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Abstract

Aim—Chronic intermittent hypoxia (CIH) induces systemic (hypertension) and central 

(mitochondrial dysfunction underlying cognitive deficits). We hypothesized that agonists of 

oestradiol receptors (ER) α and β prevent CIH-induced hypertension and brain mitochondrial 

dysfunction.

Methods—Ovariectomized female rats were implanted with osmotic pumps delivering vehicle 

(Veh), the ERα agonist propylpyraoletriol (PPT - 30μg/kg/day) or the ERβ agonist 

diarylpropionitril (DPN - 100μg/kg/day). Animals were exposed to CIH (21–10% FIO2 – 10 

cycles/hour – 8 hours/day – 7 days) or normoxia. Arterial blood pressure was measured after CIH 

or normoxia exposures. Mitochondrial respiration and H2O2 production were measured in brain 

cortex with high-resolution respirometry, as well as activity of complex I and IV of the electron 

transport chain, citrate synthase, pyruvate and lactate dehydrogenase (PDH and LDH).

Results—PPT but not DPN prevented the rise of arterial pressure induced by CIH. CIH 

exposures decreased O2 consumption, complex I activity, and increased H2O2 production. CIH had 

no effect on citrate synthase activity, but decreased PDH activity and increased LDH activity 

indicating higher anaerobic glycolysis. PPT and DPN treatments prevented all these alterations.

Conclusions—We conclude that in OVX female rats, the ERα agonist prevents from CIH-

induced hypertension while both ERα and ERβ agonists prevent the brain mitochondrial 

dysfunction and metabolic switch induced by CIH. These findings may have implications for 

menopausal women suffering of sleep apnoea regarding hormonal therapy.
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Introduction

Chronic intermittent hypoxia (CIH) is regularly used in animals to reproduce the recurring 

drops in arterial oxygen saturation that characterize respiratory patterns of sleep apnoea 

(SA) patients.1–3 CIH induces an elevation of arterial blood pressure that depends on 

exaggerated activity of peripheral chemoreceptors, leading to high activity of the 

sympathetic nerves and vascular dysfunction.4,5 In the central nervous system, CIH leads to 

increased levels of oxidative stress and neuronal apoptosis likely underlying cognitive 

impairments,6 and support for such findings can also be inferred by recent studies in humans 

showing reduced cortical thickness in both adult7 and pediatric8 SA patients. It has been 

postulated that excessive production of reactive oxygen species (ROS) either by cytosolic 

enzymes (NADPH and xanthine oxidases) or at the mitochondrial level is one of the major 

mechanisms underlying the systemic and central morbidities observed in SA patients and in 

rodents exposed to CIH.3,9–11

The prevalence and severity of sleep apnoea (SA) are lower in women than in men but 

increase after menopause in women.12 The circulating levels of oestradiol (E2) are 

negatively correlated with the frequency of SA in women,13 and hormone replacement 

therapy reduces the frequency of SA after adjustment for other known risk factors (age, body 

mass index and neck circumference).14 Furthermore, the cardiovascular consequences of SA 

are reduced in women compared to men,15,16 suggesting that ovarian hormones may play a 

protective role. In line with this conceptual framework, we have previously reported that E2 

treatment in ovariectomized female rats exposed to CIH for 7 days prevents the elevation of 

arterial blood pressure and activation of the arterial peripheral chemoreflex. E2 treatment 

also reduced the activity of NADPH oxidase, and improved cytosolic and mitochondrial 

antioxidant enzymatic activities under CIH exposure in the brain cortex.2 These results are 

consistent with the antioxidant effects of E2.17,18

E2 receptors α and β (ERα and ERβ) are ligand-activated transcription factors able to 

reduce mitochondrial ROS production and increase oxidative phosphorylation,19–21 leading 

to substantial interest in the potential clinical use of selective ERα or ERβ agonists in post-

menopausal women22 or in the context of neurodegenerative disorders.23,24 ERα and ERβ 
are expressed in the central and peripheral nervous system. In the brain cortex, ERα 
mediates neuroprotection during hypoxic/ischemic insults.25 ERα and ERβ reduce arterial 

blood pressure through the sympathetic nuclei in the brainstem and hypothalamus.26 In the 

model of angiotensin II-induced hypertension, ERα in the suprafornical organ controls 

arterial blood pressure.27 We have previously reported that mRNA encoding ERα and ERβ 
are present in peripheral chemoreceptors28 while it is largely acknowledged that peripheral 

chemoreceptors are necessary for the elevation of arterial blood pressure during CIH 

exposure.29 However, it remains unclear if agonists of ERα or ERβ could abrogate the 
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increase in arterial blood pressure induced by CIH exposure. On the other hand, both ERα 
and ERβ are able to increase mitochondrial O2 consumption21,30,31 and estradiol prevents 

the reduction of mitochondrial antioxidant enzymes activity in the brain cortex of female 

rats exposed to CIH.2

In the present study, we used ovariectomized female rats exposed to CIH to assess the roles 

of ERα and Erβ on arterial blood pressure, mitochondrial O2 consumption and ROS 

production on brain cortical samples.

Under the hypothetical construct that CIH exposures reduce mitochondrial respiration, this 

effect could be associated with a metabolic “switch” in the brain, that favours glycolytic 

activity and facilitates ATP production.32,33 Accordingly, we also measured the activities of 

pyruvate and lactate dehydrogenase, the enzymes that control the rate of the aerobic and 

anaerobic glycolysis, respectively.

Results

PPT, but not DPN, prevents the elevation of arterial blood pressure induced by CIH.

Exposure to CIH increased the mean, systolic, and diastolic blood pressures (Table 1). This 

effect was prevented by treatment with the ERα agonist (PPT), but not with the ERβ agonist 

(DPN). In all groups, body weight increased during exposure to CIH or room air, without 

significant effects of PPT or DPN treatments.

PPT and DPN prevent the decrease of mitochondrial O2 consumption induced by CIH.

Typical recordings of O2 concentration within the Oroboros chamber are presented in Figure 

1. Compared to animals exposed to room air (Veh AIR), CIH exposures reduced O2 

consumption when mitochondrial respiration was induced by addition of the substrates of 

complex I (pyruvate + malate) and ADP (state 3). This effect was abrogated by PPT (Figure 

1) and DPN (not shown).

Figure 2A shows that CIH exposures reduced NADH-linked mitochondrial respiration by 

about 35%, and that the ERα (PPT) and the ERβ (DPN) agonists prevented this effect. In 

contrast, FADH2-linked respiration was unaffected by CIH exposures or by PPT or DPN 

treatment (Figure 2B). When mitochondrial respiration was induced simultaneously by the 

substrates of complexes I and II (NADH+FADH2-linked respiration), O2 consumption was 

reduced almost by 50% after CIH exposures, and this effect was prevented by PPT and DPN 

(Figure 2C). However, in female rats treated with PPT and exposed to CIH, NADH and 

NADH+FADH2 linked respiration rates were higher than in corresponding controls (by 

about 20% and 45 % respectively), while such effects were not apparent with DPN, 

suggesting that agonists of ERα and ERβ act through distinct mechanisms under CIH 

exposures.

The respiratory control ratio (RCR - obtained by dividing O2 consumption rates in state 3 by 

state 4) indicates the capacity of mitochondria to respond to increasing metabolic demands, 

whereby a high RCR would indicate a high respiratory and ATP turnover capacities 34. CIH 

exposures reduced the RCR for NADH (from 7.4 ± 1.8 to 4.6 ± 2.0 – P=0.0001 – Figure 3) 
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and NADH+FADH2-linked respiration (from 3.3 ± 0.8 to 2.0 ± 0.6 – P=0.048). In female 

rats treated with PPT and exposed to CIH, the RCR for the NADH-linked respiration (8.8 ± 

1.0) was higher than in control female rats (7.4 ± 1.8 – P=0.04), but this effect was not 

observed for DPN.

Citrate synthase activity, the key enzyme of the citric acid cycle which could also be used as 

a marker of mitochondrial content 35,36, and the maximum activity of complex IV were 

similar across groups (Figure 4 A-B). The specific activity of complex I was reduced 3-fold 

by CIH exposures (P=0.003), and the effect was prevented by PPT and DPN (Figure 4C).

PPT and DPN prevent the elevation of mitochondrial H2O2 production induced by CIH.

When mitochondrial O2 consumption is low (respiratory states 2 and 4) it is more likely that 

electrons will react with molecular oxygen and form superoxide molecules (∙O2
-) within the 

complexes I and III of the electron transport chain 37. ∙O2
- is almost immediately 

transformed to H2O2 by the mitochondrial superoxide dismutase. We measured the 

production of mitochondrial H2O2 release during the states 2, 3 and 4 of the NADH

+FADH2-linked respiration. In animals exposed to CIH, H2O2 production in respiratory state 

3 was 2-fold higher than in controls, and this CIH effect was prevented by PPT or DPN 

treatments (Figure 5A). An index of the electrons leaking from the electron transport chain 

to react with O2 can be obtained by the ratio of H2O2 produced to O2 consumed for each 

respiratory state. This ratio is reported in Figure 5B, showing that for all respiratory states, it 

was higher in animals exposed to CIH compared to all other exposure or treatment groups.

PPT and DPN prevent the metabolic switch induced by CIH

Reduced mitochondrial respiration could compromise neuronal integrity when energy 

requirements are elevated. Such limited respiration could however be compensated by 

increased glycolytic capacity. The maximum activity of lactate dehydrogenase in brain 

cortex samples was 2-fold higher in rats exposed to CIH (P=0.008 - Figure 6A), this effect 

was prevented by treatment with PPT, but not by DPN. In parallel, the maximum activity of 

pyruvate dehydrogenase, which controls the entry of pyruvate into the citric acid cycle, was 

reduced by CIH exposures (by ~40%). PPT and DPN treatments prevented this effect, and 

induced an elevation of PDH activity above the normoxic control animals (Figure 6B). 

Because both lactate and pyruvate dehydrogenase activities use pyruvate as a substrate, we 

calculated the ratio of LDH/PDH as an index of anaerobic to aerobic metabolism. This ratio 

was increased by CIH exposures (P=0.0001), and this change was prevented by PPT and 

DPN treatments (Figure 6C).

Discussion

This study shows that exposures of ovariectomized female rats to CIH reduces NADH-

linked mitochondrial respiration in brain cortex tissues, alters the activity of the complex I of 

the electron transport chain, and increases mitochondrial ROS production. The reduced 

mitochondrial respiration was accompanied by a lower activity of pyruvate dehydrogenase 

and higher activity of lactate dehydrogenase, likely indicating that the brain cortex adapts to 

the reduced mitochondrial respiration by favouring anaerobic glycolysis. Treatment with 

Laouafa et al. Page 4

Acta Physiol (Oxf). Author manuscript; available in PMC 2020 October 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific agonists of ERα (PPT) or ERβ (DPN) during exposure to CIH prevented these 

changes, indicating that these two receptors can be targeted to attenuate the effects of CIH 

on mitochondrial functions in the brain. However, only the ERα agonist prevented the 

increase of arterial blood pressure during exposure to CIH. These results are in line with our 

recent study showing that E2 treatment prevents oxidative stress in the brain cortex, adrenal 

medulla,2 and in the thoracic aorta38 of ovariectomized female rats exposed to a similar 

pattern of CIH.

PPT, but not DPN prevent the elevation of arterial blood pressure induced by CIH

Our results indicate that only the ERα agonist prevents the elevation of arterial blood 

pressure in female rats exposed to CIH. Our experiments were not designed to elucidate at 

which anatomical level this effect occurs, but it is worth mentioning that ERα is expressed 

in the level of carotid bodies,28 within the central structures controlling sympathetic nerve 

activities,26 and in blood vessels.39 Thus, the effects of PPT within these different substrates 

may underlie the observed anti-hypertensive effects. Of note, we showed previously that E2 

prevents the elevation of arterial chemoreflex during exposures to CIH in female rats,2 such 

that an effect of PPT on peripheral chemoreceptors might be expected. It is also relevant to 

mention that high blood pressure can compromise the cerebral microcirculation, increasing 

arterial walls and reducing arterial lumen, and high blood pressure also alters metabolism in 

the brain cortex.40,41 In hypertensive patients, a reduced cortical thickness has been 

reported,40 a clear sign of cortical damage probably linked to reduced blood perfusion. In 

that regard, because our results indicate that only PPT reduces arterial blood pressure, while 

both PPT and DPN prevent the mitochondrial dysfunction and metabolic switch in the brain 

cortex, we are confident that the central effect of CIH and ERs agonists is not the result of 

the induction of (or protection against) high blood pressure.

PPT and DPN prevent the mitochondrial dysfunction induced by CIH

We have previously shown in female rats that CIH exposures enhance oxidative stress 

damage and reduce mitochondrial antioxidant defences in brain cortex.2 The present results 

expand on these observations, and show that CIH increases mitochondrial ROS production, 

the latter being associated with reduced mitochondrial respiration and activity of complex I 

of the electron transport chain. It has been previously demonstrated that mitochondria are the 

major source of ROS production during CIH exposures in cultured mouse brain cortical 

neurons.10 Additional studies have reported that CIH exposures reduce the activity of the 

complex I of the electron transport chain in peripheral chemoreceptors in adult male rats, 

and also reduce aconitase activity, a marker of mitochondrial ROS production.42 Similar 

findings have been described in PC12 cells exposed to CIH.43 Taken together, these results 

indicate that CIH exposures impose a profound effect on mitochondrial function in both the 

central and peripheral nervous systems, likely contributing to the enhanced oxidative stress 

reported among SA patients.

It is now well established that E2 acts directly on isolated mitochondria in vitro, and at 

normal intracellular concentrations (in the nM range) E2 activation prevents the formation of 

ROS by mitochondria, and leads to increased mitochondrial membrane potentials.30 In brain 

endothelial cells, ERα increases the expression of cytochrome c, a protein that transfers 
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electron between complexes III and IV of the electron transport chain.31 On the other hand, 

in ovariectomized female rats, DPN (but not PPT) increases the expression of cytochrome 

oxidase subunit I, encoded by mitochondrial DNA,21 and both PPT and DPN increase the 

activity of complex IV of the electron transport chain on isolated whole brain mitochondria. 

Furthermore, PPT and DPN enhance the transcription of several other mitochondrial 

proteins coded by the nuclear DNA, including the cytochrome oxidase subunit IV, ATP 

synthase F1 subunit α, and mitochondrial superoxide dismutase.21

In contradistinction with these previous findings, current results show that under exposure to 

CIH, PPT and DPN do not increase the activity of complex IV, but rather prevent the 

reduction of complex I activity. We have recently reported that in the thoracic aorta of 

ovariectomized female rats the effects of E2 on pro- and antioxidant enzyme activities are 

different under normoxic and CIH conditions.38 Therefore, it is possible that the discrepancy 

observed between the present results and those reported by Irwin et al.21 may be accounted 

for the CIH exposures in our study.

PPT and DPN prevent the metabolic switch induced by CIH

In control ovariectomized female rats, exposure to CIH induces 4-fold increases in the 

LDH/PDH activity ratio, indicating enhancements in anaerobic glycolysis. It is noteworthy 

that glycolysis is substantially less efficient than oxidative phosphorylation to generate ATP, 

but since glycolysis is much faster, it remains a viable option to sustain cellular survival 

when mitochondrial respiration is compromised.44 CIH increases the expression of HIF-1α 
in the brain cortex of adult mice45 and the expression levels of LDH and PDH are increased 

and decreased by HIF-1α, respectively.46 Under CIH exposure, HIF-1α expression is 

increased by the enhanced ROS production generated by xanthine and NADPH oxidases.
47,48 We previously reported that E2 supplementation reduces the activity of these pro-

oxidant enzymes in the brain cortex during CIH exposures.2 Because both PPT and DPN 

prevent the elevation of the LDH/PDH ratio induced by CIH, it is likely that ERα and ERβ 
contribute to reduce the up-regulation of HIF-1α by preventing ROS generation. In line with 

this assumption, ERα and ERβ have been shown to reduce HIF-1α expression in cell 

cultures.49,50

An alternative hypothesis linking mitochondrial dysfunction to glycolysis proposes that 

reduced oxidative phosphorylation will increase the mitochondrial NADH/NAD+ ratio, 

which then reduces PDH activity. On the other hand, anaerobic glycolysis is activated by a 

high NADH/NAD+ ratio, with LDH consuming the NADH to produce NAD+, contributing 

to restore the cellular redox state.51 This process could therefore contribute to the high 

LDH/PDH ratio observed after CIH exposures. In this conceptual framework, ER agonists 

could restore metabolic activity in the brain cortex simply by preventing the mitochondrial 

dysfunction induced by CIH. Other mechanisms linking estradiol receptors, CIH and 

mitochondrial functions in the brain might depend on molecular metabolic sensors such as 

the AMPK-mTOR pathway (which is responsive to ATP/ADP ratio), the sirtuin family 

pathway (responsive to NAD+/NADH ratio) both of which are modulated by CIH, estradiol, 

or brain oxygen levels.52–55 Finally, it is worth mentioning that complex I of the electron 

transport chain can switch between an activated form and a deactivated form, and that 
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hypoxia or hypoxic/ischemia “deactivates” complex I within minutes, but the effects of 

intermittent hypoxia, or estradiol receptors on this process are so far unknown.56,57

Conclusion & Perspectives

We conclude that the ERα agonist prevents the hypertension induced by CIH exposures in 

ovariectomized female rats. Constrastingly the ERα and ERβ are both efficient to avoid the 

reduced rates of mitochondrial oxygen consumption, lower activity of complex I, enhanced 

production of ROS and electron leaks, and enhanced glycolysis induced by CIH exposures. 

These findings are congruent with data showing estrogenic effects on mitochondrial 

respiration and ROS production. Several mechanisms might underlie these protective effects 

of the ERs agonists against the mitochondrial dysfunction induced by CIH, and future 

mechanistic experiments might help discriminating which processes are involved. Finally, it 

is worth mentioning that we used ovariectomized female rats as a model of hormonal 

depletion induced by menopause. Given the close associations between menopause, 

circulating E2 levels, and the occurrence of sleep apnoea in women,12–14 we propose that the 

present study may provide the rationale for designing specific therapeutic interventions 

based on selective ER agonists to protect cardiovascular and brain mitochondrial functions 

among menopausal women suffering from sleep apnoea.

Material and methods

Animals

The protocol was approved by the committee on the protection of animal of the CHUQ 

Research Center (#: 2014–156) in accordance with the Canadian Council on Animal Care. 

We used 24 female Sprague-Dawley rats (body weight 220–250g when purchased) from 

Charles-Rivers Laboratories (Saint-Constant, QC, Canada). All animals had access to food 

and water ad-libitum and were maintained on a 12:12h light-dark cycle.

General experimental design and drugs

Two weeks after arrival to the vivarial facility, animals were anesthetized under isoflurane 

(4% induction then 2%) for ovariectomy through bilateral flank incisions. All animals 

received pre- and post-operative analgesics for 48 hours (bupevacaïne, lidocaine, 

subcutaneous injection, respectively 3.5 and 7 mg/kg in 2.5 ml/kg) according to our 

normalized protocols. The level of anaesthesia was verified before and during the surgery by 

the lack of reflex responses to frequent tail pinching. During the surgery, the animals were 

implanted subcutaneously in the upper mid-dorsal region with an osmotic pump (Alzet®; 

model 2ML4 – flow of 60μl/day during 28 days) for continuous delivery of either vehicle (2-

hydroxypropyl-β-cyclodextrin, Cayman Chemicals, Ann Arbor, MI, USA), the ERα agonist 

(propylpyraoletriol-PPT - 30μg/kg/day) or the ERβ agonist (diarylpropionitril-DPN, 

100μg/kg/day - both from Tocris, Bio-Techne Canada, Oakville, ON). These doses have 

been demonstrated to modulate brain mitochondrial activity without inducing uterine growth 
21. Two weeks following the surgery, the animals were exposed to either intermittent 

hypoxia or left under room air conditions for one week. We used a total of 4 groups of rats, 

vehicle exposed to room air, vehicle exposed to CIH, PPT exposed to CIH, and DPN 
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exposed to CIH. After completion of the 7-day exposures, all rats were sacrificed in the 

morning following the last day of exposures.

Chronic intermittent hypoxia exposure

After 2 weeks of recovery, the rats were weighed and housed in a Plexiglas chamber 

(internal volume 0.05m3), connected to an oxycycler (Biospherix, Redfield, NY, USA). As 

previously described 2, oxygen dropped from 21% to 10% in 90 seconds, holding O2 at 10% 

for 30 seconds, then returned to 21% in 70 seconds and holding at 21% for 120 seconds, at 

the rate of 10 cycles/hour for 8 consecutive hours between 8:30am - 4:30pm during 7 days. 

Rats exposed to room air and treated with vehicle were placed in the same room that those 

exposed to CIH.

Measurements of arterial blood pressure

Arterial blood pressure was measured by the tail cuff method by volume pressure recording 

(CODA system – Kent Scientific, Torrington, CT, USA) in conscious rats between noon and 

1:00pm as described previously.2 The animal was placed in a restrainer tube over a warmed 

blanket. After 30 minutes of habituation, several recordings were performed, separated at 

least by 5 minutes. We have reported the mean of the 3 lowest values for systolic, diastolic, 

and mean arterial pressures.

Measurements of mitochondrial respiration and H2O2 production on permeabilized brain 
cortex

Rats were weighed and sacrificed with an overdose of anaesthetic (ketamine/xylazine), the 

brain cortex was rapidly dissected and separated through the midline. A first part was 

immediately frozen and kept at −80°C. From the second part, we immediately used fresh 

samples for measurements of oxygen consumption and H2O2 production rates using a high‐
resolution fluorespirometry system (Oroboros 2k, Oroboros Instruments, Innsbruck, 

Austria). After calibration of the Oroboros chambers, cortex samples were weighted (2–3 

mg), and recordings of O2 consumption performed at 37°C in a respiration buffer (0.5 mM 

EGTA, 3mM MgCl2, 60 mM potassium lactobionate, 10 mM KH2PO4, 20 mM Hepes, 110 

mM sucrose, 1 g/l BSA). Based on a previous study establishing the optimal conditions 58, 

the samples were incubated in the recording chamber for 20 min with saponin (50 μg/ml). 

For each sample, we have differentiated mitochondrial oxygen consumption linked to 

NADH oxidation through the mitochondrial respiratory complex I (pyruvate 5mM, malate 

2mM), mitochondrial oxygen consumption linked to FADH2 oxidation through the 

mitochondrial respiratory complex II (succinate 5mM and rotenone 0.5μM to block complex 

I activity) and mitochondrial oxygen consumption linked to NADH+FADH2 oxidation 

through the mitochondrial respiratory complex I and II (pyruvate 5mM, malate 2mM, 

succinate 10mM).

After equilibration with the substrates (mitochondrial respiratory state 2), ADP (2.5mM) is 

added to the chambers to measure O2 consumption under normal phosphorylating state (ATP 

synthesis - state 3). We then add cytochrome-c (10 μM) to assess the integrity of 

mitochondrial membranes, and then oligomycin (2.5 μM) was added to block ATP synthesis 

and measure O2 consumption due to leakage of protons in non-phosphorylating state (no 
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ATP synthesis - state 4). Uncoupling is further exaggerated by adding graded bolus of 

carbonyl cyanide m-chlorophenylhydrazone (CCCP – 0.5 μM in 1 μl/bolus; 3–5 boluses in 

total) until reaching stable O2 consumption. We then blocked the activity of the complex 3 

with antimycin A (2.5 μM) to measure non-mitochondrial O2 consumption (Residual oxygen 

flux - ROX) due to cytosolic oxidases. ROX was subtracted from all other measurements to 

report mitochondrial oxygen consumption.

H2O2 production—The rate of hydrogen peroxide formation was measured using the 

samples incubated with pyruvate, malate, and succinate (respiration through complexes I and 

II) by fluorimetric detection 59. We used Horseradish peroxidase (HRP, 1 U/mL) and 

Amplex Red fluorescent dye (10 μM). The excitation wavelength was 525 nm and 

fluorescence detection at 587 nm. Calibration was done by using known amounts of 

hydrogen peroxide (0.1 μM) added to the recording chamber at the end of all experiments.

In vitro measurement of enzymatic activities

Complex I—Complex I activity was measured using a kit from Abcam (#ab109721) 

following the manufacturer’s instruction. Briefly, 100 mg of brain cortex was homogenized 

in 500 μl of ice-cold PBS. The concentration of proteins was determined by a standard 

colorimetric BCA assay kit (Thermo-Fisher Scientific, Ottawa, ON, Canada), and adjusted at 

5.5 mg/ml with ice-cold PBS. Then, the samples were centrifuged at 10,000 g for 10 minutes 

and the supernatant was transferred to a fresh tube. 200 μl of sample was added (in 

duplicate) to wells of 96-well plate pre-coated with anti-complex I antibody. After an 

incubation of 3h, the plate was emptied and 200 μl of assay solution (buffer, NADH and dye) 

was added. The plate was placed in the reader and the absorbance was recorded at 450nm 

every 30 seconds for 30 minutes at room temperature. The activity of complex I was 

determined by the oxidation of NADH and the simultaneous reduction of the provided dye. 

Since the protein concentration was similar across all groups (see table 1), all enzymatic 

activities are normalized to tissue mass (in mg).

Cytochrome c oxidase (COX – complex IV)—We measured the maximum activity of 

cytochrome c oxidase (COX – complex IV of the mitochondrial respiratory chain) as the O2 

consumption on homogenized cortex samples using the Oroboros 2k. We used 50–150 μl of 

sample, with 1 μl of Antimycin A, 5 μl of ascorbate and 5 μl of Tetramethyl-

paraphenylenediamine (TMPD) in 2 ml of respiration buffer (0.5 mM EGTA, 3mM MgCl2, 

60 mM potassium lactobionate, 10 mM KH2PO4, 20 mM Hepes, 110 mM sucrose, 1 g/l 

BSA). The maximal activity of COX was read when O2 consumption rate was stable 

(typically a few minutes after starting the recording).

Citrate Synthase (CS)—CS activity was used as a marker of mitochondrial content 35,36. 

CS was measured using a kit from Sigma aldrich (#MAK193) following the manufacturer’s 

instruction. Briefly, 10 mg of brain cortex was homogenized in 100 μl of ice-cold CS Assay 

Buffer. Then, the samples were centrifuged at 10,000 g for 5 minutes and the supernatant 

was transferred to a fresh tube. 25 μl of sample was added to wells of 96-well plates in 

duplicate with appropriate reaction mixes (CS assay buffer, developer and substrate mix). A 

standard-curve was obtained with serial dilutions of GSH solution (0 to 40 nmol/well). The 
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plate was incubated for 3 minutes at 25°C and the absorbance was recorded at 412nm every 

5 minutes for 30 minutes. The colorimetric product (GSH) was proportional to the 

enzymatic activity of CS and normalized to the quantity of tissue.

Pyruvate Dehydrogenase (PDH)—PDH activity was measured using a kit from Sigma 

Aldrich (#MAK183) following the manufacturer’s instruction. Briefly, 10 mg of brain cortex 

was homogenized in 100 μl of ice-cold PDH Assay Buffer. Then, the samples were 

centrifuged at 10,000 g for 5 minutes and the supernatant was transferred to a fresh tube. 40 

μl of sample was added to wells of 96-well plate in duplicate with appropriate reaction 

mixes (PDH assay buffer, developer and substrate). A standard-curve was obtained with 

serial dilutions of NADH solution (0 to 12.5 nmol/well). The plate was incubated for 3 

minutes at 37 °C and the absorbance was recorded at 450nm every 5 minutes for 30 minutes. 

The colorimetric product (NADH) was proportional to the enzymatic activity of PDH and 

normalized to the quantity of tissue.

Lactate Dehydrogenase (LDH)—LDH activity was measured using a kit from Sigma 

Aaldrich (#MAK066) following the manufacturer’s instruction. Briefly, 100 mg of brain 

cortex was homogenized in 500 μl of ice-cold LDH Assay Buffer. Then, the samples were 

centrifuged at 10,000 g for 5 minutes and the supernatant was transferred to a fresh tube. 1 

μl of sample was added to wells of 96-well plate in duplicate with appropriate reaction 

mixes (LDH assay buffer, developer and LDH substrate Mix). A standard-curve was 

obtained with serial dilutions of NADH solution (0 to 12.5 nmol/well). The plate was 

incubated for 3 minutes at 37 °C and the absorbance was recorded at 450nm every 5 minutes 

for 30 minutes. The colorimetric product (NADH) was proportional to the enzymatic activity 

of LDH and normalized to the quantity of tissue.

Statistical analysis

All analyses were done with the GraphPad prism software. For experiments of O2 

consumption we used two-way ANOVA with the respiratory states as the repeated variable. 

When significant effects of groups or interaction between groups and states appeared, a post-

hoc test (Fisher’s Least Significance Difference) was applied. For all other variables, one-

way ANOVAs followed by a post-hoc test (Fisher’s Least Significance Difference) were 

used. Statistical significance was set for P values <0.05. All data are presented as means ± 

SD in the text and as boxes and whiskers in the figures.
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Figure 1: 
Typical recordings of mitochondrial respiration measured in permeabilized brain cortex 

samples from ovariectomized female rats treated with vehicle, and exposed to either room 

air (Veh AIR) or CIH (Veh CIH), and one ovariectomized female rat treated with the ERα 
agonist and exposed to CIH (PPT CIH). X-axis reflects the time from the start of the 

experiment, Y-axis depicts the O2 concentration in the recording chamber. O2 consumption 

corresponds to the slope of each step of the experiment. The different steps are indicated by 

the arrows showing the sequential addition of the sample, the substrates (respiratory state 2), 

ADP (state 3), oligomycin (state 4) and CCCP. Note the effect of CIH exposure on O2 

consumption and the protective effect of the ERα agonist (PPT). The ERβ agonist (DPN – 

not shown) had a similar protective effect.
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Figure 2: 
Mitochondrial oxygen consumption during respiratory states 2, 3 and 4 measured on 

permeabilized brain cortex samples in ovariectomized female rats treated with vehicle (Veh), 

the ERα (PPT), or the ERβ (DPN) agonist and exposed to room air (AIR) or chronic 

intermittent hypoxia (CIH). A: NADH-linked mitochondrial respiration (complex I – 

activated by pyruvate and malate - PM). B: FADH2-linked mitochondrial respiration 

(complex II – activated by succinate and complex I blocked by rotenone - SR). D: NADH

+FADH2-linked mitochondrial respiration (complexes I + II – activated by pyruvate + 

malate + succinate - PMS). All data are box and whiskers (median, 25th and 75th percentiles, 

min and max values). †, ††, ††† : p<0.01, p<0.001, and p 0.0001 vs Veh AIR.
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Figure 3: 
Respiratory control ratio (RCR) calculated as the ratio of oxygen consumption in state 3 to 

state 4 with mitochondrial respiration activated by pyruvate + malate (PM), succinate + 

rotenone (SR) and pyruvate + malate + succinate (PMS) in ovariectomized female rats 

treated with vehicle (Veh) or the agonist of E2 receptor α (PPT) and E2 receptor β (DPN) 

and exposed to room air (AIR) or chronic intermittent hypoxia (CIH). All data are box and 

whiskers (median, 25th and 75th percentiles, min and max values). *, ††: p<0.05, and 

p<0.001 vs Veh AIR. vs Veh AIR.
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Figure 4: 
Activity of citrate synthase (A), cytochrome-c oxidase (complex IV - B), and complex I (C) 

measured on brain cortex samples in ovariectomized female rats treated with vehicle (Veh), 

the ERα (PPT), or the ERβ (DPN) agonist and exposed to room air (AIR) or chronic 

intermittent hypoxia (CIH). All data are box and whiskers (median, 25th and 75th 

percentiles, min and max values) † : p<0.01, vs Veh AIR.
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Figure 5: 
H2O2 production and electron leak index during respiratory states 2, 3 and 4 measured using 

fluorometric detection on brain cortex samples and NADH+FADH2-linked mitochondrial 

respiration (with pyruvate + malate + succinate as substrates - PMS) in ovariectomized 

female rats treated with vehicle (Veh) or the agonist of E2 receptor α (PPT) and E2 receptor 

β (DPN) and exposed to room air (AIR) or chronic intermittent hypoxia (CIH). All data are 

box and whiskers (median, 25th and 75th percentiles, min and max values). *, † : p<0.05, and 

p<0.01 vs Veh AIR.
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Figure 6: 
Activity of pyruvate dehydrogenase (A), lactate dehydrogenase (B), and activity ratio of 

lactate dehydrogenase to pyruvate dehydrogenase (LDH/PDH - C) on brain cortex samples 

in ovariectomized female rats treated with vehicle (Veh), the ERα (PPT), or the ERβ (DPN) 

agonist and exposed to room air (AIR) or chronic intermittent hypoxia (CIH). All data are 

box and whiskers (median, 25th and 75th percentiles, min and max values) *, † , ††, ††† : 

p<0.05, p<0.01, p<0.001, and p<0.0001 vs Veh AIR.
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Table 1:

Body weight before and after exposure to CIH, and mean, systolic, and diastolic arterial pressured after 

exposure to CIH in ovariectomized female rats treated with vehicle (Veh), the ERα (PPT), or the ERβ (DPN) 

agonist and exposed to room air (AIR) or chronic intermittent hypoxia (CIH). All data are mean ± SD.

Group Veh-AIR Veh-CIH PPT-CIH DPN-CIH

Body weight (g)
Before CIH
After CIH

304 ± 16
323 ± 15

302 ± 19
314 ± 17

307 ± 25
321 ± 26

317 ± 32
330 ± 31

MAP (mmHg) 87.6 ± 2.1 98.8 ± 3.6
***

89.6 ± 1.9
††

98.2 ± 5.8
**

SAP (mmHg) 110.4 ± 1.7 122 ± 2.9
***

109.1 ± 2.3
†††

123.7 ± 7.2
***

DAP (mmHg) 76.0 ± 2.5 84.7 ± 2.8
**

77.8 ± 4.6
†

86.5 ± 5.7
**

**
p<0.01

***
p<0.001 vs Veh-Air.

†
p<0.05

††
p<0.01

†††
p<0.001 vs Veh-CIH.
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Table 2:

Concentration of proteins in brain samples lysates in ovariectomized female rats treated with vehicle (Veh), the 

ERα (PPT), or the ERβ (DPN) agonist and exposed to room air (AIR) or chronic intermittent hypoxia (CIH). 

All data are mean ± SD

Groupe Veh-AIR Veh-CIH PPT-CIH DPN-CIH

Protein
(μg/mg tissue)

43.6 ± 6.2 44.4 ± 5.5 42.1 ± 4.5 42.5 ± 3.9
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