kinases

Tyrosine kinase activity is not required for the E,-de-
pendent stimulation of PKC activity (Fig. 9). Genistein
(10 uM) had no effect on PKC activity in control or
E,-treated RC cultures. The lack of an effect was noted
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Effect of 17B-Estradiol + PLC Inhibitor on PKC
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Fig. 5. Effect of the phospholipase C inhibitor, U73122, on PKC
specific activity of resting zone chondrocytes treated with 17p-estra-
diol (E,). Confluent, fourth passage resting zone cells (RC) from
female rats were treated for 90 min with control media or media
containing 10~°-10~% M E, in the presence or absence of 1 or 10
uM U73122 (Panel A). Alternatively, cultures were treated for 9, 90,
or 270 min with control media or media containing 10 uM U73122,
10~ M E,, or E,+ U73122 (Panel B). At harvest, PKC specific
activity in the cell layer was determined as described in Section 2.
Data represent the mean + SEM of six cultures from one of three
experiments, all with comparable results. Panel A: *P <0.05, E,
treatment vs control; # P < 0.05, U73122 vs. control at a particular
E, concentration. Panel B: *P < 0.05, E, treatment vs. control; # P <
0.05, treatment vs. U73122; ®P <0.05, E, + U73122 vs. E, alone.

Table 2

Effect of phosphatidylcholine-specific phospholipase C inhibitor
D609 on 17-estradiol activation of PKC in female resting zone
chondrocytes®

Treatment Protein kinase C specific activity
(90 min) (pmol Pi/ug protein/min)

Control 10-* M E, 10" M E,
D609 (M)
0 0.50 +0.08 1.69 +0.32 2.29+0.14
1 0.5540.09 1.78 +0.37 2.204+0.15
10 0.54 +0.06 1.67 +0.47 2.26+0.21
100 0.52 4 0.08 1.81 +0.38 2.1940.28

a2 Each value is the mean + SEM of six cultures from one of two
experiments yielding comparable results. No statistically significant
differences were observed.
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Fig. 6. Effect of the phospholipase C inhibitor, U73122, on PKC
specific activity of growth zone chondrocytes treated with 17p-estra-
diol (E,). Confluent, fourth passage growth zone cells (GC) from
female rats were treated for 90 min with control media or media
containing 10 ~°-10~% M E, in the presence or absence of 1 or 10
uM U73122 (Panel A). Alternatively, cultures were treated for 9, 90,
or 270 min with control media or media containing 10 pM U73122,
1078 M E,, or E,+ U73122 (Panel B). At harvest, PKC specific
activity in the cell layer was determined as described in Section 2.
Data represent the mean + SEM of six cultures from one of three
experiments, all with comparable results. Panel A: *P <0.05, E,
treatment vs. control; # P < 0.05, U73122 vs. control at a particular
E, concentration; ®P < 0.05, 1 uM U731222 vs. 10 uM U73122 at a
particular E, concentration. Panel B: *P <0.05, E, vs. control;
# P <0.05, E, treatment vs. U73122; ®P < 0.05, E, + U73122 vs. E,
alone.

at all times examined and did not depend on the
concentration of genistein used. Similar results were
obtained when 0.1 or 1 pM genistein was used, and
when the experiments were performed using GC cul-
tures (data not shown).

3.2.5. Role of phospholipase A,

Regulation of PKC activity by E, does not involve
phospholipase A,. Activation of phospholipase A, with
mellitin inhibited basal PKC activity at all times exam-
ined, but had no effect on E,-stimulated activity (Fig.
10A). Inhibition of PKC by 3 pg/ml melittin was noted
at all times examined, and the effect was also observed
in cultures treated with 0.03 or 0.3 pg/ml (data not



218 V.L. Sylvia et al. /Journal of Steroid Biochemistry & Molecular Biology 73 (2000) 211-224

shown). Table 4 shows that another PLA, activator,
mastoparan, had similar effects on PKC activity in
E,-treated RC cultures. In contrast to RC cultures, GC
cultures treated with melittin or mastoparan alone ex-
hibited increased PKC activity, but similar to RC cul-
tures, there was no effect on PKC activity of E,-treated
GC cultures (data not shown).

Inhibition of phospholipase A, activity had no effect
on PKC activity in control or E,-treated cultures at 9
or 270 min, although there was a small increase in basal
activity at 90 min in cells treated with 10 pM quinacrine
(Fig. 10B). Similar results were seen when RC cultures
were treated with 1, 10, or 100 uM quinacrine.
Quinacrine caused a decrease in basal PKC in GC
cultures, but had no effect on E,-dependent enzyme
activity (data not shown).
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Fig. 7. Effect of dioctanoylglycerol (DOG) on PKC specific activity
of resting zone chondrocytes treated with 17p-estradiol (E,). Conflu-
ent, fourth resting growth zone cells (RC) from female rats were
treated for 90 min with control media or media containing 10 ~°—
10 =8 M E, in the presence or absence of 10 or 100 pM DOG (Panel
A). Alternatively, cultures were treated for 9, 90, or 270 min with
control media or media containing 100 pM DOG, 10=% M E,, or
E, +DOG (Panel B). At harvest, PKC specific activity in the cell
layer was determined as described in the Methods. Data are the
mean + SEM of six cultures from one of three experiments, all with
comparable results. Panel A: *P < 0.05, DOG treatment vs. control;
# P <0.05, E, vs. control for a particular concentration of DOG;
®P <0.05 10°M E, vs. 1078 M E,. Panel B: *P < 0.05, treatment
vs. same treatment at 9 min; # P < 0.05, treatment vs. control for a
particular time point; ®P <0.05, E, + DOG vs. DOG alone.

Table 3

Effect of G-protein inhibitors, pertussis toxin (PTX) and cholera
toxin (CTX), on 17B-estradiol activation of PKC in female resting
zone chondrocytes®

Treatment Protein kinase C specific activity

(pmol Pi/ug protein/min)

Control 10'M E,

PTX (ng/ml)

0 0.49 +0.03 1.84 +0.20
1 0.51 +0.06 1.90 + 0.07
10 0.47 +£0.03 1.82 £0.09
100 0.46 +0.03 1.85+0.16
CTX (ng/ml)

0 0.49 +0.03 1.84 +0.20
1 0.47 +0.03 1.84 +0.22
10 0.45 +0.04 1.87 +£0.10
100 0.48 +0.03 1.85£0.09

2 Each value is the mean + SEM of six cultures from one of two
experiments yielding comparable results. No statistically significant
differences were observed.

3.2.6. Role of cyclooxygenase and lipoxygenase

Arachidonic acid metabolites also do not mediate the
effects of E, on PKC. Inhibition of prostaglandin pro-
duction by indomethacin (Fig. 11A) caused a dose-de-
pendent increase in E,-treated cultures that was
additive with the increase in basal activity in control
cultures. In contrast, inhibition of lipoxygenase activity
with NDGA had no effect on PKC activity in either
control or E,-treated RC cultures (Fig. 11B).

3.3. Membrane specificity of the E, effect

The effect of E, on PKC activity was membrane-spe-
cific and dose-dependent (Fig. 12A). Only PKC in
matrix vesicles was increased when the membranes were
incubated directly with the hormone. The effect was
rapid, occurring within 3 min of exposure to 10=7 M
hormone (Fig. 12B). Further increases were observed at
9 min at both 10~ and 10~7 M, but by 90 min, the
stimulatory effect of E, was no longer evident.

4. Discussion

This study demonstrates that E, exerts its effects on
chondrocytes from female costochondral cartilage via
PKC-mediated mechanisms. Inhibition of PKC mim-
icked the effects of E, on proliferation and reduced
E,-dependent stimulation of alkaline phosphatase spe-
cific activity and proteoglycan sulfation, indicating that
proliferation, differentiation, and matrix synthesis were
all affected. The effects were similar in RC and GC
cells, consistent with our previous observation that
both types of cartilage cells have receptors for E, and
respond to the hormone in a comparable manner [9,35].
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The fact that chelerythrine blocked the effects of E,
on several aspects of chondrocyte physiology indicates
the importance of the PKC pathway to the action of E,
in cartilage cells. It is likely that E, modulates PKC-de-
pendent phenotypic expression through a receptor-me-
diated mechanism since 17a-estradiol has no effect on
phenotypic expression of RC or GC cells or on PKC
activity in these cells [19,36]. Moreover, in the present
study, we showed that inhibition of PKC had no effect
on 17a-treated cells. It is unlikely that E, regulates
PKC via traditional nuclear E, receptors, however,
since neither the estrogen receptor agonist DES nor the
antagonist ICI 182780 [41] had an effect on PKC.
Moreover, neither compound affected E,-dependent
stimulation of PKC.
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Fig. 8. Effect of G-protein inhibitors on PKC specific activity of
resting zone chondrocytes (RC) treated with 17B-estradiol (E,).
Confluent, fourth passage resting zone cells (RC) from female rats
were treated for 90 min with control media or media containing 10 ~8
M E,, or 1078 M E,+ 100 ng/ml pertussis toxin (PTX) in the
presence or absence of 1, 10, or 100 pM GDPS (Panel A). Alterna-
tively, cultures were treated for 9, 90, or 270 min with control media
or media containing 100 uM GDPBS, 10~% M E,, or E, + GDPBS
(Panel B). At harvest, PKC specific activity in the cell layer was
determined as described in Section 2. Data are the mean + SEM of
six cultures from one of three experiments, all with comparable
results. Panel A: *P <0.05, GDPBS vs. control; #P <0.05, E, or
E, + PTX treatment vs. control. Panel B: *P <0.05, treatment vs.
same treatment at the other time points; ®P < 0.05, E, + GDPfS vs.
E, alone.

The mechanisms by which E, stimulates PKC activity
appear to be membrane-associated. The response of
PKC activity to E, is rapid, occurring within 3 min, and
is independent of gene transcription or protein synthesis
[58]. The isoform responsible is PKCa, a calcium- and
phospholipid-dependent enzyme [64,65], suggesting that
rapid changes in Ca ion flux or phospholipid
metabolism could contribute to changes in activity
noted in the present study. Rapid movement of Ca ions
in response to E, have been observed in a number of
cell types [15,23,66], suggesting that Ca ion flux may be
regulated in chondrocytes as well. Recent studies have
also shown that high doses of E, (>1 uM) result in
acute nongenomic activation of maxi-K channels via
binding to the B-subunit [67]. It is unlikely that such a
mechanism is involved in the present study, however,
since E, concentrations of 0.1-100 nM elicit the PKC
response.

Phospholipid metabolism is involved in the E,-depen-
dent stimulation of PKC. Inhibition of PLC blocked
E,-stimulation of PKC activity in a dose-dependent
manner at all time points examined, implicating a PLC-
dependent pathway in the mechanism. Inhibition of
tyrosine kinase was without effect, suggesting that the
PLC involved is not activated through tyrosine phos-
phorylation. The data presented here indicate that the
PLC responsible for E,-dependent stimulation of PKC
is PI-specific rather than PC-specific. This is supported
by the fact that the product of the action of PLC on
phosphatidylinositol, diacylglycerol, causes an increase
in PKC that is additive with the increase caused by E,.
Moreover, the PLC involved is coupled to a G-protein
that is insensitive to pertussis toxin and choleratoxin.
One possibility is PLCP, which is coupled to the pertus-
sis toxin-insensitive Gq.

While PLC is involved in the mechanism, phospholi-
pase A, is not. As we have shown previously, activation
of phospholipase A, caused a decrease in basal PKC in
RC cells and an increase in basal PKC in GC cells
[58,68]. However, neither melittin nor mastoparan had
an effect on PKC activity in E,-treated cells. Similarly,
inhibition of phospholipase A, with quinacrine caused
the expected increase in PKC in RC cells and decrease
in GC cells [58,63], but it had no effect on PKC activity
in E,-treated cells.

E, causes a rapid increase in arachidonic acid
turnover in costochondral chondrocytes [35], indicating
that it regulates both deacylation and reacylation of
arachidonic acid. Since arachidonic acid is usually lo-
cated on the C-2 carbon of the phospholipid glycerol
backbone, it is evident that E, regulates phospholipase
A,. This suggests that E, may use a phospholipase
A,-dependent signaling pathway to mediate effects in
addition to PKC. It is also possible that metabolites of
arachidonic acid might modulate the effect of E, on
PKC, but our results indicate that this is not the case.
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Fig. 9. Effect of the tyrosine kinase inhibitor genistein on PKC specific activity of resting zone chondrocytes treated with 17p-estradiol (E,).
Confluent, fourth passage resting zone cells (RC) from female rats were treated for 9, 90, or 270 min with control media or media containing 10
UM genistein, 10 ~® M E,, or genistein + E,. At harvest, PKC specific activity in the cell layer was determined as described in Section 2. Data are
the mean + SEM of six cultures from one of three experiments, all with comparable results. *P < 0.05, treatment vs. same treatment at 9 min;

# P <0.05, treatment vs. control for a particular time point.

Inhibition of prostaglandin production by in-
domethacin resulted in an increase in basal PKC [63].
However, it did not increase the effect of E, beyond its
effect on basal enzyme activity. Leukotrienes also do
not appear to play a role, since inhibition of lipoxyge-
nase had no effect either on basal activity (unpublished
data) or on E,-stimulated PKC.

E, only stimulates PKC in chondrocytes from female
rats [58], even though both male and female chondro-
cytes have classical E, receptors [9]. However, only
plasma membranes and matrix vesicles isolated from
cultures of female chondrocytes exhibited a change in
fluidity in response to E, [18]. This suggested that the
gender-specific effects of the hormone might be medi-
ated through a nongenomic, membrane-mediated mech-
anism. The results of the present study indicate that at
least part of the E,-dependent increase in PKC is
nongenomic and membrane-mediated. Direct incuba-
tion of matrix vesicles with E, resulted in increased
PKC, even though these extracellular organelles contain
no DNA or RNA.

We previously observed that when chondrocyte cul-
tures are incubated with E,, the increase in alkaline
phosphatase activity is targeted to matrix vesicles rather
than the plasma membrane [35]. Because these experi-
ments had involved a 24-h incubation, we assumed that
E, upregulated alkaline phosphatase gene expression
and new matrix vesicle production. The present study
suggests that some of the increase in matrix vesicle
alkaline phosphatase may also be due to the rapid
effects of E, on PKC.

Our results also suggest that E, may regulate PKC
via two separate, but interrelated, mechanisms. The
hormone causes a rapid increase in matrix vesicle PKC

within 3 min, reaching maximal activity by 9 min. This
effect is resolved by 90 min. The rapid response is also
seen in intact cultures, but maximal activity occurs at
90 min. E, does not cause PKC to be translocated to
the plasma membrane [69], so this latter effect is proba-
bly due to cytosolic PKCa.

The recognition that E, exerts some of its actions via
rapid membrane-mediated mechanisms is relatively new
[15,67,70,71]. The data presented here support the hy-
pothesis that direct membrane effects are a general
property of steroid and secosteroid hormones. How-
ever, it is clear that E, elicits a hormone-specific re-
sponse as well. The effects of E, described here are
distinct from those previously reported for either 1,25-
(OH),D; or 24,25-(OH),D;, whether one examines
phospholipase A, activity [72,73], arachidonic acid
turnover [74], membrane fluidity [75], or PKC activity.

Although 1,25-(OH),D; and 24,25-(OH),D; have
membranous effects on chondrocytes, their pathways of
action are different from that of E, [31,58,63]. 1,25-
(OH),D; activates PKC in GC cells maximally at 9 min
via a PI-PLC-dependent mechanism [31]; 1,25-(OH),D;
has no effect on PKC in RC cells. 24,25-(OH),D,
activates PKC of RC, but not GC, maximally at 90 min
via a PLC-independent mechanism [63]. Similar to 1,25-
(OH),D;, E, activates PKC through a pertussis toxin-
independent, PI-PLC-dependent pathway. However,
unlike 1,25-(OH),D;, E, does not display cell matura-
tion-specific effects and activates PKC maximally at 90
min in both GC and RC cells [19].

Unlike vitamin D; metabolites, which stimulate
plasma membrane PKC and inhibit matrix vesicle
PKC, this study has shown that E, has no direct effect
on plasma membrane PKC activity, and it stimulates
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matrix vesicle PKC activity. The difference between the
actions of E, and vitamin D; metabolites on plasma
membrane PKC may be explained by a direct interac-
tion between 1,25-(OH),D; and PKC molecules, as
shown previously [76], which may not exist between E,
and PKC. Another possibility might involve specific
membrane receptors for 1,25-(OH),D; and E,. GC cells
and their matrix vesicles, have a specific membrane
receptor for 1,25-(OH),D; [33,34]. It is currently un-
known whether chondrocytes express a membrane re-
ceptor for E,; however, putative E, membrane receptors
have been reported in other systems [22,71]. Differences
in PKC activation between 1,25-(OH),D; and E, may
reflect differences in other signaling enzymes coupled to
the 1,25-(OH),D; receptor, such as phospholipase A,.
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Fig. 10. Effect of the phospholipase A, activator, melittin, and the
phospholipase A, inhibitor, quinacrine, on PKC specific activity of
resting zone chondrocytes treated for various periods of time with
17B-estradiol (E,). Confluent, fourth passage resting zone cells (RC)
from female rats were treated for 9, 90, or 270 min with control
media or media containing 3 pg/ml melittin, 10=% M E,, or E, +
melittin (Panel A). Alternatively, similarly prepared cultures were
treated for the same periods of time with control media or media
containing 10 uM quinacrine, 10 =8 M E, or E, + quinacrine (Panel
B). At harvest PKC activity in the cell layer was determined as
described in Section 2. Data represent the mean + SEM of six cul-
tures from one of three experiments, all with comparable results.
*P < 0.05, treatment vs. same treatment at 9 min; #* P <0.05, treat-
ment vs. control for a particular time point.

Table 4
Effect of the phospholipase A, activator, mastoparan, on 17f-estra-
diol activation of PKC in female resting zone chondrocytes®

Protein kinase C specific activity
(pmol Pi/pg protein/min)

Incubation time (min)

Treatment 9 90 270
Control 0.44 4+0.03 0.42 4+ 0.04 0.50 +£0.03
Mastoparan  0.24 +0.04>  0.23 +0.05° 0.25 +0.04°
(20 pg/ml)
10—*M E, 0.96 +0.05%>9 374 +0.09>4 3,77 4+ 0.09><d
Mastoparan ~ 0.98 +0.06>¢  3.77 £ 0.05>9 1,74 + 0.08><de
+ EZ

4 Each value is the mean + SEM of six cultures from one of two
experiments yielding comparable results. ®P <0.05, treatment vs. con-
trol at each time point; °P<0.05, vs. 9 min for each treatment;
4P <0.05, vs. mastoparan treatment alone; °P <0.05, vs. E, treatment
alone.

Effect of 17B-Estradiol + Cox Inhibitor on PKC
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Fig. 11. Effect of the cyclooxygenase inhibitor, indomethacin, and the
lipoxygenase inhibitor, NDGA, on PKC specific activity of resting
zone chondrocytes treated with 17B-estradiol (E,). Confluent, fourth
passage resting zone cells (RC) from female rats were treated for 90
min with control media or media containing 10~% M E, in the
presence or absence of 10 ~¥-10~° M indomethacin (Panel A) or 2,
20, or 40 pM NDGA (Panel B). At harvest, PKC specific activity in
the cell layer was determined as described in the Methods. Data
represent the mean + SEM of six cultures from one of three esperi-
ments, all with comparable results. *P <0.05, treatment with in-
domethacin vs. control.
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Fig. 12. Direct effect of 17B-estradiol (E,) on PKC activity in isolated
matrix vesicles and plasma membranes from resting zone chondrocyte
(RC) cultures. Matrix vesicles (MV) and plasma membranes (PM)
were isolated, incubated for 9 min with either control media or media
containing 107°-10-7 M E, (Panel A). Isolated MV were also
treated for 3, 9, 90, and 270 min with control media or media
containing 10 =% or 10=7 M E, (Panel B). At harvest, PKC specific
activity in the cell layer was determined as described in Section 2.
Data represent the mean + SEM of PKC activity in membranes from
a representative experiment (n=6) that was repeated twice with
comparable results. *P <0.05, E, treatment vs control (Panel A);
# P <0.05, 10~7 M E, vs. control for a particular time point (Panel
B).

Regardless of these differences, this study makes
clear that E, exerts membrane-associated effects in
chondrocytes. The membranous effect of E, regulates
different aspects of chondrocyte physiology, including
proliferation, differentiation, and matrix production.
These findings indicate the importance of the mem-
brane effects as mediators of E, action in chondrocytes
and suggest the existence of a specific membrane recep-
tor for E, in chondrocytes.
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