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The ovarian hormones progesterone and estrogen have well-
established neurotrophic and neuroprotective effects sup-
porting both reproductive function and cognitive health.
More recently, it has been recognized that these steroids also
regulate metabolic functions sustaining the energetic de-
mands of this neuronal activation. Underlying this metabolic
control is an interpretation of signals from diverse environ-
mental sources integrated by receptor-mediated responses
converging upon mitochondrial function. In this study, to de-
termine the effects of progesterone (P4) and 17p-estradiol (E2)
on metabolic control via mitochondrial function, ovariecto-
mized rats were treated with P4, E2, or E2 plus P4, and whole-
brain mitochondria were isolated for functional assessment.

Brain mitochondria from hormone-treated rats displayed en-
hanced functional efficiency and increased metabolic rates.
The hormone-treated mitochondria exhibited increased re-
spiratory function coupled to increased expression and ac-
tivity of the electron transport chain complex IV (cytochrome
c oxidase). This increased respiratory activity was coupled
with a decreased rate of reactive oxygen leak and reduced
lipid peroxidation representing a systematic enhancement of
brain mitochondrial efficiency. As such, ovarian hormone re-
placement induces mitochondrial alterations in the central
nervous system supporting efficient and balanced bioener-
getics reducing oxidative stress and attenuating endogenous
oxidative damage. (Endocrinology 149: 3167-3175, 2008)

HE OVARIAN HORMONES estrogen and progesterone
(P4) have well-established neurotrophic effects sup-
porting both reproductive function and cognitive health (1-
3). More recently, it has been recognized that these steroids
can regulate metabolic functions sustaining the energetic
demands of neuronal activation. Underlying this metabolic
control is an interpretation of signals from diverse environ-
mental sources integrated by receptor-mediated responses
converging upon mitochondrial function. Mitochondria are
the primary energy sources of the cell that converts nutrients
into energy through cellular respiration via the electron
transport chain (ETC).

Mitochondria consist of a tightly integrated functional net-
work that regulates the energy balance of the cell. The energy
balance is required not only to regulate the survival of the
cell, but also, more importantly, to regulate the many spe-
cialized physiological functions of the cell. In the central
nervous system (CNS), mitochondrial energy balance is crit-
ical to establish membrane excitability and to execute the
complex processes of neurotransmission and plasticity. Neu-
rons are highly specialized cells requiring large amounts of
ATP to maintain the plasma membrane ionic gradients that
allow for rapid propagation of neural signaling and neuro-
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transmission. Ionic transport processes, namely Na*/K*-
ATPases and Ca?*-ATPases, consume about 60—80% of ATP
consumption in the CNS to maintain ionic gradients allowing
for neuronal excitability (4). Thus, the CNS has an immense
energetic demand critically dependent upon mitochondrial
function and oxygen supply to support the generation of
ATP by oxidative phosphorylation.

Many of the components of this functional bioenergetic
network are vulnerable to oxidative stress that can impair
cellular function or increase the chance of cell death (4, 5).
Compromised mitochondrial function has been linked to
numerous diseases, including those of the metabolic, car-
diovascular, and nervous systems. Many of these vulnerable
components of mitochondrial function are ovarian con-
trolled as demonstrated by reported sex differences or func-
tional alterations in response to hormonal manipulation (6—
9). It has been shown that the extended lifespan of female
mice is due in part to a reduced oxidative load that is ovarian
controlled (6). Female rat brown adipose tissue mitochondria
are larger and have more cristae than males (7). In addition,
there are purported effects of estrogens on mitochondria
function in various tissues, including decreased mitochon-
drial respiratory activity as assessed by 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction
in myocardium of ovariectomized rats (8). In the brain, the
cytochrome ¢ oxidase subunit II (COXII) was identified as the
single 17B-estradiol (E2)-induced clone resulting from a dif-
ferential screen of a cDNA library prepared from rat hip-
pocampus (9).

For the most part, estrogen regulation of mitochondrial
function has been the primary focus despite the fact that P4
has important properties that can enhance or degrade these
modulatory pathways. In the current study, we investigated
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the role of P4 in regulating mitochondrial function in the
CNS, both alone and in conjunction with E2. We propose that
in addition to the well-documented protective effects, E2 and
P4 enhance energy production through balanced respiration,
maintaining better electron flow coupling and reduced ox-
idative damage. To evaluate this hypothesis, we used the
ovariectomized, hormone-replaced rat model. Our data re-
veal that E2 and P4 potently enhance the functional efficiency
of whole-brain mitochondria, as evidenced by increased elec-
tron transport and reduced oxidative leak and damage.

Materials and Methods
Chemicals

All chemicals were from MP Biomed (Irvine, CA) unless otherwise
noted. E2 and P4 were obtained from Steraloids (Newport, RI). Steroids
were dissolved in ethanol and diluted in sesame oil with final ethanol
concentration less than 0.001%.

Animals

The use of animals for the study was approved by the Institutional
Animal Care and Use Committee at the University of Southern Cali-
fornia (Protocol No. 10256). Young adult (3—6 months old) female ovari-
ectomized Sprague Dawley rats purchased from Harlan (Indianapolis,
IN) were housed under controlled conditions of temperature (22 C),
humidity, and light (14 h light, 10 h dark) with water and food available
ad libitum. After at 2 wk of habituation to the facilities and surgery
recovery (after ovariectomy), rats were injected sc with E2 (30 ug/kg),
P4 (30 ng/kg), or sesame oil vehicle control and fasted 24 h before killing
and forebrain dissection. The dose of E2 (30 ug/kg body weight) was
chosen as representative of a standard systemic E2 therapy used clin-
ically and in previous studies, which ranges from 10-100 pg/kg. To
confirm administration of steroid, plasma and brain E2 levels were
analyzed by commercial ELISA (IBL-Hamburg, Hamburg, Germany)
after hexane-ethyl acetate extraction. The 30-ug/kg dose produced E2
levels in ovariectomized rats of 42 pg/g in brain tissue and 44 pg/ml in
serum. Our previous in vitro studies indicated that P4 was most neurally
effective at the same concentration as E2 (2, 10). At the time of killing,
uteri were removed and weighed to determine efficacy of estradiol
treatment (control = 0.117 = 0.005 g; E2 = 0.230 + 0.012 g; P4 = 0.133 *
0.024 g; E2+P4 = 0.216 *= 0.026 g wet weight). All experiments were
approved by the Institutional Animal Care and Use Committee.

Mitochondrial isolation

Brain mitochondria were isolated from rats as previously described
(11). Rats were decapitated, and the whole brain minus the cerebellum
was rapidly removed, minced, and homogenized at 4 C in mitochondrial
isolation buffer (MIB) (pH 7.4), containing sucrose (320 mm), EDTA (1
mwm), Tris-HCI (10 mm), and Calbiochem’s Protease Inhibitor Cocktail
Set I (AEBSF-HC1 500 uMm, aprotonin 150 nm, E-64 1 um, EDTA disodium
500 uM, leupeptin hemisulfate 1 um). Single-brain homogenates were
then centrifuged at 1500 X g for 5 min. The pellet was resuspended in
MIB, rehomogenized, and centrifuged again at 1500 X g for 5 min. The
postnuclear supernatants from both centrifugations were combined, and
crude mitochondria were pelleted by centrifugation at 21,000 X g for 10
min. The resulting mitochondrial pellet was resuspended in 15% Percoll
made in MIB, layered over a preformed 23% /40% Percoll discontinuous
gradient, and centrifuged at 31,000 X g for 10 min. The purified mito-
chondria were collected at the 23%/40% interface and washed with 10
ml MIB by centrifugation at 16,700 X g for 13 min. The loose pellet was
collected and transferred to a microcentrifuge tube and washed in MIB
by centrifugation at 9000 X g for 8 min. The resulting mitochondrial
pellet was resuspended in MIB to an approximate concentration of 1
mg/ml. The resulting mitochondrial samples were used immediately for
respiratory measurements or stored at —70 C for later protein and
enzymatic assays. During mitochondrial purification, aliquots were col-
lected, and for confirmation of mitochondrial purity and integrity, West-
ern blot analysis was performed for mitochondrial antiporin (1:500;
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Mitosciences, Eugene, OR), nuclear antihistone H1 (1:250; Santa Cruz
Biotechnology, Santa Cruz, CA), endoplasmic reticulum anticalnexin
(1:2000, SPA 865; Stressgen, now a subsidiary of Assay Designs, Ann
Arbor, MI), and cytoplasmic anti-myelin basic protein (1:500, clone 2;
RDI, Concord, MA) (data not shown).

Respiratory measurements

Mitochondrial oxygen consumption was measured polarographi-
cally using a Clarke-type electrode. One hundred micrograms of isolated
mitochondria were placed in the respiration chamber at 37 C in respi-
ratory buffer (130 mm KCl, 2 mm KH,PO,, 3 mMm HEPES, 2 mm MgCl,,
1 mm EGTA) to yield a final concentration of 200 ug/ml. After 1 min
baseline recording, mitochondria were energized by the addition of
glutamate (5 mm) and malate (5 mm) as substrates. State 3 respiration
was stimulated by the addition of ADP (410 um). State 4, respiration was
induced by the addition of three pulses of the adenine nucleotide trans-
locator (ANT) inhibitor atractyloside (50 uMm) to deplete ADP. The rate
of oxygen consumption was calculated based on the slope of the re-
sponse of isolated mitochondria to the successive administration of
substrates. The respiratory control ratio (RCR) was determined by di-
viding the rate of oxygen consumption/min for state 3 (presence of
ADP) by the rate of oxygen consumption/min for state 4, respiration
(absence of ADP by addition of atractyloside).

Complex IV /cytochrome c oxidase activity

Cytochrome oxidase activity was measured spectrophotometrically
by monitoring change in absorbance (550 nm) of reduced cytochrome ¢
by permeabilized mitochondria. Mitochondria were permeabilized in
0.2 ml 75 mMm potassium phosphate buffer (pH 7.5) at 25 C. The reaction
was started by the addition of 0.05 ml 5% cytochrome ¢ previously
reduced with sodium hydrosulfite. Cytochrome c oxidase activity was
calculated in nanomoles of oxidized cytochrome ¢ per minute per mil-
ligram protein and reported as rate relative to the mean rate from vehicle
control-treated animals.

Western blot analysis

Equal amounts of mitochondrial protein (20 ug/well) were loaded in
each well of a 10% SDS-PAGE gel, electrophoresed with a Tris/glycine
running buffer, and transferred to a polyvinylidene difluoride mem-
brane. The blots were probed with anti-COXIV (1:1000; Mitosciences),
anti-complex V, subunit « (1:1000; Mitosciences), anti-manganese su-
peroxide dismutase (anti-MnSOD) (1:500; BD Biosciences) or anti-per-
oxiredoxin V (1:500; BD Biosciences, San Jose, CA) and a horseradish
peroxidase-conjugated horse antimouse secondary antibody (Vector,
Burlingame, CA). Antigen-antibody complexes were visualized with the
TMB Substrate kit (Vector). Band intensities were determined using the
VersaDoc System (Bio-Rad, Hercules, CA).

RNA isolation and RT-PCR

Total RNA was isolated from brain tissue with TRIzol reagent. Ex-
pression of mRNA for COXI, COXII, COXIIL, and COXIV was assessed
by SYBR-Green based real-time RT-PCR. cDNA was synthesized from
10 ug total RNA by RT using SuperScript II Reverse Transcription kit
(Invitrogen, Carlsbad, CA). cDNA was amplified by PCR on an iCycler
(Bio-Rad) using Bio-Rad iScript SYBR Green reaction buffer.

Mitochondrial biogenesis

Total DNA was isolated with TRIzol reagent and analyzed by real-
time PCR. Mitochondrial biogenesis was estimated as the relative levels
of B-actin to COXII DNA.

Mitochondrial peroxide production

The rate of H,O, production by isolated mitochondria was deter-
mined by the Amplex Red peroxidase assay.
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Free radical leak

Free radical leak was determined as previously described (12). H,O,
production and O, consumption were measured in parallel in the same
brain mitochondria under similar experimental conditions. This allowed
for the calculation of the fraction of electrons out of sequence, which
reduce O, to reactive oxygen species (ROS) at the respiratory chain (the
percent free radical leak) instead of reaching cytochrome oxidase to
reduce O, to water. Because two electrons are needed to reduce 1 mol
O, to H,O,, whereas four electrons are required to reduce 1 mol O, to
water, the percent free radical leak was calculated as the rate of H,O,
production divided by two times the rate of O, consumption, and the
result was multiplied by 100.

Lipid peroxidation

Lipid peroxides in brain mitochondria were measured using the
leucomethylene blue assay, using tert-butyl hydroperoxide as a stan-
dard, by monitoring the 650-nm absorbance after 1 h incubation at RT.
The aldehyde product or termination product of lipid peroxidation in
brain mitochondria was determined by measuring thiobarbituric acid-
reactive substances (TBARS). Brain mitochondria were mixed with 0.15
M phosphoric acid. After the addition of thiobarbituric acid, the reaction
mixture was heated to 100 C for 1 h. After cooling and centrifugation,
the formation of TBARS was determined by the absorbance of the chro-
mophore (pink dye) at 531 nm using 600 nm as the reference wavelength.

Statistics

Statistically significant differences were determined by one-way
ANOVA followed by Student-Neuman Keuls post hoc analysis.

Results

P4- and E2-enhanced brain mitochondrial respiratory
activity

To determine P4 and E2 regulation of brain mitochondrial
respiration, young adult female Sprague Dawley rats were
ovariectomized to remove endogenous sources of ovarian hor-
mones. The animals were allowed to recover from surgery for
2 wk to allow for clearance of residual ovarian hormones and
to equilibrate to the state of ovarian deprivation. Ovariecto-
mized rats were injected sc with 30 ug/kg P4, 30 ug/kg E2, and
30 ug/kg of each steroid or equivalent volume of sesame oil
vehicle as a control. Rats were killed 24 h later, and whole-brain
mitochondria were isolated. We first measured the respiratory
rate of the isolated whole-brain mitochondria using glutamate
(5 mm) and malate (5 mm) as respiratory substrates. ADP ad-
dition to the mitochondrial suspension initiated state 3 respi-
ration. Addition of the adenine nucleotide transporter inhibitor
atractyloside reduced the rate of O, consumption to that of state
4, respiration, limited by proton permeability of the inner mem-
brane. There was a significant increase in the RCR in the P4-and
E2-treatment groups but not in the E2/P4 group (Fig. 1 and
Table 1). In vivo treatment with P4 resulted in a 24.5% increase
in the RCR of isolated brain mitochondria (Table 1 and Fig. 1).
Invivo treatment with E2 resulted in a 13.4% increase in the RCR
of isolated brain mitochondria (Fig. 1 and Table 1). In contrast
to the effects of the two hormones alone, the coadministration
of E2 and P4 did not result in a significant change in the RCR
of isolated brain mitochondria (Fig. 1 and Table 1). There was
a nonsignificant increase in rate of state 3 respiration in the P4
and E2 groups (Table 1). There was no difference in the rate of
state 4, respiration in any treatment group (Table 1). These data
indicate an increased efficiency of mitochondrial respiration
rather than an alteration in the coupling of the ETC.
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Fic. 1. P4 and E2 enhance mitochondrial respiratory activity. Oxy-
gen electrode measurements of respiration using isolated rat brain
mitochondria. A, Representative traces of mitochondrial oxygen con-
sumption with or without in vivo E2 (30 ug/kg), P4 (30 ug/kg), E2/P4,
or sesame oil vehicle control treatment (Ct) in the presence of L-malate
(Mal; 5 mm), L-glutamate (Glut; 5 mm), and ADP (410 uM) to initiate
state 3 respiration and atractyloside to induce state 4, respiration.
The traces are representative of six to eight separate experiments. B,
Percent changes in mitochondrial RCR (state 3/state 4,). The data
represent mean * SEM of eight separate experiments. *, P < 0.05
compared with control; n = 8.

Enhanced COX activity and expression in hormone-replaced
rats

The accelerated movement of electrons down the ETC
would be expected to alter the activity of the terminal
complex, COX (complex IV). To test this hypothesis, we
examined the enzymatic activity of COX. Brain mitochon-
dria isolated from P4-treated rats displayed a significant 1.55-
fold increase in COX activity (P < 0.01 compared with control;
n = 4; Fig. 2A). E2 treatment resulted in a significant 1.5-fold
increase in brain mitochondrial COX activity (P < 0.01 com-
pared with control; n = 8; Fig. 2A). In contrast to the lack of
effect of coadministration on rates of respiration, cotreatment
with E2 and P4 significantly increased brain mitochondrial

TABLE 1. Mitochondrial respiration: oxygen electrode
measurements of respiration using isolated rat brain mitochondria

State 4, State 3 RCR
Control 4.56 = 0.53 33.42 =291 7.85 = 0.69
E2 5.21 = 0.57 43.94 = 3.50 8.90 = 0.71
P4 4.54 = 0.70 40.16 = 4.18 9.77 = 0.92
E2 + P4 4.30 = 0.51 32.63 = 2.77 8.16 = 0.76
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sion. A, Relative rate of COX activity of isolated
whole-brain mitochondria with or without in vivo E2
(30 ng/kg), P4 (30 ug/kg), E2/P4, or sesame oil vehicle
control treatment. The bars represent mean * SEM
from four separate experiments with two animals per
group for each experiment. *, P < 0.05 compared with
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Total RNA was isolated from brain after 24 h expo-
sure to E2 (30 ug/kg), P4 (30 ng/kg), E2/P4, or sesame ¢
oil vehicle control. Expression of COXI, COXII,
COXIII, and COXIV mRNA was assessed by real-
time RT-PCR. Bars represent mean relative expres-
sion = SEM from eight animals per group. *, P < 0.05
compared with control; n = 8.
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COX activity by 1.4-fold (P < 0.05 compared with control;
n = 8).

The increased COX activity could be due to modulation of
enzymatic activity or to an alteration in expression levels of
COXholoenzyme proteins. To determine whether there was
an alteration in COX subunit expression, we assessed mRNA
expression by real-time RT-PCR. Because it is unknown
whether P4 or E2 regulation of mitochondrial function occurs
at a nuclear or mitochondrial site of origin, we assessed the
expression of both mitochondrial- and nuclear-encoded COX
subunit mRNAs. The mitochondria-encoded subunits COXI,
COXII, and COXIII were all significantly up-regulated by about
3-fold in the P4- and E2-treatment groups (Fig. 2B; P < 0.05
compared with control; n = 8). Likewise, the expression of the
nuclear-encoded subunit COXIV was significantly increased by
about 2.5-fold in the P4- and E2-treatment groups (Fig. 2B; P <
0.05 compared with control; n = 8). The coadministration of P4
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and E2 resulted in a significant increase in the expression of
COXII (~2-fold), COXIII (~1.5-fold), and COXIV (~1.5-fold)
(Fig. 2B; P < 0.05 compared with control; n = 8).

Enhanced complex V expression in hormone-replaced rats

The accelerated movement of electrons down the ETC
would be expected to be coupled to increased ATP produc-
tion. Increased ATP in response to E2 in vitro has previously
been reported (13). To determine whether there was an in-
crease in ATP synthase/complex V to mediate the acceler-
ated electron flow and ATP production, we assessed protein
expression of complex V, subunit « by Western blot analysis.
Complex V, subunit o was significantly increased by about
1.5- to 2-fold in the P4-, E2-, and E2/P4-treatment groups
(Fig. 3; P < 0.05 compared with control; n = 4).
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Fia. 3. P4 and E2 increase expression of complex V, subunit « pro-
tein. Total protein was isolated from brain after 24 h exposure to E2
(30 ng/kg), P4 (30 ug/kg), E2/P4, or sesame oil vehicle control. Ex-
pression of complex V, subunit « was determined by Western blot
analysis. Bars represent mean relative expression = SEM from four
animals per group. *, P < 0.05 compared with control; n = 4.

Mitochondrial biogenesis was unaffected by hormone
replacement

Mitochondrial respiratory efficiency can be induced by
increasing the number of mitochondria (14). Thus, the in-
crease in respiratory rate, COX activity, and expression of
COX subunits may have resulted from a global increase in
mitochondrial biogenesis. To test this hypothesis, we as-
sessed the effect of E2 and P4 treatment on a marker of
mitochondrial biogenesis, the ratio of mitochondrial DNA
(mtDNA) to nuclear DNA. Real-time PCR for COXII (mito-
chondrial) and B-actin (nuclear) was performed on total
brain DNA. There was no effect of P4, E2, or E2 /P4 treatment
on the ratio of COXII to B-actin DNA (Fig. 4). These data
indicate that neither E2 nor P4 affect the rate of mitochondrial
biogenesis.

Effects of P4 and E2 on ROS production by brain
mitochondria

The increased number of electrons flowing through the
ETC represented by the observed increased respiratory ac-
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Fia. 4. P4 and E2 do not alter mitochondrial biogenesis. Total DNA
was isolated from brain after 24 h exposure to E2 (30 ug/kg), P4 (30
ng/kg), E2/P4, or sesame oil vehicle control. The relative copy number
of COXII (mitochondrial) and B-actin (nuclear) DNA was assessed by
real-time PCR, and the ratio of COXII/ B-actin was used as a marker
of relative mitochondrial number. Bars represent mean * SEM from
eight animals per group. *, P < 0.05 compared with control; n = 8.
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tivity could result in increased free radical production due to
the increased probability of electron leak. However, the in-
creased activity of the terminal complex, COX, would be
expected to deplete the electron-rich intermediaries such as
ubisemiquinone, decreasing the incidental one-electron re-
duction of oxygen. Thus, we hypothesized that P4 and E2
would reduce mitochondrial ROS production. Fluorescent
Amplex Red measurements of H,O, were made with isolated
brain mitochondria exposed to additions of malate/gluta-
mate plus ADP (state 3). P4 treatment resulted in a significant
decrease in the rate of H,O, production by isolated brain
mitochondria (Fig. 5A; P < 0.05 compared with control; n =
8). In contrast, there was no significant effect on H,O, pro-
duction by isolated brain mitochondria in the E2-treated
group (Fig. 5A; n = 8). The coadministration of E2 and P4
resulted in a significant decrease in the rate of H,O, pro-
duction by state 3 mitochondria (Fig. 5A; P < 0.05 compared
with control; n = 8).

The efficiency of mitochondria can also be assessed by
determining the rate of free radical leak, or the percent elec-
tron flow that reduces oxygen to ROS instead of reducing O,
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Fia. 5. Ovarian hormones reduce rate of peroxide production and
free radical leak in brain mitochondria. A, Fluorescent Amplex Red
measurements of H,O, production in isolated rat brain mitochondria
exposed in vivo to ovarian hormones. Spectrofluorometer measure-
ments were made of H,O, production by isolated brain mitochondria
in the presence of malate (5 mm) and glutamate (5 mm) plus ADP (410
uM) to initiate state 3 respiration. Values represent relative mean
H,0, production rates * SEM of eight separate experiments. *, P <
0.05 compared with control; n = 8. B, The percent free radical leak was
calculated for isolated whole-brain mitochondria after in vivo E2 (30
ng/kg), P4 (30 ng/kg), E2/P4, or sesame oil vehicle control treatment.
Free radical leak was calculated as the percentage of H,O,, production
to twice the rate of O, consumption. The bars represent mean = SEM
from eight animals per group. *, P < 0.05 compared with control; **,
P < 0.01 compared with control; n = 8.
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to water at COX. The free radical leak with malate /glutamate
plus ADP (state 3) was significantly lower in the P4 (~33%),
E2 (~11%), and E2/P4 (~12%) groups than in the control
group (Fig. 5B; P < 0.05 compared with control; n = 8).

P4 and E2 reduced lipid peroxidation of brain
mitochondria

If the leakage of free radicals is reduced in mitochondria
exposed to P4 and E2, we reasoned that the oxidative damage
to mitochondrial membranes should also be reduced. Results
of these analyses indicated that brain mitochondrial lipid
peroxidation was significantly lower in ovarian hormone-
replaced rats than in control vehicle-treated rats (Fig. 6).
When assessed as lipid peroxides, there was a reduction in
mitochondprial lipid peroxidation of 13.8, 43.7, and 22.5% in
P4, E2, and E2/P4 groups, respectively (Fig. 6;n = 4; P <0.05
compared with control). When assessed as the aldehyde
product, there was a reduction in TBARS of 25, 41.7, and
37.5% in P4, E2, and E2/P4 groups, respectively (Fig. 6; n =
4; P < 0.05 compared with control).
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Fic. 6. P4 and E2 reduce lipid peroxidation of brain mitochondria.
Whole-brain mitochondria were isolated 24 h after in vivo exposure
to E2 (30 ng/kg), P4 (30 pg/kg), E2/P4, or sesame oil vehicle control
treatment. Lipid peroxides in brain mitochondria were measured
using the leucomethylene blue assay (A) or by measuring TBARS
(B). The bars represent mean = SEM from eight animals per group.
* P < 0.05 compared with control; ** P < 0.01 compared with
control; n = 8.
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P4 and E2 alter the antioxidant profile of brain
mitochondria

Even though we observed effects on H,O, production in
only the P4-treatment group, and not the E2-treatment group
(Fig. 5), there was a pronounced reduction in lipid peroxi-
dation in the E2-treatment group (Fig. 6). This would indicate
activation of mechanisms beyond solely mitochondrial effi-
ciency in response to E2 that may not be activated in response
to P4. Thus, we determined the impact of P4 and E2 on the
protein expression of the mitochondrial antioxidant proteins
MnSOD and peroxiredoxin V (Fig. 7). There was a significant
increase in MnSOD expression of about 1.4-fold in the P4, E2,
and E2/P4 groups (Fig. 7, n = 4; P < 0.05 compared with
control). In contrast, the expression of peroxiredoxin V was
increased only in the E2-treatment group (Fig. 7, n = 4, P <
0.05 compared with control) but not in the P4- and E2/P4-
treatment groups (Fig. 7, n = 4). These results fit with the
above observations on lipid peroxidation, in that MnSOD is
responsible for generating H,O, from the superoxide anion
and peroxiredoxin V is involved in clearance of H,O, and
prevention of peroxidative damage.

Discussion

The ovarian hormones, E2 and P4, play significant neu-
romodulatory and neuroprotective roles, influencing synap-
togenesis, cerebral blood flow, and neuronal survival. These
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Fic. 7. P4 and E2 alter the antioxidant profile of brain mitochondria.
Whole-brain mitochondria were isolated 24 h after in vivo exposure
to E2 (30 pg/kg), P4 (30 ug/kg), E2/P4, or sesame oil vehicle control
treatment. Expression of the mitochondrial antioxidant proteins Mn-
SOD (A) and peroxiredoxin V (B) were measured using Western blot
analysis. The bars represent mean * SEM from four animals per group.
* P < 0.05 compared with control; ¥¥, P < 0.01 compared with control;
n = 4.
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multiple actions during development and aging not only
regulate organismal reproductive physiology but also reg-
ulate cognitive health (1). More recently, it has been recog-
nized that E2 also regulates the metabolic functions sustain-
ing the energetic demands of its neurotrophic effects.
Underlying this metabolic control is an interpretation of sig-
nals from diverse environmental sources integrated by re-
ceptor-mediated responses converging upon mitochondrial
function (15). In this study, we investigated the impact of P4
and E2 on key mitochondrial functions, oxidative respira-
tion, and free radical generation. Results of these analyses
indicate that both E2 and P4 significantly increased mito-
chondrial respiration 24 h after a single in vivo exposure.
Consistent with an increase in oxidative respiration, P4 and
E2 significantly increased COXIV enzyme activity and ex-
pression of COXIV mRNA. Remarkably, both E2 and P4
reduced free radical leak, indicating greater efficiency of
electron transport. Consistent with reduced generation of
free radicals, P4 and E2 induced a significant reduction in
mitochondrial lipid peroxidation. The data further indicate
that P4 and E2 directly regulate mitochondrial function and
that the effects are not due to an increase in the number of
mitochondria because neither P4 nor E2 nor their combina-
tion induced evidence for mitochondrial biogenesis. The
mechanisms underlying this response are as yet unknown.
Although the serum steroid levels measured at 24 h fall
within the physiological range, it is known that steroid levels
after a single injection are much higher at earlier time points.
However, such spiking is also observed with other delivery
methods including oral administration, and the systemic
dosing in this study are comparable to the systemic doses
observed for common oral administration of 1-2 mg/d mi-
cronized E2. Together, these data indicate that the gonadal
hormones, P4 and E2, are potent regulators of mitochondrial
function to increase both the magnitude and efficiency of
mitochondprial respiration in brain.

Surprising to us was the efficacy of P4 and the lack of
synergy when P4 and E2 were administered in combination.
On all outcome measures, the combination of P4 and E2
resulted in a substantial decrement in response magnitude.
Furthermore, the data indicate that the combination of P4
and E2 is not synergistic and when administered in combi-
nation leads to a lower level of response relative to either
gonadal hormone alone. Although the concentration of P4
was not sufficient to inhibit E2-induced uterine proliferation,
using the currently available data, it is not possible to discern
the mechanism for the antagonism on mitochondrial respi-
ration, and future studies will be required to determine
whether it is an effect related to dosage or competitive mech-
anisms of the two compounds. Regardless of the outcome on
mitochondprial respiration, there was a profound effect in the
coadministration groups on free radical leak and oxidative
damage that coincides with the neuroprotective ability of
E2/P4 coadministration that we have previously reported (2,
10). Another point of note is that the effects of the combined
treatment were not consistent across all outcome measures.
In some outcomes, as in mitochondrial respiration, there was
no effect of the combined treatment relative to control, and
in others, as in COX activity and expression, the combined
treatment significantly altered the response relative to con-
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trol. Although this may be due to methodological limitations,
in the face of the different composite mitochondrial outcome
profile between E2 and P4, it is more suggestive of alternative
mechanisms of steroidal regulation of mitochondrial func-
tion. Thus, the neuroprotective abilities of E2 and P4 do not
involve all aspects of mitochondrial bioenergetics, and the
two steroids probably act through two different sets of over-
lapping sets of mechanisms. These different mechanisms
may act synergistically or antagonistically resulting in the
mixed profile of outcomes.

The primary function of mitochondria is to produce the
ATP required for cellular bioenergetics, which in the neuron
includes the maintenance of membrane potentials crucial for
proper signaling and information processing. The effects of
ovariectomy in Sprague Dawley rats have been characterized
as progressive memory deficits, central cholinergic nerve
system degeneration, and homeostatic imbalance (16). These
effects are a characteristic consequence of neuronal ATP im-
pairment, resulting from the loss of ovarian hormones. Fur-
thermore, implicating the role of mitochondrial ATP pro-
duction in the neuronal effects of E2, we have previously
demonstrated that estrogen treatment of primary hippocam-
pal neuronal cultures results in increased ATP production
(13). It is unknown whether P4 exerts similar effects but
would be expected based upon the increased mitochondrial
functionality demonstrated in the current study.

Mitochondrial ATP production occurs through the cou-
pling of oxidative phosphorylation with respiration. The
ETC is composed of four enzyme complexes: reduced nic-
otinamide adenine dinucleotide dehydrogenase (complex I),
succinate dehydrogenase (complex II), ubiquinol-cyto-
chrome creductase (complexIII), and COX (complex1V). The
enzymatic complexes of the ETC act in concert to couple the
reduction of oxygen to water (respiration) with the genera-
tion of a chemiosmotic gradient across the mitochondrial
inner membrane, the latter of which is used by ATP synthase
to generate ATP. The coupled respiration occurs by the se-
quential transfer of electrons through the enzymatic com-
plex, terminating at complex IV (COX) with the reduction of
oxygen to water. Besides being the terminal ETC complex,
regulation of COX holds special prominence due to its im-
plication as a key regulatory point of oxidative phosphory-
lation (17). Although it was earlier thought that COX activity
was in excess of other components of the electron transport
chain, more recent experiments indicate that COX is in fact
much more tightly coupled to mitochondrial respiration (17).
In the current study, we demonstrated that complex IV ac-
tivity is significantly increased in response to ovarian hor-
mone replacement. These findings are consistent with re-
ported results of other groups indicating increased COX
activity with E2 treatment in various tissues (9, 18, 19), in-
cluding brain in which E2 treatment prevented ethanol with-
drawal-induced declines in COX activity (20). Our study is
the first that we know of to examine the COX activity in the
CNS in response to E2 and P4.

The regulation of COX is of further interest from a
transcriptional vantage point due to its being encoded by
a combination of mitochondrial and nuclear genes that
must be coordinately expressed. The catalytic core of the
multimeric COX holoenzyme comprises the two subunits
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COXI and COXII and is stabilized by a third subunit,
COXIII, all three of which are encoded by the mtDNA. Ten
additional subunits, including COXIV, are encoded by the
nuclear genome and are required for full assembly and
function of the COX holoenzyme (21). The increased COX
activity can largely be explained by the increased expres-
sion of COX subunits. Corresponding to the responses in
COX activity, we saw robust changes in COX expression
in the E2 and P4 alone groups, with more modest increases
in the E2/P4 coadministration group. These results are
consistent with the previously reported increases in COX
I mRNA expression (9). It should also be noted that there
was much more variability in the COX transcript expres-
sion levels than was observed for COX holoenzyme ac-
tivity. It is unknown whether this was due to relative
sensitivities of the assay methodologies or whether it rep-
resented unexamined regulatory control, including allo-
steric modulation of COX activity or ancillary protein ex-
pression, which allowed for tighter modulation of
enzymatic activity relative to gene transcription.

In addition to oxidative enzymes, other mitochondrial
proteins that regulate mitochondrial respiration and ATP
production may be under control of E2 and P4. Transport
of substrates needed for oxidative phosphorylation, such
as pyruvate, fatty acids, and phosphate may be regulated
by P4 or E2, either through transcriptional control or al-
losteric modulation. Some authors have suggested that E2
can bind directly to and modulate the activity of ATPase.
It was demonstrated that E2-BSA conjugates bind in vitro
the oligomycin-sensitivity-conferring protein, which
forms the stalk region between F, and F; subunits of FyF;-
ATPase in mitochondria (22). Other in vitro studies dem-
onstrated that estrogens can enhance or inhibit ATPase
activity in a tissue- and concentration-dependent manner
(23-25). It is unknown what effect in vivo exposure to E2
or P4 has on ATPase activity in brain or whether the
alterations in respiratory activity, ATP levels, and oxida-
tive stress are dependent upon a direct interaction of
the steroids with the oligomycin-sensitivity-conferring
protein.

Changes in the oxidative capacity are often due to dif-
ferences in mitochondrial number, size, and density per
cell as well as to changes in mitochondrial components
and/or activity. The mtDNA content, which can be used
as a suitable marker of mitochondrial number, was not
different between any of the treatment groups; the in-
creased mitochondrial activity observed is not explained
by an increase in the number of mitochondria. Although,
an effect of mitochondrial size cannot be ruled out based
on the current data, the greater oxidative capacity induced
by ovarian hormones could be linked to a greater machin-
ery per mitochondrion and therefore to higher efficiency
of the individual mitochondria. This lack of mitochondrial
biogenesis is consistent with greater oxidative capacity in
female rat liver mitochondria without a sex difference in
the number of liver mitochondria (26). Furthermore, the
findings of Van Itallie and Dannies demonstrated an E2-
induced increase in COXII mRNA in pituitary tumor cells
with no increase in COXII gene copy number (27). We
observed an equivalent increase in the expression of both
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mitochondrial- and nuclear-encoded COX subunits. Due
to the tightly coordinated regulation of mtDNA- and nu-
clear DNA-encoded mitochondrial genes, it is not possible
to identify whether the hormones act at a nuclear site
regulating COXIV that in turn signals for increased COXI,
-II, and -III expression, or vice versa, or whether the hor-
mones act at both sites. More detailed experiments are
required to dissect the site of action.

Oxidative damage to mitochondria is posited to play a
major role in aging and in neuronal populations may un-
derlie cognitive declines associated with aging (28-30). As
electrons pass through the mitochondrial ETC, some elec-
trons leak out to molecular oxygen (O,) to form O, ",
which is dismutated by MnSOD to form H,O,. The hy-
drogen peroxide can in turn be reduced to water by per-
oxidases such as glutathione peroxidase or peroxiredox-
ins. A lack of sufficient peroxidase activity results in the
peroxidation of lipids and proteins. Lipid peroxidation,
the nonspecific oxidation of polyunsaturated fatty acids in
cellular membranes, is a radical-mediated pathway and
generates a number of harmful degradation products be-
sides drastically altering the structure and function of the
membrane. Our results demonstrate that ovarian hormone
treatment reduced lipid peroxidation of whole-brain mi-
tochondria. This result is consistent with previous reports
indicating that E2 (31-33) and P4 (34) can individually
reduce oxidative stress in the brain. Here, we extend these
findings by demonstrating that the prevention of the lipid
peroxidation is present at the level of the mitochondrial
membrane and is correlated with enhanced mitochondrial
functional efficiency represented by the lower values of
free radical leak. The lower levels of lipid peroxidation in
the E2-treatment group in the absence of a change in the
rate of H,O, production are indicative of enhanced cellular
antioxidant defenses. This is consistent with reports of
E2-induced increases in expression of MnSOD and inter-
actions with the glutathione system (35, 36). This E2- and
P4-induced reduction in lipid peroxidation is due to a
reduction the lipid peroxidation induced by the 2-wk ste-
roid deprivation after ovariectomy in which we observed
an approximately 3.3-fold induction in lipid peroxidation
in the ovariectomized compared with sham ovariecto-
mized rats (data not shown).

Respiratory control is one facet of an interlocking network
regulating metabolic activity and energy production in
which mitochondrial redox potential is coupled with cyto-
solic signaling. This tightly coupled network integrates var-
ious signals to determine cell fate based upon ATP levels,
extracellular signals, and energetic demands. The response
of a cell to a death signal depends upon energetic status and
redox balance. Energetic status is crucial for full realization
of the apoptotic cascade because many of the steps involved
are ATP dependent (37). Redox balance can alter the sensi-
tivity of the mitochondria to permeability transition (4). As
such, efficient respiratory control can affect not only energy
production but also response to toxic insults. In addition to
the defensive effects of E2 and P4, including regulation of the
Bcl-2 family proteins (38), the increased respiratory control
efficiency and decreased oxidative load demonstrated in this
study could establish a buffer against neuronal functional
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decline associated with aging and neurodegenerative
diseases.

In summary, we have demonstrated that P4 and E2 in-
crease the oxidative capacity of whole-brain mitochondria.
This increased respiratory activity is correlated with de-
creased free radical leak and reduced lipid peroxidation. As
such, ovarian hormone replacement induces mitochondrial
alterations in the CNS, supporting efficient and balanced
bioenergetics, reducing oxidative stress, and attenuating en-
dogenous oxidative damage.
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