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BACKGROUND AND PURPOSE

Chondrocyte apoptosis contributes to disruption of cartilage integrity in osteoarthritis. Recent evidence suggested that the
volume-sensitive organic osmolyte/anion channel [volume-sensitive (outwardly rectifying) CI- current (lcvo)] plays a functional
role in the development of cell shrinkage associated with apoptosis (apoptotic volume decrease) in several cell types. In this
study, we investigated the cellular effects of 17B-oestradiol on doxorubicin-induced apoptotic responses in rabbit articular
chondrocytes.

EXPERIMENTAL APPROACH
Whole-cell membrane currents and cross-sectional area were measured from chondrocytes using a patch-clamp method and
microscopic cell imaging, respectively. Caspase-3/7 activity was assayed as an index of apoptosis.

KEY RESULTS

Addition of doxorubicin (1 uM) to isosmotic bath solution rapidly activated the CI- current with properties similar to those of
leivol in chondrocytes. Doxorubicin also gradually decreased the cross-sectional area of chondrocytes, followed by enhanced
caspase-3/7 activity; both of these responses were totally abolished by the /cjvo blocker DCPIB (20 uM). Pretreatment of
chondrocytes with 17B-oestradiol (1 nM) for short (approximately 10 min) and long (24 h) periods almost completely
prevented the doxorubicin-induced activation of Icw and subsequent elevation of caspase-3/7 activity. These effects of
17B-oestradiol were significantly attenuated by the oestrogen receptor blocker ICl 182780 (10 uM), as well as the
phosphatidyl inositol-3-kinase (PI3K) inhibitors wortmannin (100 nM) and LY294002 (20 uM). Testosterone (10 nM) had no
effect on the doxorubicin-induced CI~ current.

CONCLUSIONS AND IMPLICATIONS
17B-Oestradiol prevents the doxorubicin-induced cell shrinkage mediated through activation of /v and subsequent
induction of apoptosis signals, through a membrane receptor-dependent PI3K pathway in rabbit articular chondrocytes.

Abbreviations

AVD, apoptotic volume decrease; Cy, cell membrane capacitance; DCPIB, 4-(2-butyl-6,7-dichloro-2-cyclopentyl-indan-1-
on-5-yl) oxybutyric acid; DMEM, Dulbecco’s modified Eagle’s medium; DPI, diphenylene-iodonium chloride; E,
equilibrium potential for Cl-; ICI 182780, 7a,17B-[9-[4,4,5,5,5-pentafluoropentyl)sulfinyl]estra-1,3,5(10)-triene-3,17-diol;
Icivol, volume-sensitive (outwardly rectifying) Cl- current; NAC, N-acetyl-cysteine; OA, osteoarthritis; PI3K, phosphatidyl
inositol-3-kinase; ROS, reactive oxygen species; RVD, regulatory volume decrease
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Introduction

Chondrocyte apoptosis is a functionally important phenom-
enon in the development and growth of articular cartilage
under physiological conditions. It is well known that in the
processes of normal bone growth and endochondral ossifica-
tion, terminally differentiated chondrocytes are removed
from the calcified cartilage by apoptosis prior to the transi-
tion to bone (Adams and Shapiro, 2002). On the other hand,
evidence is accumulating that an increased incidence of
chondrocyte apoptosis during aging is responsible for hypo-
cellularity associated with degradation and/or pathological
remodelling of cartilage matrix, and exaggerates the risk of
degenerative joint diseases such as osteoarthritis (OA) (Blanco
etal., 1998; Hashimoto etal., 1998; Mobasheri, 2002).
Although the specific molecular switch that promotes chon-
drocyte apoptosis under physiological conditions remains to
be fully elucidated, several cellular events have been impli-
cated in chondrocyte apoptosis under pathological condi-
tions. These include the release of pro-apoptotic cytokines
(such as IL-1 and TNF-o)) from the surrounding tissues, loss of
prosurvival signals (such as f1l-integrin-mediated cell-matrix
interaction) (Cao etal.,, 1999; Goggs etal., 2003) and
enhanced production of nitric oxide and reactive oxygen
species (ROS) such as hydrogen peroxide (Blanco et al., 1995;
Lo and Kim, 2004).

Previous studies using electron microscopy, terminal
deoxynucleotidyltransferase-mediated dUTP nick-end label-
ing staining and/or flow cytometry assay have characterized
several morphological and biochemical processes associated
with chondrocyte apoptosis during the progression of OA.
These include cell shrinkage, nuclear condensation, deposi-
tion of cell remnants (apoptotic bodies) and internucleosomal
DNA fragmentation (Blanco et al., 1998; Hashimoto et al.,
1998). In the early stages of apoptosis, a progressive cell
shrinkage under normosmotic conditions, referred to as apo-
ptotic volume decrease (AVD), is a commonly observed
feature, that is not dependent on cell type (Bortner and
Cidlowski, 1998; Saraste and Pulkki, 2000; Bortner and
Cidlowski, 2007). Because the prevention of cell shrinkage has
been reported to be effective at rescuing cells from apoptosis,
AVD can be regarded as a prerequisite step preceding key
biochemical events for apoptosis, such as the release of cyto-
chrome ¢ from mitochondria, DNA fragmentation and caspase
activation (Maeno etal., 2000). Whereas it is generally
accepted that water and ions such as K" and CI" are transported
across the plasma membrane during AVD, less is understood
about the changes in the activity of membrane ion channels
and transporters during chondrocyte apoptosis. Evidence has
been presented to indicate that oestrogen activates prosurvival
signals through a non-genomic action and thereby prevents
apoptotic responses in some cell types including osteoblasts
and osteocytes (Honda et al., 2001; Kousteni et al., 2001; Kim
et al., 2006). Importantly, the incidence of OA is markedly
greater in women than in men after the age of 50 years, thus
suggesting that the postmenopausal decrease in oestrogen
levels somehow facilitates the OA-associated chondrocyte
death (Gokhale et al., 2004; Takano et al., 2007; Sniekers et al.,
2008; Roman-Blas et al., 2009).

The volume of articular chondrocytes rapidly decreases
following the development of hyposmotic cell swelling

(referred to as regulatory volume decrease, RVD), and several
ion channels and transporters including the taurine transport
pathway have been implicated in the chondrocyte RVD (Hall,
1995; Bush and Hall, 2001). Our previous electrophysiologi-
cal studies have shown that the volume-sensitive organic
osmolyte/anion channel [Alexander et al., 2011; also referred
to as volume-sensitive (outwardly rectifying) Cl~ current
(Iovar)] is functionally expressed in rabbit articular chondro-
cytes and is involved in inducing RVD (Isoya et al., 2009;
Okumura etal., 2009). In contrast to its physiologically
important role in the homeostatic regulation of cell volume,
Iciva activation has also been suggested to contribute to the
cell shrinkage associated with induction of apoptosis in
several cell types such as cardiomyocytes and neurons (Okada
etal.,, 2006). In fact, various blockers of Icvo effectively
prevent AVD and subsequent cell death induced by
ischaemia-reperfusion stress or apoptotic inducers such as
staurosporine, doxorubicin, Fas ligand, TNF-o. or sphingolip-
ids (Maeno et al., 2000; Souktani et al., 2000; d’Anglemont de
Tassigny et al., 2004; Shimizu et al., 2004; Wang et al., 2005).
However, it is not known whether chondrocyte apoptosis is
mediated through the activation of Icvor.

The present investigation was therefore undertaken to
examine (i) the functional role of I¢,vo in the development of
AVD and subsequent elevation of caspase activity during
exposure to doxorubicin, and (ii) the cellular basis underlying
the anti-apoptotic effect of 17B-oestradiol in rabbit articular
chondrocytes. Our data provide experimental evidence to
indicate (i) that the doxorubicin-induced chondrocyte apop-
tosis is mediated through the activation of I vo, and (ii) that
17B-oestradiol totally suppresses the activation of Igv, and
subsequent apoptotic responses by stimulating a receptor-
mediated non-genomic pathway including phosphatidyl
inositol-3-kinase (PI3K) activation.

Methods

Isolation of rabbit articular chondrocytes

All animal care and experimental protocols conform to The
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication no.
85-23, revised 1996) and were approved by the Institution’s
Animal Care and Use Committee (Shiga University of Medical
Science, no. 2009-3-3). Articular chondrocytes were isolated
from 32 of adult male Japanese White rabbits (body weight, 2
to 3 kg) using an enzymatic dissociation procedure similar to
that described previously (Wilson et al., 2004), with some
modifications (Okumura et al., 2009). In brief, rabbits were
deeply anaesthetized with an i.m. injection of ketamine
(70 mg-kg™") and xylazine (5 mg-kg™") and then killed by i.v.
injection of sodium pentobarbital (70 mg-kg™). Articular car-
tilages were removed from bilateral knee, hip and shoulder
joints and were washed with PBS (ICN Biomedicals Inc.,
Aurora, OH, USA). The sliced cartilages were incubated in
plastic culture dishes containing Dulbecco’s modified Eagle’s
medium (DMEM; Gibco BRL, Grand Island, NY, USA) supple-
mented with 10% fetal calf serum and antibiotics in a
humidified atmosphere of 95% air plus 5% CO, at 37°C for 1
to 3 days. On the day of experiments, cartilages were minced
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into small pieces (~1 mm?) and were digested with 0.5% col-
lagenase (Type 2; Worthington Biochemical Corp., Lake-
wood, NJ, USA) for 4 h. Dispersed chondrocytes were washed
three times, resuspended in DMEM supplemented with
40 mM mannitol (~360 mosmol-L™") and used for experi-
ments within 8 h after isolation, eliminating monolayer
(two-dimensional) culture. In some experiments, chondro-
cytes were resuspended in the same solution containing 1 nM
17B-oestradiol (Sigma Chemical Company, St. Louis, MO,
USA) and incubated for 24 h.

Solutions and chemicals

The isosmotic external solution used for patch-clamp experi-
ments contained (in mM): mannitol 150, NaCl 100, sodium
aspartate 40, MgCl, 2.0, BaCl, 2.0, glucose 5.5, HEPES 10 (pH
adjusted to 7.4 with NaOH). The hyposmotic external solu-
tion was prepared by simply omitting 70 mM mannitol from
the isosmotic solution, while the hyperosmotic external solu-
tion was made by adding 70 mM mannitol to the isosmotic
solution, keeping extracellular CI~ concentration constant
(108 mM). In some experiments, ClI” concentration in the
isosmotic external solution was altered by replacing NaCl
with an equimolar concentration of sodium aspartate. The
osmolarity of these isosmotic, hyposmotic and hyperosmotic
external solutions, measured using a freezing point depres-
sion osmometer (FISKE, Burlington, MA, USA), averaged 360,
290 and 430 mosmol-L! (approximately 20% decrease and
increase), respectively (Hall, 1995; Bush and Hall, 2001). The
standard pipette solution contained (in mM): caesium aspar-
tate 135, CsCl 30, tetraethylammonium chloride 20, MgCl,
2.0, Tris-ATP 5.0, Li,-GTP 0.1, EGTA 5.0, HEPES 5.0 (pH
adjusted to 7.2 with CsOH), yielding a Cl” concentration of
54 mM. The concentration of free Ca* and Mg?* in the
pipette solution was calculated to be approximately
1.5x10"M (pCa=9.8) and 5.1x10°M (pMg=4.3),
respectively (Fabiato and Fabiato, 1979; Tsien and Rink,
1980). The isosmotic external solution used for examining
RVD and AVD contained (in mM): mannitol 180, NaCl 90,
KCl 5.4, CaCl, 1.8, MgCl, 0.5, NaH,PO, 0.33, glucose 5.5,
HEPES 5.0 (pH adjusted to 7.4 with NaOH). The hyposmotic
external solution for RVD was made by simply omitting man-
nitol. The osmolarity of these isosmotic and hyposmotic
external solutions averaged 360 and 180 mosmol-L7,
respectively.

Various test compounds were added to the isosmotic,
hyposmotic and/or hyperosmotic external solutions, as
denoted by horizontal bars in the figures. These included:
doxorubicin (Sigma), 4-(2-butyl-6,7-dichloro-2-cyclopentyl-
indan-1-on-5-yl) oxybutyric acid (DCPIB; Tocris, Ellisville,
MO, USA), arachidonic acid (Sigma), 17B-oestradiol (Sigma),
ICI 182780 (Tocris), N-acetyl-cysteine (NAC; Sigma),
diphenylene-iodonium chloride (DPI; Sigma), hydrogen per-
oxide (Wako Pure Chemical Industries, Osaka, Japan), wort-
mannin (Wako), LY294002 (Sigma) and testosterone (Sigma).
Concentrated stock solution was made for doxorubicin
(1 mM) in distilled water, and DCPIB (10 mM), arachidonic
acid (30 mM), 17B-oestradiol (1 uM), ICI 182780 (10 mM),
DPI (20 mM), wortmannin (0.1 mM), LY294002 (20 mM) and
testosterone (10 uM) in dimethyl sulphoxide. These were
stored in aliquots at —20°C.
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Microscopy and image analysis

An aliquot of cell (chondrocyte) suspension was transferred to
a recording chamber (0.5 mL in volume) mounted on the
stage of a Nikon eclipse TE2000-U inverted microscope
(Tokyo, Japan) and was allowed to adhere lightly to the glass
bottom for at least 5 min. The chamber was continuously
perfused at a constant rate of 2 mL-min™ with an external
solution at 36 * 1°C, and the external solution was
exchanged by switching the perfusates at the inlet of the
chamber, with a complete bath solution change taking 15 to
20 s. All of cell size measurements and patch-clamp experi-
ments were conducted on round-shaped healthy chondro-
cytes. Light microscopy images of chondrocytes were
consecutively (at 1 min intervals) captured at a 2560 x 1920
pixel resolution using a charge-coupled device digital camera
(DS-Fil, Nikon) equipped with a DS-L2 control unit (Nikon).
The cross-sectional area of each chondrocyte was measured by
counting the pixels contained within the cell image, using
Image-] public domain software (NIH, Bethesda, MD, USA)
and was normalized to its respective initial isosmotic size
obtained 1 min before switching to test solutions. In the
present study, the cross-sectional area of cell image was used
as an index of the cell volume, and percentage RVD
(Figure 4E), and AVD (Figure 5A) were calculated as follows:
(peak relative area — relative area at test time)/(peak relative
area — 1) x 100, where test time is 60 and 30 min, respectively.

Whole-cell patch-clamp technique and

data analysis

Whole-cell membrane currents (Hamill et al., 1981) were
recorded from isolated chondrocytes using an EPC-8 patch-
clamp amplifier (HEKA, Lambrecht, Germany). Fire-polished
pipettes pulled from borosilicate glass capillaries (Narishige
Scientific Instrument Lab., Tokyo, Japan) had a resistance of
2.0 to 4.0 MQ when filled with the standard pipette solution.
Either square step or voltage ramp protocols were used to
record the whole-cell current. Voltage ramps were used to
monitor the time course of changes in membrane currents
during various interventions, while the steady-state effects
were recorded using square voltage steps, unless otherwise
stated. The voltage ramp protocol (dV-dt ' = = 0.25 V-s7') was
repeated every 6 s and consisted of three phases: an initial
+80 mV depolarizing phase from a holding potential of
-30mV, a second hyperpolarizing phase of —150 mV and
then a third phase returning to the holding potential. The
current — voltage (I-V) relationship was measured during the
second hyperpolarizing phase. Changes in the swelling-
induced membrane conductance were evaluated from a
linear least-squares fit to the I-V curves at potentials within
approximately 20 mV range centred on the reversal potential
(Lewis et al., 1993; Sakaguchi et al., 1997). Voltage-clamp pro-
tocols and data acquisition were controlled with a Patchmas-
ter software (v. 1.03, HEKA), and current records were filtered
at 1 kHz, digitized at 5 kHz through an LIH-1600 interface
(HEKA), and stored on a Macintosh computer. Cell mem-
brane capacitance (C,) was calculated from the capacitive
transients elicited by 20 ms voltage-clamp steps (=5 mV)
from a holding potential of -30 mV, using the following
relationship (Bénitah et al., 1993): Cn =1 I/AV. (1-I./]),
where 7. is the time constant of the capacitive transient, I, is
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the initial peak current amplitude, AV}, is the amplitude of
voltage step (5 mV), and L. is the steady-state current value.
The sampling rate for these measurements of C, was 50 kHz
with a low-pass 10 kHz filter. The average C,, for rabbit chon-
drocytes used in the present study was 7.08 = 0.17 pF
(n=105, N=27). Membrane current amplitude and slope
conductance were normalized to C, in each cell and
expressed as pA-pF' and pS-pF’, respectively. The zero-
current level is indicated by an arrowhead to the left of the
current traces in the figures.

Caspase-3/7 activity measurement

Caspase-3/7 activity was measured in chondrocytes treated
with 1 uM doxorubicin for 24 h without or with various test
compounds. Briefly, cells were lysed and the supernatant was
collected for the measurement of caspase-3/7 activity using
the Caspase-Glo 3/7 assay system (Promega, Madison, WI,
USA) following the manufacturer’s instructions. The lumines-
cent signal was measured with a luminometer (Infinite M200,
Tecan, Mdnnedorf, Switzerland).

Statistical analysis

Data values are expressed as means = SEM, with the number
of animals (cell isolations) and cells from which measure-
ments were made indicated by N and n, respectively. Statisti-
cal comparisons were evaluated using either Student’s f-test
or ANOVA followed by a post hoc Newman-Keuls test, and
differences were considered significant at P < 0.05.

Results

Doxorubicin-induced activation of CI- current
in rabbit articular chondrocytes

Figure 1 shows a representative experiment examining the
effect of bath application of doxorubicin (1 uM) on mem-
brane currents in rabbit articular chondrocytes. Membrane
currents were recorded using both square step or voltage
ramp protocols. During superfusion with control isosmotic
solution, membrane currents recorded during square steps
applied from a holding potential of —30 mV to test potentials
between +80 and -100 mV were of small amplitude and
almost time-independent (Figure 1A, a and B, a), indicating
that the voltage-gated Na* (a holding potential of -30 mV),
Ca* (removal of Ca* from the external solution) and K*
currents (omission of K* from internal solution and addition
of BaCl, to the external solution; Vittur etal., 1994; Sug-
imoto et al., 1996; Martina et al., 1997; Wilson et al., 2004)
were almost, if not totally, abolished under the present isos-
motic conditions. Bath application of 1 uM doxorubicin
under isosmotic conditions (360 mosmol-L™") gradually acti-
vated the membrane current, which reached a steady level
about 10 min after the drug application (Figure 1A). This
doxorubicin-induced current, obtained by digital subtraction
of membrane currents recorded before and during exposure
to doxorubicin using square step protocol (Figure 1B), exhib-
ited a marked inactivation at potentials positive to +50 mV
(Figure 1D, b-a) and an outward rectification with a reversal
potential of -18.7 £ 0.3 mV (n=35, N=35, Figure 1E, b-a),

close to the equilibrium potential for CI" (Eqc=-18.4 mV)
under the present experimental conditions. It should be
noted that this increase in membrane current was not
accompanied by an appreciable change in cell size (a, diam-
eter, 14203 um; b, 142 *+*03um, n=5, N=35), as
assessed by measuring cross-sectional area of microscopic cell
images (Figure 1A, inset). Subsequent exposure to hyperos-
motic solution (430 mosmol-L'") rapidly and completely
reversed the doxorubicin-induced increase in membrane
current even in the presence of this drug (Figure 1A, B, c and
C, ¢), with a modest but significant decrease in cell size
(12.6 = 0.3 um).

To confirm that this doxorubicin-induced current was
indeed a CI™ current, the reversal potential was measured at
three different extracellular ClI” concentrations (18, 54 and
108 mM). Figure 2A summarizes the relationship between the
reversal potential of the doxorubicin-induced current and
extracellular CI” concentrations. The linear line that was
fitted to the data points according to a regression analysis
with least-squares method had a slope of 47.9 mV per 10-fold
change in extracellular CI- concentrations, supporting that
CI" ions are the main charge carrier of this current compo-
nent. Thus, rabbit articular chondrocyte was found to possess
a class of Cl” current that is activated by doxorubicin in
isosmotic conditions (designated as Icpox in the present
study).

We further characterized the electrophysiological and
pharmacological properties of Icpox and compared them with
those of the volume-sensitive CI~ current (Icv1) that is typi-
cally activated during hyposmotic conditions. One of the
typical electrophysiological properties associated with Iqvor is
the presence of prominent outward rectification even under
equivalent concentrations of Cl~ inside and outside the cell
(Hume etal., 2000). In the experiment illustrated in
Figure 2B, a chondrocyte was exposed to doxorubicin (1 pM)
under equivalent Cl~ conditions ([Cl];=[Cl],=54 mM),
leading to the activation of I pox, and its I-V relationship was
found to exhibit an outward rectification; the slope conduc-
tances measured at potential ranges of +60 to +80 mV and
-100 to -80 mV averaged 990 + 68 and 370 *+ 43 pS-pF,
respectively (n =3, N=3).

Figure 2C and D illustrate the response of I¢;pox to DCPIB
(20 uM) and arachidonic acid (30 uM), both of which have
an inhibitory effect on Icvo in rabbit articular chondrocytes
(Isoya et al., 2009; Okumura et al., 2009). It should also be
noted that DCPIB is a novel selective inhibitor for Icyo
(Decher et al., 2001). Icpox Was gradually and almost totally
inhibited by subsequent exposure to DCPIB (88.8 = 21.9%
inhibition; n=3, N=3) or arachidonic acid (86.4 = 9.1%
inhibition; n =6, N =3, respectively). The pharmacological
effects of these compounds on Igpx were almost the
same as those on Igw, in the same cell types (rabbit
articular chondrocyte, Isoya etal., 2009; Okumura et al.,
2009).

Icipox Was thus found to have electrophysiological (high
CI selectivity, progressive inactivation at strong depolarized
potentials and outward rectification in symmetrical Cl” con-
dition) and pharmacological (inhibition by DCPIB and
arachidonic acid) properties, similar to those of I¢ . (Hume
et al., 2000; Decher et al., 2001; Isoya et al., 2009; Okumura
et al., 2009).
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Figure 1

Whole-cell membrane currents evoked by doxorubicin in rabbit articular chondrocytes. (A) Time course of changes in whole-cell currents recorded
from a chondrocyte, initially exposed to doxorubicin (DOX, 1 uM) in isosmotic solution (360 mosmol-L™") and then to hyperosmotic solution
(430 mosmol-L™") during the continued presence of doxorubicin, as denoted above the current traces. The vertical deflections of current trace
reflect the imposition of either voltage ramps or square steps. Microscopic images of whole-cell clamped chondrocyte taken before (a) and during
(b) exposure to doxorubicin in isosmotic solution and after switching to hyperosmotic solution in the presence of doxorubicin (c). The calibration
bar represents 10 um. The diameter of the chondrocyte was measured to be 14.1 (a), 14.1 (b) and 12.7 um (c), respectively, in each condition.
(B) Superimposed current traces in response to 200 ms square-steps applied from a holding potential of -30 mV to test potentials of +80 through
—100 mV in 10 mV steps, at the time points identified by letters (a, b and c) in (A). (C) -V relationships of whole-cell currents recorded at each
time point (a, b and c) shown in (B). (D) Membrane currents activated by doxorubicin in isosmotic solution (b-a) and those inhibited by
hyperosmotic solutions in the presence of doxorubicin (b—c), obtained by digital subtraction of current traces, as indicated. (E) I~V relationships
for the doxorubicin-induced currents (b-a) and hyperosmotic solution-inhibited currents (b-c), shown in (D).
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Figure 2

Electrophysiological and pharmacological properties of Icpox. (A) The relationship between the reversal potential (E..,) of the doxorubicin
(1 uM)-activated current and extracellular CI- concentrations ([Cl],), obtained with an internal solution containing 54 mM CI-. Data points
represent mean + SEM (n = 5). The straight line represents a linear regression fit to the data points. (B) -V relationship of /c,pox in the presence
of an equivalent concentration of CI” inside and outside the cell ([CI"]; = [CI"], = 54 mM). The inset shows the changes in membrane current during
exposure to 1 uM doxorubicin in isosmotic conditions in equivalent CI~ (54 mM). (C) and (D) Chondrocyte was initially exposed to 1 uM
doxorubicin, and then to 20 uM DCPIB (C) or 30 uM arachidonic acid (AA, D) during the continued presence of 1 uM doxorubicin, as indicated.
Whole-cell current was recorded during repetitive imposition of voltage ramps and in part by square voltage-steps (B-D).

but almost totally inhibited by subsequent application of

Inhibitory action of 17-oestradiol on lcpox 1nM 17B-oestradiol (90.6 * 5.4% inhibition by 10 min
via its plasma membrane receptor exposure, 11= 6, N = 6; refer to Figure 3C). It should be noted
We next examined the effect of bath application of 17f- that activation of I¢pox by doxorubicin was almost stable for
oestradiol (1 nM) on Ig,pex in rabbit articular chondrocytes a period of approximately 20 min (data not shown), which
(Figure 3). As demonstrated in Figure 3A, Icpox was gradually indicates that rundown of Ig, pox Was relatively small for such
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Figure 3

Inhibitory action of 17B-oestradiol on Ic,pox Mediated via its plasma
membrane receptor. (A) Inhibition of doxorubicin (DOX, 1 uM)-
induced activation of Iqpox by subsequent application of 17f3-
oestradiol (17B-E2, 1 nM). (B) Effect of pre-exposure to ICl 182780
(ICl, 10 uM) on 17p-oestradiol-induced inhibition of I pox. (C) %
inhibition of Ic,pox by 17B-0estradiol in the absence and presence of
IC1 182780 (10 uM). **P < 0.01 (Student’s unpaired t-test). (D) Effect
of pre-exposure to 17f-oestradiol (1 nM) on the activation of Ic;pox-
IClI 182780 (B) or 17B-oestradiol (D) was added approximately
10 min before the application of doxorubicin (DOX, 1 uM) and was
present throughout the experiments. (E) Slope conductance of /il
activated by doxorubicin (1 uM) without and with pre-exposure to
17B-oestradiol. **P < 0.01 (Student’s unpaired t-test).
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a duration and means it is unlikely that the observed inhibi-
tory action of 17B-oestradiol is due to the rundown of I pox.
It was thus found that 17B-oestradiol almost fully inhibited
Icipox With a relatively rapid time course (on the order of
minutes), which strongly suggests that the inhibitory action
of 17B-oestradiol on Igpox was mediated through an acute
action rather than through an altered transcriptional process
that usually takes place over a longer period of time (in
the order of hours or days). It is generally accepted that the
non-genomic action of oestrogen is mediated through the
plasma membrane oestrogen receptor (Falkenstein efal.,
2000; Kousteni et al., 2001; Bjornstrém and Sjoberg, 2005;
Kim et al., 2006). As illustrated in Figure 3B, the inhibitory
action of 17B-oestradiol was markedly attenuated by the pres-
ence of the oestrogen receptor blocker ICI 182780. The inhi-
bion of Igpox induced by 17B-oestradiol was significantly
smaller in the presence of ICI 182780 than in its absence
(13.3 = 4.1% inhibition, n=35, N=3 vs. 90.6 = 5.4% inhibi-
tion, n=6, N=6, P<0.01; Figure 3C), suggesting that 17f-
oestradiol primarily acted on its plasma membrane receptor
to inhibit Igpex in articular chondrocytes. Doxorubicin
(1 uM) also failed to activate I, pox when chondrocytes were
pre-exposed to 17f-oestradiol (Figure 3D). Figure 3E summa-
rizes the degree of Icpox activation by doxorubicin (1 uM)
without and with pre-exposure to 17p-oestradiol, confirming
that Iopox activation was almost completely abolished by
pre-exposing chondrocytes to 173-oestradiol.

Lack of effect of 17-oestradiol on the 1ci
activation by cell swelling

We also investigated whether 173-oestradiol affects Iqvo in
rabbit articular chondrocytes, which contributes to a RVD
process during hyposmotic challenge (Okumura et al., 2009).
As illustrated in Figure 4A, exposure of chondrocytes to
hyposmotic external solution (290 mosmol-L™) during the
continued presence of 17f-oestradiol (1 nM) caused the cells
to swell (a, diameter, 14.1 = 0.3 um; b, 17.2 = 0.3 um;
P <0.01; n=4, N =4), which was accompanied by the acti-
vation of v, characterized by a prominent inactivation at
strong depolarized potentials (Figure 4B) and an outward rec-
tification with a reversal potential (-18.4 = 0.3 mV, n=38§,
N = 5) near Eq, (Figure 4C). There was no significant difference
in the degree of Iy, activation between the control cells
(561.0 = 100.6 pS-pF!, n=9, N =5; Figure 4D) and those in
the presence of 17B-oestradiol (551.9 = 91.5 pS-pF?, n=3,
N =35) (P =0.50), thus indicating that 173-oestradiol had little
effect on the activation of Iy, during exposure to hypos-
motic solution.

To examine the effect of 178-oestradiol on a RVD process,
the time course of changes in cell size during exposure to
hyposmotic solution were assessed by measuring the cross-
sectional area of cell images in the absence (Control) and
presence of 17f3-oestradiol (Figure 4E). In control cells, expo-
sure to hyposmotic solution evoked a rapid increase in cell
size (1.27 =0.02, n=15, N=3), which then gradually
declined towards isosmotic baseline level (1.13 = 0.01) over
60 min, thus showing a functional evidence for RVD in rabbit
articular chondrocytes (Okumura ef al., 2009). In the pres-
ence of 1 nM 17B-oestradiol, exposure to hyposmotic solu-
tion was also accompanied by initial cell swelling
(1.28 £ 0.02, n=18, N=3) and its subsequent decline
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Lack of effects of 17B-oestradiol on the I .o activation by cell swelling. (A) Time course of changes in whole-cell current recorded from a
chondrocyte during switching from isosmotic to hyposmotic external solution in the continuous presence of 178-oestradiol (1 nM). 17B-oestradiol
was added to the bath (isosmotic solution) approximately 10 min before switching to hyposmotic solution. Inset shows microscopic images of
whole-cell clamped chondrocyte taken before (a) and after (b) switching to hyposmotic solution, and diameter in each condition was calculated
to be 13.3 and 16.1 um, respectively. (B) Superimposed current traces in response to 200-ms square steps applied from a holding potential of
—30 mV to potentials of +80 through =100 mV in 10 mV steps, in isosmotic (a) and hyposmotic (b) solutions. (C) /-V relationships of membrane
currents in isosmotic (a) and hyposmotic (b) solutions, shown in (B). (D) Increased conductance of Ic; o recorded without and with 17f-oestradiol
pretreatment. There was no significant difference in the degree of o, activation between these two groups (561.0 = 100.6 pS-pF', n=9, N=5
versus 551.9 = 91.5 pS-pF', n=8, N=5; P=0.50). (E) Time course of changes in cross-sectional area during hyposmotic challenge without
(Control) and with 17-oestradiol (1 nM) pretreatment. Data points represent means and SEM of 15 (N = 3) and 18 (N = 3) chondrocytes without
and with 17f-oestradiol pretreatment, respectively.
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(1.13 = 0.01). As is evident in the continuous measurement
of cell size during exposure to a hyposmotic external solu-
tion, 17B-oestradiol had no appreciable effect on the time
course and degree of RVD in rabbit articular chondrocytes
(Figure 4F).

Doxorubicin-induced AVD and its inhibition
by 17B-oestradiol

It has been demonstrated in various cell types that exposure
to doxorubicin induces a decrease in cell size leading to
apoptosis (designated as AVD), which is mediated through
activation of I pox (d’Anglemont de Tassigny et al., 2004). To
elucidate the functional significance of Iqpox in articular
chondrocytes, the effect of doxorubicin on cell size was exam-
ined in the absence and presence of DCPIB, a compound that
potently blocks Icipox (Figure 2C). As illustrated in Figure SA,
addition of doxorubicin to isosmotic solution led to a gradual
decrease in relative cell size (0.94 = 0.01, n=6, N = 3) over a
period of 30 min, thus confirming that the size of the cell
decreases in the presence of doxorubicin. The concomitant
addition of 20uM DCPIB completely abolished the
doxorubicin-induced decrease in cell size (1.01 = 0.01, n=6,
N = 3), suggesting that I pox is primarily involved in mediat-
ing this effect of doxorubicin. Consistent with this view,
17B-oestradiol also completely inhibited the doxorubicin-
induced decrease in cell size, and this effect of 173-oestradiol
was almost totally antagonized by the concomitant presence
of ICI 182780. Taken together with the results shown in
Figure 3, these observations indicate that 17f-oestradiol
inhibited the activation of I pox through its membrane recep-
tor and thereby prevented the decrease in cell size induced by
doxorubicin.

Previously it was demonstrated that caspase-3/7 activity,
which is a dominant effector for final apoptotic cell death
(Nicholson and Thornberry, 1997; Garcia-Calvo et al., 1999),
is appreciably elevated for some time (e.g. 24 h) after expo-
sure to doxorubicin (Mukhopadhyay et al., 2009). To examine
whether the decrease in cell size induced by doxorubicin
leads to apoptosis, caspase-3/7 activity was measured in
chondrocytes exposed for 24 h to doxorubicin (1 uM)
without and with DCPIB (20 uM), 17B-oestradiol (1 nM)
and/or ICI 182780 (10 uM). As expected, caspase-3/7 activity
was markedly elevated by exposure to doxorubicin
(Figure 5B), indicating that the apoptotic signal was indeed
evoked in chondrocytes by doxorubicin. This elevation of
caspase-3/7 activity was completely abolished by DCPIB,
indicating that activation of Icpox and resultant decrease in
cell size are essential for the elevation of caspase-3/7 activity.
Furthermore, addition of 17B-oestradiol also completely
eliminated the elevation of caspase-3/7 activity, an effect
almost totally antagonized by ICI 182780. These observations
suggest that the inhibitory effect of 17B-oestradiol on Ig;pox,
through its membrane receptor (Figure 3), contributes its
attenuation of the doxorubicin-induced elevation of caspase-
3/7 activity.

ROS mediate doxorubicin-induced activation

Of ICI,D()X
Previous studies have demonstrated that doxorubicin induces
intracellular production of ROS, such as superoxide anion
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and hydrogen peroxide in cardiomyocytes, endothelial cells
and several cultured cell lines (Kalyanaraman et al., 2002;
Tsang et al., 2003; Mizutani et al., 2005; Wagner et al., 2005).
In addition, hydrogen peroxide was shown to activate I o in
some cell types, such as rabbit ventricular myocytes and some
cell lines (Browe and Baumgarten, 2004; Varela et al., 2004;
Deng et al., 2010). We therefore examined the possibility that
ROS are involved in mediating the activation of Igpex in
chondrocytes. As demonstrated in Figure 6A, pretreatment
with the ROS scavenger NAC (Bernard et al., 1984; Chen
etal., 1995) totally eliminated the activation of Igpox, indi-
cating that activation of I pox is mediated through intracel-
lular ROS formation.

Since sources of ROS may include membrane-associated
nicotinamide adenine dinucleotide phosphate (NAD(P)H)
oxidase, we checked the functional role of NAD(P)H oxidase
in the activating process of Icx. As shown in Figure 6B,
pretreatment with the potent NAD(P)H oxidase inhibitor DPI
20 uM (Hampton and Winterbourn, 1995) completely elimi-
nated the activation of Iopox, suggesting that the NAD(P)H
oxidase system is involved in the activation of I pox, through
the production of ROS. Taken together, it is reasonable to
assume that NAD(P)H oxidase-derived ROS mediates the acti-
vation of I¢ pox.

17B-Oestradiol affects the PI3K signalling
pathway that is upstream of ROS production
to inhibit ICI,Dox

We next addressed the question as to whether 17B-oestradiol
affects signalling pathways upstream or downstream of ROS
production to inhibit the activation of Ig,po in rabbit chon-
drocytes. As demonstrated in Figure 7A, bath application of
hydrogen peroxide (100 uM) gradually increased the mem-
brane current despite the continued presence of 17f-
oestradiol (1 nM), which had electrophysiological properties
almost similar to those of ¢ pox, such as an appreciable inac-
tivation at strong depolarized potentials (Figure 7B) and an
outwardly rectifying I-V relationship with a reversal potential
near Eq (Figure 7C). The hydrogen peroxide-induced
activation of Ig,pey, as estimated by an increase in slope con-
ductance near E¢, was not affected by pretreatment with
17B-oestradiol (control, 489.6 = 50.1 pS-pF' n=4, N=4;
17B-oestradiol, 462.2 + 62.9 pS-pF!, n=4, N=4; P=0.27,
Figure 7D). These observations clearly show that 17p-
oestradiol fails to prevent the I pox activation by exogenously
applied hydrogen peroxide and indicate that 173-oestradiol
inhibits the activation of Icp. by affecting signalling steps
prior to ROS generation.

There are a number of studies indicating that PI3K is
involved in the prosurvival effect of 173-oestradiol, mediated
through oestrogen receptors (Castoria et al., 2001; Bjorn-
strom and Sjoberg, 2005; Kim et al., 2006). To elucidate
whether PI3K activity mediates the inhibitory action of 17f-
oestradiol on Ic;pox, We examined the effect of two structurally
unrelated PI3K inhibitors, namely wortmannin and
LY294002 (Feranchak et al., 1998; Schliess et al., 2001; Browe
and Baumgarten, 2006; Olsen et al., 2007). Figure 8A and B
illustrate representative experiments examining the effect of
17B-oestradiol on Iqpox in the presence of wortmannin
(100 nM) and LY294002 (20 uM), respectively. As summa-
rized in Figure 8C, the inhibition of Icp.x by 17B-oestradiol
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Doxorubicin-induced AVD and caspase-3/7 activity in chondrocytes. (A) Time course of changes in cross-sectional area of cell (chondrocyte) image
in the absence (Control) and presence of doxorubicin (1 pM) applied without or with DCPIB (20 uM), 173-oestradiol (1 nM) and/or ICI 182780
(10 uM), as indicated. All these compounds were added to the isosmotic solution at time 0. (B) Caspase-3/7 activity, measured from chondrocytes
after 24 h exposure to doxorubicin (1 uM) without or with DCPIB (20 uM), 17B-oestradiol (1 nM) and/or ICl 182780 (10 puM). Asterisks represent
P values according to Newman-Keuls multiple means comparison test (**P < 0.01).

(90.6 = 5.4% decrease, n =6, N = 2) was significantly attenu- We further checked the effect of wortmannin and
ated by 100 nM wortmannin (31.4 + 16.2% decrease, n =8, LY294002 on caspase-3/7 activity in the presence of doxoru-
N=2, P<0.05) or 20 uM LY294002 (56.9 = 14.3% decrease, bicin and 17B-oestradiol (Figure 8D). As expected,
n=4, N=2, P<0.05). These results indicate that PI3K is doxorubicin-induced increase in caspase-3/7 activity was
involved in mediating the inhibitory action of 17B-oestradiol completely abolished by the concomitant presence of 17f-
on Iy pox- oestradiol, and both wortmannin (100 nM) and LY294002
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Involvement of reactive oxygen species in the activation of I pox. (A) and (B) Abolishment of Iqpox activation by pretreatment with the ROS
scavenger N-acetyl-cysteine (NAC) at 1 mM (A) or the general inhibitor of NAD(P)H oxidase diphenylene-iodonium chloride (DPI) at 20 uM (B).
N-acetyl-cysteine (A) or diphenylene-iodonium chloride (B) was added approximately 10 min before the application of doxorubicin (DOX, 1 uM)

and was present throughout the experiments.

(20 uM) significantly reversed this effect of 17B3-oestradiol on
doxorubicin-induced caspase-3/7 activity.

Because female hormones are normally present in the
organism of either sex, it is important to examine the effect
of a longer pre-incubation with 17B-oestradiol on the
doxorubicin-induced changes in membrane currents, cell size
and caspase-3/7 activity. In the experiments shown in
Figures 9 and 10, chondrocytes were pre-incubated with
17B-oestradiol (1 nM) for 24 h and were then examined
either during the continued presence of the hormone or after
1 h of washing out the hormone. As depicted in Figure 94,
doxorubicin (1 uM) failed to activate any Igpox during the
continued presence of 17B3-oestradiol (1 nM) in chondrocytes
pre-incubated for 24 h. On the other hand, when 178-
oestradiol (1 nM) was washed out for 1 h after a 24 h of pre-
incubation, doxorubicin (1 uM) activated Icpox (Figure 9B).
As summarized in Figure 9C, the longer (24 h) pre-incubation
with 17B-oestradiol was effective at preventing the activation
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of Icipox, but the Ig pox activation had recovered after 1 h of
washing out the hormone to a level (552.5 = 44.3 pS-pF,
n=35, N=3) equivalent to that of Igpo.« activation in
chondrocytes without pre-incubation with 17-oestradiol
(576.1 = 49.3 pS-.pF', n=15, N = 5; refer to Figure 3E).

As demonstrated in Figure 10A, doxorubicin (1 uM)-
induced decrease in cell size in isosmotic solution was elimi-
nated by the continued presence of 17p-oestradiol (1 nM) in
chondrocytes pre-incubated for 24 h (1.01 = 0.01, n=10,
N=3; DOX+17B-E2). On the other hand, there was a
gradual decrease in cell size over 30 min (0.94 = 0.01, n =15,
N = 3) during exposure to doxorubicin in chondrocytes when
17B-oestradiol was washed out for 1h after 24 h of pre-
incubation with the hormone. Similarly, doxorubicin-
induced elevation of caspase-3/7 activity was greatly reduced
in chondrocytes pre-incubated with 17B-oestradiol for 24 h,
and this inhibitory effect was reversed 1 h after washing out
the hormone.



Inhibition of AVD by 17(3-oestradiol in chondrocytes
A

Isosmotic

1 nM 178-E2
100 uM H,0,

>
1 min
B C —
1501 b
+80 mV
-100
a
»
—120 pA-pF-!
D 100 ms
pS-pF-1

3 600

c

: |

[&]

=]

2

5 400

[&]

£

[}

@

3 200

3}

£

0

H,0, H,0,+ 17p-E2

Figure 7

Lack of effects of 17B-oestradiol on I activation induced by hydrogen peroxide. (A) Time course of changes in whole-cell current during
exposure to hydrogen peroxide (100 uM) in isosmotic solution in a chondrocyte pretreated with 178-oestradiol (1 nM). 17B-Oestradiol was added
to isosmotic solution approximately 10 min before exposure to hydrogen peroxide and was present throughout the experiments. (B) Superim-
posed current traces in response to 200-ms square steps applied from a holding potential of —30 mV to test potentials of +80 through —100 mV
in 10 mV steps before (a) and during (b) exposure to hydrogen peroxide (100 uM) in the presence of 17B-oestradiol (1 nM). (C) I~V relationships
for whole-cell currents recorded at each time points (a and b) in (B). (D) Maximal increase in the slope conductance for Iq,pox Without and with
pretreatment of 17B-oestradiol (1 nM). There was no significant difference between the control (n=4, N =4) and 17B-oestradiol (n=4, N =4)
groups (P=0.27).
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Involvement of PI3-kinase activity in the inhibitory effect of 17B-oestradiol on of Ic,pox. (A) and (B) The effect of pretreatment with 100 nM
wortmannin (Wort, A) or 20 uM LY294002 (LY, B) on the inhibitory effect of 173-oestradiol (1 nM) on Ic;pox. Various test compounds were added
to isosmotic bath solutions, as indicated. (C) Percentage inhibition of Ic,pox by 17B-oestradiol without and with pretreatment with wortmannin
and LY294002. (D) Caspase-3/7 activity was measured after 24 h treatment without (Control) and with doxorubicin in the absence and presence
of 17B-oestradiol, wortmannin (100 nM) and/or LY294002 (20 uM). Asterisks represent P values according to Newman-Keuls multiple means
comparison test (*P < 0.05, **P < 0.01).
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Effect of a longer pre-incubation with 17B-oestradiol on the activation of /pox in chondrocytes. (A) Abolishment of Iqpox activation in
chondrocytes pre-incubated with 17B-oestradiol for 24 h without washing out (17p-oestradiol was present throughout the experiment). (B)
Activation of ¢ pox in chondrocytes when 17f3-oestradiol was washed out for 1 h after 24 h of pre-incubation. Insets (right) in (A and B) show the
I-V relationship of difference current representing the doxorubicin (1 uM)-evoked current. (C) Increase in conductance of I pox in chondrocytes
pre-incubated with 17B-oestradiol for 24 h without (6.6 = 1.7 pS-pF™', n=15, N = 3) and with (552.5 + 44.3 pS-pF', n=5, N = 3) washing out
the hormone for 1 h. **P < 0.01 between the two groups (Student’s unpaired t-test).

We finally investigated whether the male hormone has a
similar inhibitory action on Igpox in articular chondrocytes.
In the experiments shown in Figure 11, the effect of testoster-
one 10 nM on Igpox Was examined; this concentration has
previously been shown to be effective at exerting a modula-
tory action on ion channel activity (Yang et al., 2010). Acti-
vation of I¢;pox Was not affected by subsequent application of
10 nM testosterone (Figure 11A, B and C); this was confirmed
in five different chondrocytes (Figure 11D).

Discussion

Activation of 1ciwa by doxorubicin mediated
via ROS production and its contribution to
AVD and subsequent caspase-3/7 elevation
Electrophysiological (high CI- selectivity, outward rectifica-
tion in the presence of equivalent concentrations of CI,
inactivation at strong depolarizations and abolishment by
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Effect of longer pre-incubation with 17B-oestradiol on the
doxorubicin-induced changes in cell size and caspase-3/7 activity. (A)
Changes in cell size (as assessed by relative area) during exposure to
doxorubicin (1 uM) in chondrocytes pre-incubated with 17f-
oestradiol for 24 h without washing out the hormone (173-oestradiol
was present throughout the experiment) or with washing out for 1 h
(17B-oestradiol was absent during the measurement). (B) Caspase-
3/7 activity in chondrocytes pre-incubated with 17f-oestradiol for
24 h without and with washing out the hormone for 1 h. **P < 0.01
between the two groups (Student’s unpaired t-test).

hyperosmolarity) and pharmacological properties (inhibi-
tion by DCPIB and arachidonic acid) of the doxorubicin-
evoked current (I pox) Were almost identical to those of the
volume-sensitive Cl~ current (Icv) found in the same cell
types (Isoya et al., 2009; Okumura et al., 2009). The cystic
fibrosis transmembrane regulator (CFTR) CI” channels are
characterized by linear I-V relationship in symmetrical Cl-
(Hume et al., 2000). The CIC CI" channel family is resistant
to blockade by DCPIB at 10 uM (Decher et al., 2001). It is
thus unlikely that CFTR and CIC CI" channels are respon-
sible for Icipox. The intracellular Ca* was buffered to very
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low levels (in the order of 107'° M) with the Ca? chelator
EGTA at 5 mM in the pipette solution and with no added
Ca?* to the bath, which may rule out the possible involve-
ment of the anoctamin/TMEM16 family that is proposed to
form the Ca?*-activated Cl- channels (Hartzell et al., 2009).
Taken together, it appears most likely that Icvq is activated
by doxorubicin under isosmotic conditions without appre-
ciable changes in cell size. Doxorubicin has also been
shown to evoke activation of I v, under isosmotic condi-
tions in rabbit ventricular myocytes (d’Anglemont de Tas-
signy et al., 2004).

Various cell types have been reported to produce hydro-
gen peroxide on exposure to doxorubicin and this is medi-
ated, at least partly, through a mechanism involving
NADPH oxidase activation (Kalyanaraman etal.,, 2002;
Tsang etal., 2003; Mizutani etal., 2005; Wagner etal.,
2005). The present findings are also consistent with the
view that NADPH oxidase-mediated formation of hydrogen
peroxide is primarily involved in isosmotic activation of
Iciva (opox) in rabbit articular chondrocytes. A similar acti-
vation of Icvw by NAD(P)H oxidase-derived hydrogen per-
oxide has been observed in several cell types, such as
hepatoma tissue culture cells, HeLa cells and rabbit ven-
tricular myocytes (Browe and Baumgarten, 2004; 2006;
Varela et al., 2004; Deng et al., 2010). Several mechanisms
have been proposed to account for the isosmotic activation
of Igyve by doxorubicin without cell swelling. It seems
likely that hydrogen peroxide acts as a second mes-
senger to mediate doxorubicin-induced activation of Icivo,
probably by shifting the intracellular phosphorylation/
dephosphorylation balance towards a more phosphorylated
state (Varela efal., 2004). Alternatively, a change in the
threshold cell volume for the activation of I (termed the
volume set point; Cannon et al., 1998; Hoffmann, 2000) has
been proposed to explain the isosmotic activation of Ig v
by other pharmacological interventions (Voets ef al., 1998).
For example, evidence has been obtained suggesting that an
enhanced tyrosine phosphorylation results in the decrease
in the volume set point and thereby produces the isosmotic
activation of Iqw in Ehrlich ascites tumour cells (Hoff-
mann, 2000) and articular chondrocytes (Okumura et al.,
2009).

Doxorubicin evokes apoptosis in various cell types, as
evidenced by an elevation in caspase activity and/or induc-
tion of DNA fragmentation (Kalyanaraman etal., 2002;
Tokudome et al., 2002; Mizutani et al., 2005). Although it is
generally accepted that a crucial step for the induction of
apoptosis involves a decrease in cell volume, referred to as
AVD (Maeno et al., 2000; Okada et al., 2009), only a limited
amount of experimental evidence has been obtained to
show that doxorubicin actually causes a cell volume
decrease associated with AVD (d’Anglemont de Tassigny
etal.,, 2004), eventually leading to an increase in caspase
activity and cell apoptosis. The present study clearly
demonstrates that doxorubicin rapidly decreases cell size,
within minutes, and this is accompanied by a subsequent
increase in caspase-3/7 activity; both of these effects
were completely abolished by the Iqvw, inhibitor DCPIB.
These findings strongly suggest that the activation of Icivol
contributes to the doxorubicin-induced AVD in articular
chondrocytes.
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Lack of inhibitory effect of testosterone on Ic,pox. (A) Time course of changes in whole-cell current recorded from a chondrocyte that was initially
exposed to doxorubicin (DOX, 1 uM) and subsequently to doxorubicin plus testosterone (10 nM) in isosmotic solution. (B) Superimposed current
traces in response to 200 ms square-steps applied from a holding potential of —30 mV to test potentials of +80 through =100 mV in 10 mV steps,
at the time points identified by letters (a, b and c) in (A). (C) -V relationships of whole-cell currents recorded at each time point (a, b and c) shown
in (B). (D) Increased conductance of Iqpox Measured at a steady-state activation (DOX) and 10 min after subsequent addition of 10 nM
testosterone (DOX + Testosterone). There was no significant difference in the degree of Iqpox activation between these two conditions

(580.9 = 45.4 pS-pF versus 588.4 + 32.9 pS-pF', n=5, N=3; P=0.84).

17B-Oestradiol prevents the
doxorubicin-induced apoptosis by blocking the
activation of lcia via membrane receptors
(non-genomic pathways)

Pretreatment with 17f-oestradiol for either short (approxi-
mately 10 min) or long (24 h) periods prevented the

doxorubicin-induced elevation of caspase-3/7 activity; an
effect which appears to be mediated through inhibition of the
I pox Tesponsible for AVD. This anti-apoptotic action of 17f-
oestradiol can also be ascribed to a receptor-mediated non-
genomic pathway that includes PI3K activation. The
signalling step at which 17-oestradiol exerts its inhibitory
action against doxorubicin-induced apoptosis is likely to be
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upstream of hydrogen peroxide production. In neonatal rat
cardiomyocytes it has been demonstrated that stimulation of
plasma membrane oestrogen receptor suppresses ROS produc-
tion mediated through PI3K activation, and thereby prevents
subsequent apoptosis during ischaemia/reperfusion stress
(Kim et al., 2006), thus showing that PI3K activation is asso-
ciated with ROS suppression. More recently, oestrogens have
been found to suppress the oxidative stress in bone and bone
marrow via a non-genomic action, and decrease the preva-
lence of mature osteoblast apoptosis (Almeida et al., 2010).

On the other hand, 17B-oestradiol was found to have no
appreciable effect on the hyposmotic activation of Ig; v, Or on
the time course and degree of RVD in hyposmotic conditions.
Articular chondrocytes are exposed in vivo to a continually
changing osmotic environment, but can readily restore the
normal cell volume through volume regulatory mechanisms,
namely regulatory volume increase and RVD (Hall, 1995;
Bush and Hall, 2001). Because Icv, plays a functionally
important role in the process of RVD (Okumura et al., 2009),
the possible inhibition of Ig,w, activated during hyposmotic
cell swelling would jeopardize the volume regulatory func-
tion of articular chondrocytes in response to hyposmotic
stress. However, as judged from our results, hyposmotic acti-
vation Igvo and resultant RVD are not expected to be inhib-
ited by 17B-oestradiol. Future studies should elucidate the
precise mechanism underlying these differential actions of
17B-oestradiol on isosmotic and hyposmotic activation of
Icivor in articular chondrocytes.

In recent years, much evidence has accumulated to
strongly suggest that some of the biological actions of 17f-
oestradiol are mediated through its receptors near or in the
plasma membrane, referred to as non-genomic action (Falk-
enstein et al., 2000; Kousteni et al., 2001; Bjornstrom and
Sjoberg, 2005). These include modulation of ion channel
function (Kurokawa etal., 2008). However, whereas the
genomic action of 17B-oestradiol takes place in the order of
hours to days through gene transcription, its non-genomic
action occurs rapidly, within minutes (Falkenstein et al.,
2000; Kousteni et al., 2001; Bjornstrom and Sjoberg, 2005).
The present findings that the inhibitory action of 178-
oestradiol on the doxorubicin-induced Iciv, reaches a steady
state within 10 min is also consistent with 17(-oestradiol
acting on membrane receptors through a non-genomic effect.
It is also important to note that a longer (24 h) pre-
incubation with 17B-oestradiol also resulted in the same
inhibitory effect on the activation of Iqpox associated with
development of AVD and elevation of caspase-3/7 activity.
This suggests that the inhibitory action of 17B-oestradiol is
preserved during the continued presence of 17B-oestradiol,
such as in in vivo conditions.

Testosterone has also been shown to exhibit non-genomic
actions, in addition to genomic actions, and to activate
various signalling pathways (Kousteni ef al., 2001; Gatson
et al., 2006). However, we did not detect any effect of test-
osterone on I pox activation, which suggests that testosterone
does not have an antioxidant effect on chondrocytes.

Physiological and pathophysiological role for
preventive action of 17 -oestradiol on lciya
Evidence is accumulating that the most common degenera-
tive joint disease OA is associated with chondrocyte apoptosis
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(Blanco et al., 1998; Hashimoto et al., 1998; Lotz et al., 1999;
Mobasheri, 2002), and the incidence of OA is increased in
postmenopausal women and is associated with oestrogen
deficiency (Gokhale et al., 2004; Takano et al., 2007; Sniekers
et al., 2008; Roman-Blas et al., 2009). The present findings
showing that 17B-oestradiol blocks Icvo associated with AVD
suggest that 17f-oestradiol could have a preventive effect
against OA at least partly by suppressing chondrocyte apop-
tosis caused by AVD. This beneficial effect of 17p-oestradiol
might be responsible for the low incidence of OA in women
until menopause, but higher incidence after menopause.
However, because in the present experiments, chondrocyte
apoptosis was induced by pharmacological (doxorubicin)
interventions, the results cannot be directly extrapolated to
chondrocyte apoptosis associated with OA in humans. Future
studies are needed to examine whether and how 17f3-
oestradiol has a favourable action against chondrocyte apo-
ptosis evoked by pathophysiological stimuli such as IL-1 and
TNF-o in humans.

In conclusion, the present findings suggest that 17f-
oestradiol exerts an inhibitory action on CI™ current associ-
ated with AVD, and thereby prevents apoptosis through a
membrane receptor-mediated non-genomic pathway. This
anti-apoptosis action of 17B-oestradiol in chondrocytes could
account for the increased incidence of OA in postmenopausal
women.
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