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Abstract
Mitochondria are a major source of reactive oxygen species (ROS) and oxidative stress, key
contributors to aging and neurodegenerative disorders. We report that gonadal hormones influence
brain mitochondrial ROS production in both females and males. Initial experiments showed that
estrogen decreases mitochondrial superoxide production in a receptor-mediated manner, as measured
by MitoSOX fluorescence in differentiated PC-12 cells. We then assessed in vivo effects of gonadal
hormones on brain mitochondrial oxidative stress in female and male rats. Brain mitochondria were
isolated to measure a functional indicator of ROS, i.e., activity of the ROS-sensitive mitochondrial
enzyme, aconitase. Gonadectomy of both males and females caused a decrease in aconitase activity,
suggesting endogenous gonadal hormones influence mitochondrial ROS production in the brain. In
vivo treatment of gonadectomized animals with testosterone or dihydrotestosterone (DHT) had no
effect, but estrogen replacement significantly increased aconitase activity in brain mitochondria from
both female and male rats. This indicates estrogen decreases brain mitochondrial ROS production
in vivo. Sex hormone treatments did not affect protein levels of brain mitochondrial uncoupling
proteins (UCP-2, 4, and 5). However, estrogen did increase the activity, but not the levels, of
manganese superoxide dismutase (MnSOD), the mitochondrial enzyme that catalyzes superoxide
radical breakdown, in brain mitochondria from both female and male rats. Thus, in contrast to the
lack of effect of androgens on mitochondrial ROS, estrogen suppression of mitochondrial oxidative
stress may influence neurological disease incidence and progression in both females and males.
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1. Introduction
Increasing evidence points to a central role of oxidative stress and mitochondrial dysfunction
in neurodegenerative disease pathophysiology (Andersen, 2004; Beal, 2005; Calabrese et al.,
2001; Wallace, 2005). Mitochondria are not only responsible for ATP production, but also are
a major source of ROS (Turrens, 2003) and a key player in apoptosis (Szewczyk and Wojtczak,
2002). The redox centers of the mitochondrial electron transport chain constitute the major
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source of cellular superoxide production as a by-product of oxidative phosphorylation (Beyer,
1992; Cadenas and Davies, 2000; Chance et al., 1979; Turrens, 2003; Wallace, 2005). Chronic
exposure to mitochondrial ROS leads to inactivation of key mitochondrial enzymes and
accumulation of mitochondrial DNA mutations (Wallace, 2005). It has been proposed that
aging and age-related disorders are the result of a decline in mitochondrial function due to
cumulative oxidative damage (Beckman and Ames, 1998; Harman, 2006; Vina et al., 2003;
Wallace, 2005).

Many studies have focused on protective effects of estrogen (Green and Simpkins, 2000;
Henderson, 2006; Wise, 2002; Yang et al., 2005) with less attention on the impact of androgens
(Liu et al., 2003). However, little is known regarding effects of sex hormones on brain
mitochondrial ROS production. Emerging evidence indicates mitochondria are a novel target
of estrogen (Duckles et al., 2006; Nilsen and Brinton, 2004; Singh et al., 2006). We recently
demonstrated in cerebral blood vessels of female rats that estrogen decreases mitochondrial
H2O2 production (Stirone et al., 2005). Estrogen also increased expression of several
mitochondrial electron transport chain proteins, including cytochrome c and complex IV
subunits, and increased complex IV and citrate synthase enzyme activities.

In the present study, we tested the hypothesis that gonadal hormones affect superoxide
production by brain mitochondria. First we examined effects of estrogen using direct
measurements of superoxide with the MitoSOX Red mitochondrial-specific dye in nerve
growth factor-differentiated PC-12 cells, commonly used to model neurons in culture (Greene
and Tischler, 1976). Subsequently, we used in vivo models of chronic hormone loss or
replacement to determine the impact of estrogen and androgens on brain mitochondria of male
and female rats. Activity of aconitase, a tricarboxylic acid cycle enzyme, was measured as a
functional indicator of mitochondrial ROS production under physiological conditions. The
iron-sulfur core of aconitase is reversibly oxidized by superoxide leading to progressive
inactivation of aconitase as mitochondrial ROS increases (Gardner and Fridovich, 1991;
Gardner and Fridovich, 1992; Hausladen and Fridovich, 1994; Kennedy et al., 1983).
Furthermore, oxidized aconitase can be reactivated by reducing agents in vitro, allowing
confirmation of the mechanism of aconitase inactivation as due to alterations in enzyme activity
per se (Patel et al., 1996; Williams et al., 1998).

Our results indicate endogenous gonadal hormones influence ROS production in brain
mitochondria. In particular, suppression of ROS by estrogen gives new insight into the role of
estrogen in female, as well as male, brains. Long-term mitochondrial protection is a novel
neuroprotective mechanism that needs to be considered in the controversy surrounding
estrogen impact and therapy in Alzheimer’s disease and other aging disorders of the brain
(Henderson, 2006).

2. Results
Estrogen Decreases Superoxide Production in Differentiated PC-12 Cells

Figure 1A–C verifies the mitochondrial targeting of MitoSOX in NGF-differentiated PC-12
cells. The dye shows exclusive co-localization with subunit I of complex IV, a protein encoded
by mitochondrial DNA and restricted to mitochondria. As shown in Figure 1D, mitochondrial
superoxide production was stimulated by addition of complex I substrates, pyruvate and malate.
Further addition of MnTBAP, a superoxide dismutase mimetic used to scavenge superoxide,
decreased MitoSOX fluorescence, validating this measurement for superoxide. The substrate-
induced rise in fluorescence was slower for 17β-estradiol-treated cells compared to vehicle-
treated cells, indicating a lower rate of superoxide production. As summarized in Figure 1E,
10 nM 17β-estradiol significantly reduced the rate of mitochondrial superoxide production in
differentiated PC-12 cells, and this effect was blocked by the estrogen receptor antagonist,
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ICI-182,780. Since estrogen decreased superoxide production in differentiated PC-12 cells, we
then determined the in vivo effect of physiological levels of sex hormones on brain
mitochondrial ROS production.

In Vivo Animal Hormone Treatment
After 3–4 weeks of chronic in vivo hormone treatment, we measured serum hormone levels.
As shown in Tables 1 and 2, gonadectomy dramatically lowered circulating levels of 17β-
estradiol in female and male rats and also suppressed levels of testosterone and DHT in males.
Chronic hormone treatments achieved physiological serum levels of 17β-estradiol,
testosterone, and DHT in gonadectomized animals, as we have shown previously (Geary et al.,
2000;McNeill et al., 1999;Razmara et al., 2005). Estrogen treatment of OVX females
significantly decreased body weight and increased uterine weight compared to OVX rats.
Chronic treatment of ORX males with androgens, either testosterone or DHT, significantly
increased, while estrogen treatment significantly decreased, body weights compared to ORX
animals. These results confirm hormone treatments were biologically active in both female
and male rats.

Estrogen Suppresses Brain Mitochondrial ROS Production in Female and Male Rats
Mitochondrial-derived ROS inactivate aconitase enzymatic activity, but do not alter fumarase
activity. Therefore, the activity ratio of mitochondrial aconitase to fumarase (A/F) is a
functional indicator of mitochondrial ROS production; higher A/F ratios indicate lower
mitochondrial ROS production (Patel et al., 1996). In females, the A/F ratio for brain
mitochondria was significantly decreased by ovariectomy, but increased by estrogen treatment
(Figure 2A). There were no significant differences in fumarase enzyme activities in the female
animal groups (P > 0.05; n=4).

Figure 2B shows the aconitase activity measured in isolated brain mitochondria compared with
the total activity of the enzyme measured after reactivation with reducing agents in vitro. The
latter was similar in all female rat groups, indicating estrogen did not affect enzyme protein
expression. Compared to total activity, however, aconitase activity in freshly isolated
mitochondria was decreased by 76±3% in intact female, 89±2% in OVX, and 29±8% in OVX
+E groups, indicating that enzyme inactivation by ROS was less in brain mitochondria from
female rats exposed to estrogen.

In males, the mitochondrial A/F ratio was significantly decreased by orchiectomy, compared
to intact males (Figure 3A). The A/F ratio was unchanged by testosterone or DHT compared
to ORX, but significantly increased by estrogen treatment. There were no significant
differences in fumarase enzyme activities in the male animal groups (P > 0.05; n=4). Reducing
reagents reactivated aconitase activity to similar levels in all male rat groups (Figure 3B). The
degree of mitochondrial aconitase inactivation was 46±6% for intact male, 86±3% for ORX,
80±6% for ORX+DHT, and 36±8% for ORX+E. Aconitase inactivation was significantly
lower in estrogen-treated males, reflecting a significant suppression by estrogen of
mitochondrial ROS production.

Effect of Sex Hormones on Brain Mitochondrial Uncoupling Proteins
Mitochondrial uncoupling proteins (UCPs) significantly modulate mitochondrial ROS
production (Cannon et al., 2006; Casteilla et al., 2001; Rousset et al., 2004). We tested the
hypothesis that gonadal hormones affect one or more of three isoforms important in the brain:
UCP-2, 4 and 5 (Chan et al., 2006; Ho et al., 2006; Mattiasson et al., 2003). Figure 4 shows
representative Western blots from brain mitochondrial fractions with bands migrating at 32
kDa for UCP-2, 4, and 5 and 31 kDa for the loading control, porin, in both female (Figure 4A)
and male rats (Figure 4B). Corresponding porin bands are only shown for UCP-2 blots since
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similar bands were obtained from UCP-4 and 5 blots. All three UCP isoforms were detected
in brain mitochondria (Figure 4), however, there were no significant differences in protein
levels of UCP-2, 4, or 5 among the animal treatment groups (P > 0.05; n=4). Thus, neither
gonadectomy nor sex hormone treatments affected brain mitochondrial protein levels of UCPs
in either female or male rats.

Effect of Sex Hormones on Brain Mitochondrial MnSOD Protein and Enzyme Activity
We examined effects of gonadectomy and treatment with androgens and estrogen on protein
levels of MnSOD, the mitochondrial form of SOD, in female and male rat brain mitochondria
(Figure 5). Levels of MnSOD protein were not significantly different among the female
treatment groups, intact, OVX, and OVX+E (Figure 5B). In male brain mitochondria, MnSOD
protein levels were unaffected by DHT treatment, however testosterone caused a small increase
and estrogen caused a small decrease in MnSOD protein levels (Figure 5D).

The enzyme activity of MnSOD also was measured in brain mitochondria after chronic
hormone treatment of female and male rats. Figure 6A shows a significant increase in MnSOD
activity in mitochondria from brains of female rats treated with estrogen. Although testosterone
and DHT did not alter MnSOD activity, estrogen treatment also caused a significant increase
in MnSOD activity in male brain mitochondria (Figure 6B).

3. Discussion
Estrogen was found to profoundly suppress mitochondrial oxidative stress in brains of both
female and male rats. Similar effects of estrogen on neuronal-like PC-12 cells confirmed that
estrogen inhibits mitochondrial superoxide production in a receptor-mediated manner.
Estrogen also increased the activity of the mitochondrial antioxidant enzyme, MnSOD, in both
female and male brains, suggesting one mechanism by which this hormone lowers
mitochondrial ROS. An important strength of our work is that these striking effects of chronic
estrogen treatment were observed using an integrative, whole animal model with exposure to
physiological hormone levels, thus emphasizing the relevance of our findings to normal brain
function. Interestingly, the androgens, testosterone and DHT, did not affect mitochondrial ROS
production. However, castration of male rats significantly increased oxidative stress in brain
mitochondria. This effect was reversed by estrogen, but not androgen replacement, suggesting
that endogenous estrogen normally suppresses brain mitochondrial ROS production in males
as well as in females.

As a major by-product of oxidative phosphorylation, superoxide is generated as electrons leak
from the electron transport chain to react with molecular oxygen in the mitochondrial matrix
(Cadenas and Davies, 2000; Chance et al., 1979; Wallace, 2005). We directly measured
mitochondrial superoxide production in differentiated PC-12 cells, a neuronal model (Greene
and Tischler, 1976), using MitoSOX Red. A major advantage of this live-cell permeable dye
is its high selectivity for the mitochondrial matrix, where it is oxidized by superoxide and emits
a red fluorescence (Robinson et al., 2006). We confirmed the organelle selectivity of MitoSOX
Red in PC-12 cells by showing co-localization with subunit I of complex IV, a mitochondrial
encoded-protein. The PC-12 cell experiments demonstrate that physiological concentrations
of 17β-estradiol decrease superoxide production; and, since ICI-182,780 inhibited this effect,
estrogen receptors mediate the suppression of mitochondrial superoxide production. Our recent
pharmacological and siRNA data from human brain microvascular endothelial cells also show
a role for estrogen receptors in decreasing mitochondrial superoxide production (A. Razmara,
L. Sunday, C. Stirone, X. B. Wang, D. N. Krause, S. P. Duckles, and V. Procaccio, unpublished
observations). These findings are consistent with receptor-activation by physiological estrogen
concentrations, but are in contrast to direct antioxidant actions of the 17β-estradiol molecule
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that have been reported with high concentrations of this steroid (Behl et al., 1997; Keller et al.,
1997; Prokai et al., 2003).

We then used an in vivo model of hormone treatment to investigate effects of physiological
levels of gonadal hormones on brain mitochondrial ROS production. Since it was not feasible
to use the MitoSOX Red reagent in vivo, we measured a well-accepted functional indicator of
mitochondrial ROS, namely the activity of the Krebs cycle enzyme, aconitase (Kennedy et al.,
1983; Patel et al., 1996; Tong et al., 2007). Aconitase activity is reversibly decreased when the
iron-sulfur core of this enzyme is oxidized by ROS. Since the activity of fumarase is unaffected
by ROS, the ratio of activities of mitochondrial aconitase and fumarase (A/F) provides a robust
indicator of mitochondrial oxidative stress (Gardner and Fridovich, 1991; Gardner and
Fridovich, 1992; Hausladen and Fridovich, 1994; Kennedy et al., 1983; Patel et al., 1996). Our
A/F measurements suggest that, in both female and male brains, estrogen, either exogenous or
endogenous, decreases mitochondrial ROS production, while androgens have no effect.

After reactivation of aconitase with reducing agents, enzyme activity was not different among
the various treatment groups. Thus, it is unlikely that aconitase protein levels were affected by
gonadectomy or hormone treatment. Interestingly, there also appears to be higher aconitase
activity, and thus lower superoxide production, in both intact female and male rat brains
compared to respective gonadectomized animals. These findings reveal that endogenous
gonadal hormones can impact the production of ROS production in brain mitochondria. In
intact males, the levels of both aconitase activity and serum 17β-estradiol correlated with what
was found in estrogen-treated, orchiectomized males. Since androgens had no direct effect on
aconitase activity, these findings suggest that endogenous estrogen may normally act to
suppress mitochondrial oxidative stress in the male, as well as female, brain. It should be noted
that, although the data from the female rats clearly show higher aconitase activity in animals
with elevated serum 17β-estradiol, there is not a strict correlation between the intact and
estrogen-replaced groups. This likely reflects the fact that the estrous cycle of the intact females
was not monitored, and animals were studied randomly throughout the different stages of
fluctuating levels of endogenous estrogen.

Testosterone is metabolized to estrogen by aromatase (Bulun et al., 2003) or to DHT through
5α-reductase (Fujimoto et al., 1994), and we have recently shown that both of these metabolic
enzymes are present in the male cerebral vasculature (Gonzales et al., 2007). Estrogen clearly
impacts male reproductive physiology (Hess et al., 1997; Jones and Simpson, 2000), and there
is also strong evidence for non-reproductive effects of estrogen in males. For example, in both
sexes local production of estrogen in bone is important in the maintenance of bone
mineralization and prevention of osteoporosis (Simpson et al., 2000). During the critical period
of brain development, sexual differentiation of the male brain is dependent on endogenous
production of estrogen from testosterone by the action of aromatase (Reisert and Pilgrim,
1991). Similarly, local estrogen production in several sites in the brain influences sexual
behavior and has been suggested to have a role in cognitive function and Alzheimer’s disease
prevention (Simpson et al., 2000). Our study suggests that male brain mitochondria may also
be under the influence of estrogen.

Mitochondria play a critical role in neuronal cell survival and maintenance of the high
metabolic demands of the brain (Dykens, 1994; Singh et al., 2006). However, high production
of ROS as a by-product of oxidative phosphorylation is an inevitable consequence of this high
metabolic rate. Since mitochondria have limited DNA protection mechanisms, these cellular
power plants are thus vulnerable to oxidative stress (Chance et al., 1979; Clayton, 1984;
Wallace, 2005). In fact, excess ROS production (Aliev et al., 2002) leading to mitochondrial
dysfunction (Castellani et al., 2002) is among the mechanisms thought to underlie the
pathogenesis of neurodegenerative diseases. Recently mitochondria have been suggested as a
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target of the neuroprotective effects of estrogen (Nilsen and Brinton, 2004; Singh et al.,
2006). Protective effects of estrogen also have been observed under different cellular insults
through mechanisms involving mitochondrial calcium homeostasis, antiapoptotic pathways,
and enhanced mitochondrial viability (Nilsen et al., 2006; Nilsen and Diaz Brinton, 2003). In
the present study, we have extended the scope of estrogen action by showing that chronic
estrogen treatment is neuroprotective under normal physiologic conditions in males and
females through ongoing reduction of mitochondrial ROS production. Suppression of chronic
oxidative stress would be expected to protect against mitochondrial dysfunction and delay
cellular aging. Several other studies have also shown beneficial effects of estrogen on brain
mitochondrial function. For example, in female rats, brain mitochondrial peroxide production
was lower than in mitochondria from male rats (Borras et al., 2003). Physiologic concentrations
of estrogen can also protect against oxidative damage through modulation of antioxidant
enzyme activity, including superoxide dismutase, catalase, and glutathione peroxidase
(Azevedo et al., 2001; Murakoshi et al., 1999).

We explored two possible mechanisms by which estrogen treatment might suppress
mitochondrial ROS; one involved a decrease in production of superoxide through uncoupling
proteins and the other entailed inactivation of superoxide through enzymatic action of MnSOD.
Mitochondrial uncoupling proteins are localized to the inner mitochondrial membrane where
they translocate protons from the intermembrane space to the mitochondrial matrix and thus
reduce the driving force for ATP synthesis, dissipate energy in the form of heat, and decrease
production of superoxide (Cannon et al., 2006; Casteilla et al., 2001; Erlanson-Albertsson,
2003; Rousset et al., 2004). Uncoupling proteins show neuroprotective effects, underscoring
the importance of reducing mitochondrial ROS for preventing brain damage (Mattiasson et al.,
2003) Chan et al., 2006). Three isoforms thought to be important in the brain, UCP-2, 4 and 5
(Chan et al., 2006; Erlanson-Albertsson, 2003; Ho et al., 2006), were detected in brain
mitochondrial samples from both female and male rats; however neither gonadectomy nor sex
hormone treatments affected protein levels of UCP-2, 4, and 5.

The mitochondrial-specific form of SOD, MnSOD, is pivotal in the removal of superoxide by-
product formation. Transgenic heterozygous MnSOD knockout mice demonstrate increased
oxidative damage and age-related changes in mitochondrial function (Kokoszka et al., 2001).
Overexpression of MnSOD results in neuroprotection by reducing cellular apoptosis and
decreasing brain ischemic damage (Keller et al., 1998). Previously, we found that, in
cerebrovascular mitochondria from female rats treated with estrogen, protein levels of MnSOD
were increased (Stirone et al., 2005). In contrast, in the current study, a similar in vivo estrogen
treatment had no effect on protein levels of MnSOD in female brain mitochondria. In male rat
brain mitochondria, estrogen and testosterone had small effects on MnSOD levels, but these
do not explain the effects we observed on ROS-inactivation of aconitase.

MnSOD protein levels are, however, only one index of superoxide metabolism; evidence
suggests MnSOD activity may be regulated as well (Azevedo et al., 2001; Pedram et al.,
2006; Strehlow et al., 2003). Interestingly, estrogen enhanced MnSOD activity in both female
and male brains, while testosterone and DHT had no effect. This alteration in MnSOD activity
by estrogen is in agreement with previous studies in vascular tissue demonstrating increased
MnSOD activity after in vitro or in vivo estrogen treatment (Pedram et al., 2006; Strehlow et
al., 2003). Thus, in our study, the ability of estrogen to increase MnSOD activity represents
one mechanism by which estrogen may reduce brain mitochondrial oxidative stress.

We previously demonstrated novel protective effects of chronic in vivo estrogen treatment on
cerebrovascular mitochondria: increases in key mitochondrial proteins important for oxidative
phosphorylation with simultaneous decreases in ROS production (Stirone et al., 2005). This
enhancement by estrogen of cerebral vascular mitochondrial efficiency appears to be mediated
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through differential modulation of the peroxisome proliferator-activated receptor-gamma co-
activator 1 (PGC-1) family of proteins that are crucial regulators of mitochondrial protein
expression (C. Stirone, D. N. Krause, S. P. Duckles, and V. Procaccio, unpublished
observations). Regulation of members of the PGC-1 co-activator family of proteins may also
be an important mechanism by which estrogen modulates mitochondrial oxidative stress (St-
Pierre et al., 2006). Further investigation will be necessary to unravel the complex mechanisms
by which estrogen may reduce oxidative stress in brain mitochondria.

In summary, we have demonstrated that physiologic levels of estrogen have profound
suppressive effects on brain mitochondrial ROS production, an effect that is not limited to
females. In contrast to the lack of effect of androgens, suppression of mitochondrial ROS
production by estrogen has the potential to alter the pathophysiology of neurological disease
incidence and progression and contribute to neuroprotection in both females and males. It will
be important to further explore the molecular mechanisms by which gonadal hormones exert
their effects in the metabolically active central nervous system, including defining in more
detail the particular receptor involved as well as defining the role of the mitochondrial
transcriptional machinery. Understanding the mechanisms underlying neuroprotective actions
of estrogen may enable the development of new therapeutic modalities for the prevention of
age-related and neurodegenerative diseases.

4. Experimental Procedure
Treatment of PC-12 Cells

Rat pheochromocytoma cells (PC-12) (kindly provided by Dr. Wainer, Emory University) were
differentiated in culture by exposure to 100 ng/ml nerve growth factor (NGF; Roche;
Indianapolis, IN) for 10 days in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 1% horse serum and 0.5% fetal bovine serum (FBS) at 37°C in a humidified incubator
containing 95% air and 5% CO2. When treated with NGF, the PC-12 cells exhibited slowed
proliferation and growth of long neurite processes, which are properties associated with
neuronal differentiation of these cells in culture (Greene and Tischler, 1976). Differentiated
cells were then treated for 24 h with 10 nM 17β-estradiol (encapsulated in 2-hydroxy-propyl-
β-cyclodextrin; Sigma; St. Louis, MO) or an equivalent concentration of 2-hydroxy-propyl-β-
cyclodextrin (vehicle control) in hormone-free DMEM (without phenol red or serum)
supplemented with 5% FBS (previously stripped of steroid hormones by treatment with
dextran-coated charcoal Cocalico Biologicals; Reamstown, PA). In some cases, the estrogen-
receptor antagonist, ICI-182,780 (1 μM; Tocris; Ellisville, MI), was added 1 h prior and during
the 24-hour treatment with 17β-estradiol or vehicle.

Immunocytochemistry of PC-12 Cells
Differentiated PC-12 cells, grown on poly-D-lysine-coated glass coverslips, were incubated
with 2.5 μM MitoSOX Red (Molecular Probes, Eugene, OR) for 45 min at 37°C, and then
fixed with 3.7% paraformaldehyde for 15 min at 37°C, permeabilized with 0.2% Triton X-100
(Sigma) for 10 min, and blocked for 1 h in 1% BSA-0.05% Triton X-100. Cells were next
incubated overnight at 4°C with antibody against subunit I of complex IV (1:200 dilution;
Molecular Probes). The cells were washed with PBS and finally incubated with 1 μg/ml Alexa
Fluor 488 goat anti-rabbit IgG (1 μg/ml, Molecular Probes) for 2 h. Images were obtained using
a Carl Zeiss Axiovert 200M fluorescent microscope equipped with appropriate filters.
Appropriate controls, such as secondary antibody alone, indicated a lack of non-specific
staining.
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Mitochondrial Superoxide Production
After 24 h hormone treatment, differentiated PC-12 cells were incubated with 2.5 μM MitoSOX
Red reagent (Molecular Probes) for 10 min, washed, and then fluorescence was measured for
30 min at 510/580 nm (excitation/emission) using a Perkin Elmer Luminescence
Spectrophotometer LS50B. After baseline stabilization, superoxide production was induced
by adding mitochondrial complex I substrates (sodium pyruvate and malic acid, 1 M). The
superoxide dismutase mimetic, Mn(III) tetrakis (4-benzoic acid) porphyrin (MnTBAP, 1 mM),
was used to scavenge superoxide produced in the reaction. Superoxide production was
calculated as fluorescence/min/mg protein over the linear range and expressed relative to
vehicle control.

In Vivo Animal Hormone Treatments
All experiments on live animals were carried out in accordance with the Institutional Animal
Care and Use Committee at the University of California, Irvine. Gonadectomy and hormone
treatment protocols were performed on three-month-old female and male Fischer 344 rats
(Charles River-SASCO Laboratories; Wilmington, MA) as described previously (Geary et al.,
2000; Gonzales et al., 2005; McNeill et al., 1999; Razmara et al., 2005). Female rats were
divided into three groups: intact, ovariectomized (OVX), and OVX treated with 17β-estradiol
(OVX+E). Five groups of male rats were used: intact, orchiectomized (ORX), ORX treated
with testosterone (ORX+T), ORX treated with dihydrotestosterone (ORX+DHT), and ORX
treated with 17β-estradiol (ORX+E). At the time of gonadectomy, animals were implanted
subcutaneously at the base of the neck with control or hormone slow-release pellets, i.e., Silastic
tubing containing either 17β-estradiol 3-benzoate (5 mm in length; Sigma) or testosterone
propionate (10 mm in length; Sigma) or commercial pellets containing 25 mg 5α-
androstan-17β-ol-3-one (Innovative Research; Sarasota, FL). Surgeries were conducted under
anesthesia (46 mg/kg i.p. ketamine and 4.6 mg/kg i.p. xylazine), and all animals received an
injection of penicillin (30,000 U, penicillin G benzathine/penicillin G procain). Upon recovery
from anesthesia, the animals were returned to a vivarium, where they were housed in a
temperature-controlled room in individual cages with ab libitum food and water on a 12:12-hr
light-dark cycle. The stage of the estrous cycle was not monitored in intact female rats.

All animals were euthanized 3–4 weeks after surgery and hormone pellet implantation. Prior
to decapitation, animals were weighed, anesthesized with CO2, and direct cardiac puncture
was used to collect blood samples for radioimmunoassay of 17β-estradiol (Diagnostic
Products; Los Angeles, CA) or testosterone (MP Biomedicals; Costa Mesa, CA) or ELISA for
DHT (Alpha Diagnostic; San Antonio, TX). Ovaries were removed and dried for weighing.
Brains were removed for subsequent mitochondria isolation.

Mitochondria Isolation
Brain mitochondria were freshly isolated using a mitochondrial isolation kit (MITO-ISO1,
Sigma), with additional centrifugations to obtain an enriched, purified mitochondrial fraction
(Stirone et al., 2005). Cytochrome c and porin proteins, measured by Western blot, were used
as markers to confirm the identity of the mitochondrial fraction. Histone H1 protein, a nuclear
marker, was used to verify the absence of nuclear contamination.

Aconitase/Fumarase Enzyme Activities and Aconitase Reactivation
The ratio of the specific activities of mitochondrial aconitase (inactivated by ROS) and
fumarase (unaffected) was calculated as an indicator of ROS production in brain mitochondria.
Enzyme activities of aconitase and fumarase were measured using spectrophotometric rate
determination (Gardner and Fridovich, 1992; Gardner et al., 1994). Isolated rat brain
mitochondria were freeze-thawed for three cycles, and then centrifuged at 16,000g for 5
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minutes. For measurement of aconitase activity, protein-normalized aliquots of the
mitochondrial fraction were incubated at 25°C in a reaction buffer containing 154 mM Tris, 5
mM sodium citrate, 0.6 mM MgCl2, 0.2 mM NADP+. Absorbance at 340 nm was measured
over time as citrate was converted to α-ketoglutarate using the concomitant reduction of
NADP+ to NADPH by 2 units/ml isocitrate dehydrogenase (Krebs and Holzach, 1952).
Subsequently, aconitase was fully reactivated by incubation of mitochondrial samples for 5
min with reducing reagents, 2 mM dithiothreitol and 0.2 mM ferrous ammonium sulfate; then
the enzyme activity assay was repeated (Gardner and Fridovich, 1992; Patel et al., 1996;
Williams et al., 1998). One milliunit of aconitase activity was defined as the amount catalyzing
the formation of 1 nmol of isocitrate per min (Gardner et al., 1994). For each animal, the percent
inactivation was calculated as the difference between mitochondrial aconitase activity before
and after reactivation.

Activity of fumarase was measured by following conversion of malate to fumarate. The
mitochondrial fraction was incubated in 0.05 M potassium phosphate buffer, pH 7.4, and 0.05
M sodium L-malate. Specific activity of fumarase was determined by monitoring absorbance
at 240 nm as fumarate end-product accumulates (Racker, 1950).

Western Blot Analysis
The mitochondrial pellet was glass homogenized at 4°C in lysis buffer (50 mM β-
glycerophosphate, 2 mM MgCl2, 1 mM EGTA, 1 mM DL-dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride, with 100 μM NaVO3, 0.5% Triton X-100, 20 μM pepstatin,
20 μM leupeptin, and 0.1 U/ml aprotinin; all from Sigma). Protein concentrations were
determined using the bicinchoninic acid protein assay kit (Pierce, Rockford, IL).

Equal amounts of mitochondrial protein (10 μg/lane), in sodium dodecyl sulfate (SDS) sample
buffer were loaded onto 16% Tris-glycine gels (Invitrogen, Carlsbad, CA) and separated by
SDS-PAGE. Samples from each hormone treatment group (either male or female) were run
together on a single gel for comparison. Broad-range molecular weight markers (Bio-Rad,
Hercules, CA) were loaded for protein band identification. Proteins were then transferred to
nitrocellulose membranes (Amersham Pharmacia, Piscataway, NJ) and treated with primary
antibodies: goat polyclonal anti-UCP-2 (1:200; Santa Cruz Biotech; Santa Cruz, CA), rabbit
polyclonal anti-UCP-4 (1:1,000; Alpha Diagnostics; San Antonio, TX), rabbit polyclonal anti-
UCP-5 (1:1,000; Alpha Diagnostics), rabbit polyclonal anti-MnSOD (1:1,000; Sigma), or
mouse monoclonal anti-porin (1:10,000; Cal-Biochem; San Diego, CA). Membranes were then
incubated with the appropriate secondary antibody: goat anti-rabbit IgG-horseradish
peroxidase (1:5,000; Santa Cruz), donkey anti-goat IgG-horseradish peroxidase (1:5,000;
Santa Cruz), or goat anti-mouse IgG-horseradish peroxidase (1:5,000; Santa Cruz). Protein
bands, detected by electrochemiluminescence reagents and exposure to Hyperfilm (Amersham
Pharmacia), were analyzed using the UN-SCAN-IT program (Silk Scientific; Orem, UT). Band
densities were corrected relative to that of porin, the mitochondrial loading control. The
corrected densities were then normalized for each film to that of either the OVX group for
females or ORX group for males.

Manganese Superoxide Dismutase Activity Assay
A superoxide dismutase (SOD) assay kit (Cayman Chemical; Ann Arbor, MI) was used to
determine MnSOD activity in isolated rat brain mitochondria samples. Potassium cyanide (1
mM) was used to inhibit other forms of cellular SOD (MacMillan-Crow et al., 1996; Marklund,
1980). MnSOD activity per amount of mitochondrial protein was normalized to values of either
the OVX or ORX groups.

Razmara et al. Page 9

Brain Res. Author manuscript; available in PMC 2008 October 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
Data are expressed as means ± SEM. Statistical analysis was performed with GraphPad Prism
4.0 software (San Diego, CA). Because of the variability in values from one assay to the next,
every assay included a sample from each of the animal groups; therefore, differences among
the groups were assessed by one-way ANOVA with repeated measures. After ANOVA,
Newman-Keuls post-hoc analysis was used for pairwise comparisons. Student’s t-test was also
used where appropriate. For all comparisons, statistical significance was set at P ≤ 0.05.
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Figure 1. Effects of estrogen on superoxide production in differentiated PC-12 cells
PC-12 cells were differentiated with nerve growth factor for 10 days prior to treatment with
either 10 nM 17β-estradiol, 1 μM ICI-182,780 alone or in the presence of 17β-estradiol, or
vehicle. Cells were exposed to these treatments for 24 h prior to measurement of superoxide
production in live cells using the MitoSOX Red reagent. A. MitoSOX Red mitochondrial
superoxide indicator staining shown in red. Scale bar, 10 μm. B. Green fluorescence staining
for subunit I of complex IV, a mitochondrial encoded-protein. C. Immunofluorescence co-
localization (yellow) of MitoSOX Red and subunit I of complex IV. D. Representative tracing
of MitoSOX dye fluorescence intensity reflecting mitochondrial superoxide levels. Tracings
for differentiated PC-12 cells pre-treated with 17β-estradiol or vehicle are shown. Complex I
substrates, pyruvate and malate (both at 1M), were added to initiate the reaction. After a plateau
was reached, MnTBAP, a superoxide dismutase mimetic, was added. E. Mean values of
mitochondrial superoxide production, corrected for sample protein concentration and
expressed relative to vehicle control, are shown. Values are means ± SEM. *Significantly
different from other groups; P ≤ 0.05; n=4.
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Figure 2. Effects of ovariectomy and estrogen treatment on mitochondrial aconitase activity of
female rat brains
Mitochondria were isolated from intact, ovariectomized (OVX), and estrogen-treated OVX
(OVX+E) female rat brains. A. As a functional indicator of mitochondrial ROS production,
the ratio of activities of aconitase, a ROS-sensitive enzyme, to fumarase, a ROS-insensitive
enzyme, was measured. The activity ratio relative to the OVX group is shown. Values are
means ± SEM. **Significantly different from two other groups (P ≤ 0.05; n=4). B. Aconitase
activity measured in isolated brain mitochondria before and after total enzyme reactivation
with reducing reagents. Values are means ± SEM. **Significantly different from mitochondrial
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activity of two other groups; P ≤ 0.05; n=4. †Significantly different than activity before
reactivation within each group; P ≤ 0.05; n=4.
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Figure 3. Effect of orchiectomy and treatment with androgens or estrogen on aconitase activity in
mitochondria of male rat brains
Mitochondria were isolated from intact and orchiectomized (ORX) male rat brains as well as
from ORX males treated with either testosterone (ORX+T), dihydrotestosterone (ORX+DHT)
or estrogen (ORX+E). A. The ratio of activities of aconitase, a ROS-sensitive enzyme, to
fumarase, unaffected by ROS, was measured as a functional indicator of mitochondrial ROS
production. The activity ratio relative to the ORX group is shown. Values are means ± SEM.
*Significantly different from ORX, ORX+T, and ORX+DHT; P ≤ 0.05; n=4. B. Aconitase
activity measured in isolated brain mitochondria before and after total enzyme reactivation
with reducing reagents. Values are means ± SEM. *Significantly different from mitochondrial
activity of ORX and ORX+DHT; P ≤ 0.05; n=4. †Significantly different from activity before
reactivation within each group; P ≤ 0.05; n=4.
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Figure 4. Levels of uncoupling (UCP) proteins in mitochondria of female and male rat brains
Bands migrating at 32 kDa were detected using antibodies directed against UCP-2, UCP-4,
and UCP-5. Porin bands (31 kDa) are shown for the UCP-2 blot, and were run for each blot as
a mitochondrial specific protein loading control. A. Representative Western blots show UCP-2,
4 and 5 protein in mitochondria isolated from intact, ovariectomized (OVX), and estrogen-
treated OVX (OVX+E) female rat brains. B. Representative Western blots show UCP-2, 4 and
5 protein in mitochondria isolated from intact, orchiectomized (ORX), testosterone-treated
ORX (ORX+T), DHT-treated ORX (ORX+DHT), and estrogen-treated ORX (ORX+E) male
rat brains.
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Figure 5. Levels of manganese superoxide dismutase (MnSOD) protein in mitochondria of female
and male rat brains
Bands migrating at 24 kDa were detected using an antibody directed against MnSOD, and
porin bands (31 kDa) are shown as a mitochondrial specific protein loading control. Densities
of MnSOD bands were measured, corrected for porin, and expressed relative to the
gonadectomized group run on the same gel. A. Representative Western blot shows MnSOD
protein in mitochondria isolated from intact, ovariectomized (OVX), and estrogen-treated
OVX (OVX+E) female rat brains. B. Mean MnSOD protein levels in mitochondria isolated
from intact, ovariectomized, and OVX+E female rat brains. Values are means ± SEM; P >
0.05; n=4. C. Representative Western blot shows MnSOD protein in mitochondria isolated
from intact, orchiectomized (ORX), testosterone-treated ORX (ORX+T), and estrogen-treated
ORX (ORX+E) male rat brains. D. Mean MnSOD protein levels, corrected for porin, in male
rats, expressed relative to the ORX group. Values are means ± SEM. *Significantly different
from all other groups; P ≤ 0.05; n=8 for intact, ORX, and ORX+E; n=4 for ORX+T and ORX
+DHT.
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Figure 6. Activity of manganese superoxide dismutase (MnSOD) in female and male rat brain
mitochondria
Values are means ± SEM. A. Activity of MnSOD in mitochondria isolated from ovariectomized
(OVX) and estrogen-treated OVX (OVX+E) female rat brains expressed relative to the OVX
group. *Significantly different from OVX; P ≤ 0.05; n=4. B. MnSOD enzyme activity in
mitochondria isolated from orchiectomized (ORX), testosterone-treated ORX (ORX+T),
DHT-treated ORX (ORX+DHT), and estrogen-treated ORX (ORX+E) male rat brains
expressed relative to the ORX group. *Significantly different from other male groups; P ≤
0.05; n=4.
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Table 1
Effect of in vivo hormone treatment on serum levels of 17β-estradiol, body weights, and uterine weights in female
rats

Animal Group 17β-Estradiol (pg/ml) Body Weight (g) Uterine Weight (mg)

Intact Female 49±8* 177±2* 78±5*
OVX 9±1 188±3 44±6
OVX+E 65±9* 178±2* 111±8*

Values represent means ± SEM; OVX, ovariectomized; E, 17β-estradiol;

*
Significantly different than OVX (P ≤ 0.05), n=8–13
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Table 2
Effect of in vivo hormone treatment on serum levels of testosterone, DHT, 17β-estradiol, and body weights in
male rats

Animal Group Testosterone (ng/ml) DHT (pg/ml) 17β-Estradiol (pg/ml) Body Weight (g)

Intact Male 2.2±0.2* 476±45* 27±4* 287±4
ORX ND 49±5 8±1 292±3
ORX+T 3.3±0.4* 214±15* 6±1 317±2*
ORX+DHT ND 288±24* 7±1 311±4*
ORX+E ND 49±6 32±3* 268±2*

Values represent means ± SEM; ORX, orchiectomized; T, testosterone, DHT, dihydrotestosterone; E, 17β-estradiol; ND, not detectable;

*
Significantly different than ORX (P ≤ 0.05), n=12–20
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