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Oxidative stress is considered to be an important
pathophysiological condition to promote cell death in
a broad variety of disorders, such as cardiovascular
and neurodegenerative diseases. Scavestrogens, struc-
turally derived from estradiol, are potent radical
scavengers and inhibitors of iron-induced cell damage
in vitro. In this study the potential cytoprotective
effects of the so-called scavestrogen estra-1,3,5(10),8-
tetraene-3,17a-diol, J 811, was tested using rat cerebel-
lar granule cells (CGCs) exposed to 25 or 50mM
hydrogen peroxide (H2O2). H2O2-induced apoptotic
cell death was detected by the appearance of high
molecular weight DNA fragments and nuclear conden-
sation. The addition of J 811 before or shortly after the
exposure to H2O2 prevented CGC apoptosis in a
dose-dependent manner. The estrogen receptor antago-
nist ICI 182.780 failed to prevent the protective effect
of J 811, suggesting that the latter is not dependent on
estrogen receptor activation. The lack of protection
against apoptosis caused by colchicine suggests that J
811 is neither interfering with the activation of
caspase-3, nor acting downstream of caspase-3. There-
fore, the protective effect observed against H2O2 seems
to be upstream caspases activation, pointing to a scaveng-
ing action of J 811. Thus the scavestrogen J 811 is a
powerful antioxidant able to interfere with radical-
mediated cell death and is potentially useful in diseases
where reactive oxygen species are involved. J. Neuro-
sci. Res. 56:420–426, 1999.r 1999 Wiley-Liss, Inc.
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INTRODUCTION
Oxidative stress—a cellular imbalance between

production and elimination of reactive oxygen species
(ROS), such as superoxide, hydrogen peroxide, and
peroxynitrite—is considered to be of major pathophysi-
ological relevance for a variety of pathological processes,

including ischemia-reperfusion injury and chronic progres-
sive neurodegenerative diseases (see Go¨tz et al., 1994).
This hypothesis has prompted research efforts to identify
compounds which might act as antioxidants, i.e., com-
pounds that antagonize the deleterious actions of ROS on
biomolecules. The modes of action of these compounds
could be either to directly scavenge ROS, or to trigger
protective mechanisms inside the cell—resulting in an
improved defense against ROS.

Based on the phenolic A-ring, estrogens are potent
free radical scavengers (Mooradian, 1993; Ruiz-Larrea et
al., 1995; Behl et al., 1995, 1997). Their lipophilic
character is a prerequisite for membrane interaction and
penetration. In order to exert protective properties, at
least a phenolic moiety is necessary. Furthermore, bulky
alkyl substituents in 2- and 4-positions have been intro-
duced to estrogens to increase the antioxidant efficacy
(Miller et al., 1996).

It is hypothesized that these estrogen derivatives
interfere with the redox state of membrane proteins and
lipids, thereby protecting the cell from more severe
damage leading to death. In line with this hypothesis are
data reporting that 17b-estradiol protects rat cortical
synaptosomes from amyloid peptide Ab25–35and FeSO4-
induced membrane lipid peroxidation, and prevents the
oxidative stress-related impairment of Na1/K1-ATPase
activity, glutamate transport, and glucose transport (Keller
et al., 1997).

In our studies, we tested estra-1,3,5(10),8-tetraene-
3,17a-diol, J 811, aD8,9-dehydro derivative of 17a-
estradiol (Fig. 1), known to exhibit antioxidative activity
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by altering iron redox state and inhibiting the formation
of superoxide anion radicals in vitro. The advantage of
this compound is based on a more potent radical scaveng-
ing activity than that of the naturally occurring 17b-
estradiol (Ro¨mer et al., 1997a). We used differentiated rat
CGCs as an experimental model. These primary glutama-
tergic cells can be prepared as a nearly pure culture
(purity higher than 90%) from 7-day-old rats, and there-
fore are very suitable to study postmitotic neuronal cell
death and the effectiveness of neuroprotective agents.

MATERIALS AND METHODS
Chemicals

All chemicals used were of analytical grade. J 811
was generously provided by S. Schwarz (Jenapharm
GmbH & Co. KG, Jena, Germany). ICI-182.780 (7a-[9-
(4,4,5,5,5-pentafluoropentylsulfinyl)nonyl]estra-1,3,5(10)-
triene-3,1 7b-diol came from Zeneca, Sweden. H2O2 (10
mM stock solution in water), 17b-estradiol, poly-L-
lysine (MW . 300,000), cytosine arabinoside, prop-
idium iodide, and colchicine were purchased from Sigma
(St. Louis, MO). All other chemicals for cell culture were
supplied by Life Technologies, Sweden. Stock solutions
of estra-1,3,5(10),8-tetraene-3,17a-diol (J 811), ICI-
182.780, and 17b-estradiol, were made in absolute etha-
nol at concentrations of 10 mM and stored at220°C.
Final concentrations of J 811 and 17b-estradiol in culture
did not exceed 10 µM in the presence of 0.1% ethanol.

Experimental Animals and Cerebellar Granule
Cell Culture

Animals were kept in air-conditioned quarters,
under a controlled photoperiod (14 hr light: 10 hr
darkness) and with free access to food and tap water.
Procedures used in animal experimentation comply with
Karolinska regulations for the care and use of laboratory

animals. Pregnant Sprague Dawley rats (B&K, Stock-
holm, Sweden) were checked twice daily, and at birth,
litter size was adjusted to eight pups per litter. Day of
birth was assigned as day 1 of life. Primary cultures of
CGCs were prepared from pups on postnatal day 7 as
previously described by Schousboe et al. (1989). The
cerebella from eight rat pups were collected in 9.5 ml
buffer containing 120 mM NaCl, 5 mM KCl, 25 mM
HEPES, and 9.1 mM glucose; minced with a McIlwain
tissue chopper (Surrey, England); dissociated at 37°C for
15 min with a solution containing 500 µg trypsin, 200 µg
EDTA, and 500 µg DNase; resuspended in basal medium
Eagle’s supplemented with 10% inactivated fetal calf
serum, 25 mM KCl, penicillin (50,000 E/ml), and strepto-
mycin (50 mg/ml); and plated in 6-well plates onto
poly-L-lysine-coated coverslips at a density of 500,000
cells/cm2. After 36 hr in culture, cytosine arabinoside was
added to a final concentration of 10 µM in order to inhibit
glial cell proliferation. After 7 days, culture cells main-
tained on coverslips in individual wells were exposed to
25 or 50 µM H2O2. J 811 or 17b-estradiol were added to
the CGC culture at doses up to 10 µM 30 min before or
after H2O2, unless otherwise stated.

Detection of Apoptotic Cells
In order to evaluate nuclear morphology, CGCs

were fixed with 80% methanol for 30 min, washed with
PBS, and stained with propidium iodide (5 µg/ml PBS)
for 4 min. The coverslips were then mounted onto glass
slides with 90% glycerol in PBS containing phenylene
diamine (final concentration 1 mg/ml) used as antifading
agent. The CGCs were examined by means of an
Olympus Bmax fluorescence microscope equipped with
the photosystem PM 20 (Tokyo, Japan). For each slide, at
least 900 cells were examined, and the percentage of cells
displaying apoptotic morphology are shown in figures.
Apoptotic cells were identified by the size and shape of
the cell, the relative size of the nucleus, and the intensity
of chromatin staining. Data are displayed as mean6 SE
of three independent experiments. Statistical differences
were calculated using one-way analysis of variance
(ANOVA)–Fisher’s Protected Least Significant Differ-
ence (PLSD) test. Calculations were performed with the
‘‘StatView’’ program (Abacus Concepts, Berkeley, CA)
running on Macintosh hardware.

Pulse Field Electrophoresis for the Detection of High
Molecular Weight DNA Fragments

To monitor the formation of large-size DNA frag-
ments, field inversion gel electrophoresis (FIGE) was
performed as described previously (Zhivotovsky et al.,
1994). Briefly, following the respective treatments, cells
were transferred by scraping into a Falcon tube, washed

Fig. 1. Chemical structure of estra-1,3,5(10),8-tetraene-3,17a-
diol (J 811).

Scavestrogen J 811 Prevents CGC Death 421



with immobilization buffer (150 mM NaCl, 2 mM
KH2PO4, 1 mM EGTA, 5 mM MgCl2, pH 6.8), immobi-
lized in low-melting agarose plugs, and subjected to
proteinase K digestion (0.2 mg per plug) for 40 hr at 50°C
with continuous agitation in a buffer containing 10 mM
NaCl, 10 mM Tris, 25 mM EDTA, 1% lauroyl sarcosine,
pH 9.5.

The plugs were washed three times for 2 hr in 1 ml
buffer containing 10 mM Tris, 1 mM EDTA at pH 8.0.
Equal-sized plugs were loaded on a 1% agarose gel in
0.53 TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM
EDTA, pH 8.3) and analyzed by FIGE using a horizontal
gel chamber, a power supply, and a switchback pulse
controller (Hoefer Scientific Instruments, San Francisco,

Fig. 2. Following 24-hr exposure, coverslips containing rat CGCs were fixed with 80%
methanol for 30 min at220°C and stained with propidium iodide (5 µg/ml for 4 min in the
dark), mounted, and imaged using an Olympus Bmax fluorescence microscope and photosys-
tem PM20, Tokyo, Japan.A: Control.B: 50 µM H2O2. C: 50 µM H2O2 plus 10 µM J 811 added
30 min after H2O2. D: 50 µM H2O2 plus 10 µM 17b-estradiol added 30 min after H2O2.
Magnification5 603 (0.92 cm5 20 µm).
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CA). Electrophoresis was run at 180 V in 0.53 TBE at
12°C, with a ramping rate changing from 0.8 sec to 30 sec
over a 24-hr period and a forward-to-reverse ratio of 3:1.
DNA size calibration was performed using two sets of
pulse markers: 1) chromosomes fromSaccharomyces
cerevisiae(225–2,200 kbp), and 2) a mixture ofl-DNA,
l-Hind III fragments, andl-DNA concatemers (0.1–200
kbp) purchased from Sigma (St. Louis, MO). The gels
were stained with ethidium bromide (50 µg/l) and photo-
graphed on a transilluminator.

RESULTS
Nuclei of untreated CGCs showed a typical chroma-

tin morphology with distinct organisation (Fig. 2A),
whereas apoptotic nuclei were highly fluorescent, con-
densed, and displayed polarized chromatin aggregates
(Fig. 2B). Exposure for 24 hr to 50 µM H2O2 resulted in a
marked decrease in cell number, cellular shrinkage,
nuclear condensation, (Fig. 2B) and the typical blebbing
known to occur in apoptotic cell death.

The addition of 10 µM J 811 to the culture 24 hr, 12
hr, or 30 min before the exposure to 50 µM H2O2 led to a
marked decrease in the amount of apoptotic cells (Fig. 3).
Likewise, the addition of 10 µM J 811 30 min after the
toxic stimulus rescued CGCs from death (Table I). The
protective effect observed was long-lasting (up to 48 hr
post-treatment) (Fig. 4). In contrast, when J 811 was
added 3 hr after the exposure to H2O2, no protection was
observed (Fig. 3).

J 811 protected CGCs from H2O2-induced cell
death in a dose-dependent manner (Fig. 2C, 5). To test

whether the protective action of J 811 was receptor
mediated, we used the selective estrogen antagonist
ICI-182.780 (7a-[9-(4,4,5,5,5-pentafluoropentyl-sulfi-
nyl)nonyl]estra-1,3,5(10)-triene-3, 17b-diol, and found
that the protective action of J811 was not affected by the
presence of the antagonist (Fig. 6A).

17b-estradiol did not exert any protection when
added to the cultures 30 min before or after the exposure
to H2O2 (Table I, Fig. 2D). Similar results were obtained
in the presence of the estrogen receptor antagonist ICI
182.780 (Fig. 6B).

To evaluate whether J 811 could protect from cell
death induced by other types of insults not involving
oxidative stress, we used the microtubule disrupting
agent colchicine at a dose known to cause CGC apoptosis
(Bonfoco et al., 1995). CGCs preincubated with 10 µM J
811 for 30 min were not protected against colchicine
toxicity, and there was no decrease in the amount of cells
showing apoptotic morphology (75.76 3.5%, n5 3,
M 6 SE).

To confirm the results obtained by the propidium
iodide detection of apoptotic nuclei, we analyzed ge-
nomic DNA for the presence of fragmentation pattern
typical of apoptosis. Cells exposed to H2O2 exhibited
DNA cleavage into fragments of approximately 700, 300,
and 50 kbp. The occurrence of 50 kbp DNA fragments in
CGCs exposed to H2O2 increased considerably in a
dose-dependent manner from 25 µM (Fig. 7, lanes 3,11)
to 50 µM (Fig. 7, lanes 6,14). J 811 inhibited the
formation of HMW-DNA fragmentation induced by H2O2

Fig. 3. Percentages of apoptotic nuclei of CGCs stained with
propidium iodide 24 hr after treatment with 25 µM H2O2. The
time points (hr) when 10 µM J 811 were added relative to the
time of H2O2-administration are indicated. Values are expressed
as mean6 SE of three independent experiments. *P , 0.05,
protection from cell death as indicated by significant differences
in the amount of apoptotic nuclei compared with CGCs exposed
to H2O2 only (Fisher’s PLSD test).

TABLE I. Comparison of the Protective Effects of J 811
and 17b-Estradiol Against H2O2-Induced Nuclear
Condensation Expressed as Percentage of Counted
Nuclei Showing Apoptotic Morphology†

Control 25 µM H2O2 50 µM H2O2

No protective agent 29.96 1.7 75.96 7.4 96.06 0.7
J 811

30 min before H2O2 20.16 0.3a 25.96 0.5* 33.86 6.0*
30 min after H2O2 — 26.46 2.4* 33.56 4.6*

17b-estradiol
30 min before H2O2 27.06 3.0b 63.26 2.4 79.36 13.6
30 min after H2O2 — 74.16 2.7 82.06 5.1

†Propidium iodide-positive apoptotic nuclei of rat cerebellar granule
cells at DIV8 after 24-hr incubation with hydrogen peroxide in the
presence or absence of J 811 or 17b-estradiol. Data are means6 SE
(standard error of mean) of three independent experiments. Apoptotic
cells were scored and three to five fields containing in total at least 900
cells per coverslip were counted. Statistical differences in our model
were calculated using ANOVA (analysis of variance, Fisher’s Protected
Least Significant Difference). The accepted significance level was
*P , 0.05, as compared with H2O2 treatment. Calculations were
performed with the ‘‘StatView’’ program running on Macintosh
(Cupertino, CA).
a10 µM J 811 only.
b10 µM 17b-estradiol only.
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when given 30 min before (Fig. 7, lanes 12,15) or 30 min
after the exposure to the toxicant (Fig. 7, lanes 13,16). In
contrast, 17b-estradiol was not effective in preventing
formation of HMW-DNA fragments (Fig. 7, lanes 4,5
and 7,8).

DISCUSSION
This study provides evidence that the scavestrogen

compound J 811 protects CGCs from cell death induced
by the oxidative stressor H2O2. In agreement with other
studies (Whittemore et al., 1994; Ahlbom et al., 1999),
H2O2-induced cell death appears to follow an apoptotic
pathway with the occurrence of HMW-DNA fragments,
cell shrinkage, and nuclear condensation. J 811 rescued
CGCs from H2O2-induced apoptosis in a dose-dependent
manner, not merely when added 30 min before the
exposure to H2O2, but also, most interestingly, when

added shortly afterward. However, CGCs could not be
protected when J 811 was added 3 hr after the exposure to
H2O2, indicating that the cell death programme is initial-
ized early by H2O2—as suggested also by Whittemore et
al. (1995). Thus, protective agents with scavenging
properties have to be given shortly after the oxidative
stress episode in order to exert protection.

The time frame of our experimental model, and the
fact that the antiestrogen ICI 182.780 did not abolish the
protective effect of J 811, argue for an estrogen receptor-
independent antioxidant action of J 811. A similar mecha-
nism of action has been suggested for 17a-estradiol, a
compound homolog to J 811, which has a marginal
affinity for estrogen receptors but nevertheless displays
antioxidant properties (Behl et al., 1997). The antioxidant
activity of estrogens and similar compounds have been
related to their phenolic structure and lipophilic character,
which make them potent scavengers of radicals inhibiting
membrane lipid peroxidation (Mooradian, 1993; Behl et
al., 1995, 1997).

In our experimental model, 17b-estradiol used at
the same concentration as J 811 (10 µM) did not exert any
protective action against H2O2-induced cell death. Previ-
ous reports (Behl et al., 1995, 1997; Goodman et al.,
1996) have shown that similar doses of 17b-estradiol
protect neurons from oxidative stress. This discrepancy in
the results can be explained by differences in the experi-
mental paradigm. In fact, both previous studies were done
using hippocampal neurons. The response to H2O2 and
the interaction of intracellular redox defense with antioxi-
dants added to the cultures might differ with respect to
time dependency and kinetics in different cell types. The
stronger antioxidant properties of J 811 might be due to
the more extended delocalizedp-electron system able to
stabilize radical adducts (Fig. 1). This might facilitate the
interference with cellular redox defense systems such as
reduced glutathione. In a previous study, we have shown
that J 811 and another compound of this family, J 861,
increased viability, decreased lipid peroxidation, and
stabilized intracellular glutathione content in IMR-32
cells exposed to Fenton-mediated oxidative stress (50 µM
FeSO4, 200 µM H2O2); whereas 17b-estradiol was less

Fig. 4. Protection of rat CGC death by J
811 added to the culture 30 min before the
exposure to 25 µM H2O2. Cells were kept in
culture for 24 hr and 48 hr before staining
with propidium iodide. Depicted are the
percentages of apoptotic nuclei. Values are
expressed as mean6 SE of three indepen-
dent experiments.*P, 0.05, protection from
cell death as indicated by significant differ-
ences in the amountof apoptotic nuclei com-
pared with CGCsexposed to H2O2 only
(Fisher’s PLSD test).

Fig. 5. Dose-dependent protection of rat CGC death by J 811
added to the culture 30 min before a 24 hr treatment with 50 µM
H2O2. Depicted are the percentages of apoptotic nuclei seen in
the CGC culture after propidium iodide staining (5 µg/ml for 4
min in the dark). Values are expressed as mean6 SE of three
independent experiments. *P , 0.05 protection from cell death
as indicated by significant differences in the amount of apop-
totic nuclei compared with CGCs exposed to H2O2 only
(Fisher’s PLSD test).
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Fig. 7. A: High molecular weight DNA fragmentation pattern
in rat CGCs exposed to H2O2 and 17b-estradiol 24 hr following
treatment. From left to right: 0.1–200 kbp marker; 225–2200
kbp marker.Lanes: 1, control; 2, 10 µM 17b-estradiol;3, 25
µM H2O2; 4, 10 µM 17b-estradiol 30 min before 25 µM H2O2;
5, 10 µM 17b-estradiol 30 min after 25 µM H2O2; 6, 50 µM
H2O2; 7, 10 µM 17b-estradiol 30 min before 50 µM H2O2; 8, 10

µM 17b-estradiol 30 min after 50 µM H2O2. B: High molecular
weight DNA fragmentation pattern in rat CGCs exposed to
H2O2 and J 811 24 hr following treatment. From left to right:9,
control;10,10 µM J 811;11,25 µM H2O2; 12,10 µM J 811 30
min before H2O2; 13,10 µM J 811 30 min after H2O2; 14,50 µM
H2O2; 15, 10 µM J 811 before 50 µM H2O2; 16, 10 µM J 811
after 50 µM H2O2; 0.1–200 kbp marker; 225–2200 kbp marker.

Fig. 6. A,B: Percentages of apoptotic
nuclei of CGCs stained with propidium
iodide 24 hr after treatment with 50 µM
H2O2, and 24.5 hr following 5 µM J 811,
5 µM 17b-estradiol, as well as 25.5 hr
following 10 µM of the selective estrogen
receptor antagonist ICI-182.780 (7a-[9-
(4,4,5,5,5-pentafluoropentyl-sulfinyl)no-
nyl]estra-1,3,5(10)-triene-3,1 7b-diol, as
indicated by bar appearance. Values are
expressed as mean6 SE of three indepen-
dent experiments. *P , 0.05 protection
from cell death as indicated by significant
differences in the amount of apoptotic
nuclei compared with CGCs exposed to
H2O2 only (Fisher’s PLSD test).
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effective, and progesterone, as well as pregnanolone—
compounds not bearing the extended delocalizedp-elec-
tron system—did not show any protection at all (Blum-
Degen et al., 1998). Thus, a decrease in B- and/or C-ring
saturation of estradiol appears to increase the antioxidant
efficacy (Römer et al., 1997b).

J 811 did not exert any protection against colchi-
cine, a well-characterized agent inducing apoptotic cell
death in CGCs via a mechanism not involving oxidative
stress (Bonfoco et al., 1995). We have shown that
colchicine-induced apoptosis involves caspase-3 activa-
tion mediated by cytochrome c release (Gorman et al.,
1999). Also, oxidative stress-induced apoptosis seems to
involve caspase-3 activation (Hampton and Orrenius,
1997, 1998). The lack of protection against apoptosis
caused by colchicine suggests that J 811 is neither
interfering with the activation of caspase-3, nor acting
downstream of caspase-3. Therefore, the protective effect
observed against H2O2 seems to be upstream caspases
activation, pointing to a scavenging action of J 811.

A variety of pathological conditions have been
linked to oxidative stress; thus, the development of
antioxidant therapeutic strategies is of crucial impor-
tance. Based on their powerful antioxidant activities, their
lipophilicity—which allows blood brain barrier penetra-
tion—and their weak classical genomic estrogenicity,
scavestrogens including J 811 (Oettel et al., 1996) might
be relevant for clinical use in pathologies such as chronic
progressive disorders, where oxidative stress is involved.
Moreover, the capability of J 811 to protect CGCs from
oxidative stress-induced cell death also when given
shortly after the insult, makes this compound a potentially
powerful drug to be used in acute pathological conditions
such as stroke.
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