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Introduction: Hypoxia, an inadequate tissue oxygen supply, poses a threat to the brain, which relies heavily on oxygen for its energy requirements. However, mild oxygen deficiency triggers cellular stress, leading to a defensive state known as hypoxic preconditioning (HPC). Despite its potential as a treatment option for neurodegenerative diseases, research on preconditioning remains a challenge. Therefore, this study aimed to further explore biochemical changes induced by HPC, with a specific emphasis on mitochondria, the primary oxygen consumers.

Methods: We assessed the neuroprotective impact of a HPC protocol used by examining the seizure thresholds of mice. Additionally, we analyzed mitochondrial respiration under varying oxygen levels, reactive oxygen species (ROS) production, and mitochondrial morphology following HPC treatment.

Results: HPC treatment of mice raised their seizure threshold, indicating an enhanced resistance to epileptic seizures and highlighting the protective effects of the HPC protocol. HPC increased mitochondrial oxygen consumption and ROS production, primarily originating from Complex I. Importantly, ROS levels remaining within the physiological range potentially activate cell signaling pathways. Our findings underscored the importance of controlling oxygen at physiologically relevant intracellular tissue levels (intracellular tissue normoxia) during mitochondrial respiration measurements. Notably, HPC-treated mitochondria generally exhibited reduced oxygen consumption compared to controls under effectively hyperoxic air-saturated oxygen conditions. However, mitochondrial respiration was increased under intracellular tissue normoxia in comparison to the controls measured at air saturation. Moreover, following HPC treatment, we observed alterations in mRNA expression levels associated not just with mitochondrial dynamics but also with perinuclear mitochondrial accumulation and pro-survival signaling. Furthermore, an immediate increase in mitochondrial fusion was observed following hypoxia treatment.
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1 Introduction

The brain utilizes approximately 20% of the body’s resting metabolic energy even though it makes up just 2% of the total body mass (Mink et al., 1981). Unlike muscle cells, neurons lack significant energy reserves (Peters, 2011), making them highly susceptible to cognitive function declines with even brief energy interruptions. Thus, precise regulation of brain energy metabolism is vital. Both glycolysis and oxidative phosphorylation (OXPHOS) supply the brain with the required ATP (Murali Mahadevan et al., 2021). OXPHOS in mitochondria generates ATP when sufficient oxygen (O2) is available, but during conditions of hypoxia, the brain switches to the less effective processes of glycolysis, resulting in reduced ATP levels (Matsuda et al., 1992; Kopp et al., 1984; Rogatzki et al., 2015). OXPHOS accounts for up to 98% of the body’s O2 consumption (Silver and Erecinska, 1998), emphasizing the dependence of mitochondria on a continuous O2 supply for energy transformation.

The O2 concentrations within the body can vary depending on the specific anatomical location and are typically lower than the levels found in the atmosphere (21%). Arterial blood typically contains O2 levels of about 14%, while the brain’s O2 concentration is approximately 4%, decreasing with depth. The term “intracellular tissue normoxia” describes the O2 pressure that is considered physiological, whereas “functional hypoxia” indicates O2 levels that effectively limit respiration. Conversely, “environmental normoxia” is defined as the O2 level equivalent to that found in the atmosphere (Donnelly et al., 2022).

Functional hypoxia results in cellular adataptions of energy metabolism, mitochondrial respiration, nutrient utilization, and protein synthesis. As energy supplies are reduced during hypoxia, cells must relocate their energy metabolism and reduce ATP-consuming processes in order to survive (Lee et al., 2020). Furthermore, DNA, RNA, and protein synthesis are among the first processes to be inhibited during hypoxia (Buttgereit and Brand, 1995). However, the translation of transcripts that are essential for survival are enhanced, allowing cells to acclimate to low O2 conditions (van den Beucken et al., 2011).

During functional hypoxia, electron flow through the electron transfer system (ETS) slows down, discussed controversially as increasing (Thomas and Ashcroft, 2019) or decreasing (Komlodi et al., 2021) the risk of generating reactive oxygen species (ROS). Low levels of ROS contribute to the regulation of growth factor signaling, hypoxic responses, immune functions, and autophagy, however excessive ROS can cause oxidative harm (Reczek and Chandel, 2015; Azzi, 2022; Sies, 2020; Brand, 2016). Elevated ROS exposure can damage lipids, proteins, and DNA, resulting in cellular and mitochondrial dysfunction and reduced cell viability (Redza-Dutordoir and Averill-Bates, 2016; Thomas and Ashcroft, 2019; Sies, 2015). The brain is particularly susceptible to oxidative stress due to its rich mitochondrial content (especially in neurons), high O2 demands, limited damage repair capacity, and abundant polyunsaturated fatty acids (Pearson-Smith and Patel, 2017). Oxidative stress is closely linked to neurodegenerative diseases, e.g., Parkinson’s and Alzheimer’s, as well as acute brain injuries stemming from prolonged seizures, strokes, and traumatic incidents (Pearson-Smith and Patel, 2017; Zhang et al., 2017; Bhatti et al., 2018; Puspita et al., 2017; Cheignon et al., 2018). Mitochondria are an important source of endogenous ROS production, with the ETS being the site where ROS generation predominantly occurs (Tirichen et al., 2021; Brand, 2010). The superoxide anion (O2•-) is the most common ROS generated in mitochondria and is primarily produced at Complex I (CI) and Complex III (CIII) sites (Tahara et al., 2009; Tirichen et al., 2021). CI-derived O2•- enters the mitochondrial matrix and rapidly converts to hydrogen peroxide (H2O2), which can then be released into the cytosol. On the other hand, O2•- produced by CIII is primarily released into the intermembrane space, where it can either be converted into H2O2 and then released into the cytosol, or it can traverse the mitochondrial outer membrane and transform into H2O2 within the cytosol (Hoehne et al., 2022; Bleier et al., 2015; Muller et al., 2004). O2•- originating from CI can also be produced via a process called reverse electron transfer (RET), which takes place when electrons return from ubiquinol to CI, reducing NAD+ to NADH (Scialo et al., 2017; Komlódi et al., 2018a,b). While both O2•- and H2O2 serve as signaling molecules, H2O2 is recognized as the primary ROS signaling molecule, and it can selectively oxidize target molecules at physiological concentrations (Sinenko et al., 2021; Sies and Jones, 2020).

O2 levels have an impact on mitochondrial morphology, with mitochondria appearing tubular during tissue normoxia and fragmented during hypoxia (Lee et al., 2020). The morphology of mitochondria varies according to their function and cellular requirements, and different physiological and pathophysiological conditions affect their shape (Tilokani et al., 2018). Mitochondrial fission is vital for distributing mitochondria during cell division, apoptosis, intracellular transfer, and eliminating damaged mitochondria. In contrast, mitochondrial fusion enables the exchange of essential components, creating a more uniform network capable of rescuing compromised mitochondria (Yapa et al., 2021; Westermann, 2010). The process of mitochondrial fission is orchestrated by the GTPase dynamin-related protein 1 (DRP1). In contrast, mitochondrial fusion involves GTPases such as mitofusin 1 and 2 (MFN1/2) for fusion of the mitochondrial outer membrane and optic atrophy 1 (OPA1) for mitochondrial inner membrane fusion (Macdonald et al., 2016; Akepati et al., 2008). Interestingly, models of neurodegenerative diseases, e.g., Alzheimer’s, Parkinson’s, and epilepsy show changes in mitochondrial structure. For instance, Alzheimer’s and Parkinson’s disease models display increased mitochondrial fragmentation, while kainic acid epilepsy models exhibit mitochondrial swelling (Wang et al., 2008; Kudin et al., 2002; Yang et al., 2021). Furthermore, owing to their distinctive cellular morphology, neurons require mitochondria to travel extended distances. Hypoxia can prompt the redistribution of mitochondria within cells, leading to their accumulation around the nucleus. This mitochondrial relocation is observed in both short- and long-term hypoxia and is believed to play a role in delivering mitochondrial ROS to the nucleus. These ROS trigger oxidative modifications in the promoter regions of genes under hypoxia-inducible factor 1 (HIF1) regulation, subsequently amplifying gene expression (Al-Mehdi et al., 2012).

Diminished O2 levels are detected through multiple pathways, with HIFs playing a vital role in maintaining O2 balance by selectively controlling the expression of numerous genes in a tissue-specific manner (Liu et al., 2021; Semenza, 1999). HIFs govern a range of functions such as cell survival, proliferation, apoptosis, metabolism, energy production, and pro- and antioxidative responses (Ostrowski and Zhang, 2020). Additionally, factors like mitochondrial ROS can activate the HIF pathway, even under normal O2 conditions (Chandel et al., 2000; Sanjuan-Pla et al., 2005), a phenomenon referred to as pseudohypoxia (Hou et al., 2014).

Hypoxia contributes to various neurological diseases, e.g., epilepsy, Parkinson’s disease, and Alzheimer’s disease and is a major cause of neurological disabilities and strokes (Burtscher et al., 2021; Shukitt-Hale et al., 1998; Silva et al., 2016). Nevertheless, when exposed to mild oxygen deficiency, cells can undergo stress, triggering a response that offers protection or builds tolerance – a phenomenon referred to as hypoxic preconditioning (HPC). The concept of HPC is that a mild and transient reduction in O2 levels can prompt cellular defenses and enhance the ability to acclimate to varying O2 conditions (Dahl and Balfour, 1964; Stetler et al., 2014). Many in vitro and in vivo studies demonstrate the neuroprotective attributes of HPC, with several factors suggested to contribute to the advantageous outcomes of HPC (Silva et al., 2016; Zhan et al., 2010; Thompson et al., 2013; Pan et al., 2014; Yang et al., 2013; Zhang et al., 2006; Turovskaya et al., 2020; Zhen et al., 2014). Preconditioning can manifest within two forms: rapid or delayed HPC. The former one occurs within minutes to hours, involving alterations in enzyme activity, protein phosphorylation, post-translational modifications, secondary messengers, ion channels, and expression of immediate early genes, whereas the latter one takes hours or days, ultimately leading to alterations in gene expression and the synthesis of new proteins (Zhang et al., 2006; Turovskaya et al., 2020; Li et al., 2017; Barone et al., 1998; Kirino, 2002).

Epilepsy is a prevalent neurological condition known for its persistent susceptibility to spontaneous seizures, causing significant physical, psychological, social, and economic challenges for individuals and society (Fisher et al., 2014). Although anti-seizure drugs (ASDs) are the primary epilepsy treatment, nearly 30% of patients cannot achieve seizure control (Chen et al., 2018). Even those who respond to ASDs frequently still suffer from occasional seizures, encounter therapy side effects, and experience a gradual decline in functional abilities (Thijs et al., 2019). As a result, researchers have delved into alternative therapies with neuroprotective potential to enhance clinical outcomes (Silva et al., 2016; Zhen et al., 2014; Curia et al., 2014). Numerous studies have demonstrated the neuroprotective benefits of HPC, including its capacity to mitigate seizure susceptibility, frequency, and severity, as well as its role in diminishing neuronal loss and enhancing cognitive function (Gao et al., 2014; Silva et al., 2016; Turovskaya et al., 2020; Yang et al., 2013; Pohle and Rauca, 1994; Gao et al., 2012; Rauca et al., 2000; Emerson et al., 1999; Rubaj et al., 2000; Zhang et al., 2006).

The treatment options for epilepsy are not the only ones facing limitations. But the treatment of other neurodegenerative diseases, e.g., Alzheimer’s and Parkinson’s disease encounters constraints, underscoring the pressing need for the development of additional treatment options (Silva et al., 2016; Thijs et al., 2019; Pereira, 2016; Long et al., 2021). Despite its potential as a treatment approach for neurodegenerative diseases, the field of preconditioning still has remained understudied. Therefore, it is essential to delve deeper into the mechanisms that take place following HPC, as they may be accountable for adataption and tolerance, especially important in the brain, where neurons cannot regenerate (Rybnikova and Samoilov, 2015; Stetler et al., 2014). This study aimed to investigate and provide further insights into the biochemical changes induced by HPC, with a specific emphasis on mitochondria, the hub of O2 consumption.

Initially, we evaluated the neuroprotective capacity of the HPC protocol employed by assessing the seizure threshold in an acute seizure mouse model. Next, we explored the impact of varying O2 levels on mitochondrial respiration in brain tissue samples from both untreated and HPC-treated mice using high-resolution respirometry. Additionally, we examined alterations in mitochondrial respiration, ROS production and dynamics following mild hypoxia treatment in brain tissue samples. For this purpose, we created a Macro compatible with Fiji-ImageJ software, simplifying the analysis of mitochondrial morphology.

The results outlined in this study have already been made accessible online through LB’s Ph.D. thesis (Bergmeister, 2023).



2 Materials and methods


2.1 Animals

We used wild-type C57BL6/J male mice (aged 10–25 weeks). Mice were split into two groups: control (Ctrl) and HPC treated. They were housed under standard conditions (12/12 light/dark cycles, 23 °C), with up to five mice per ventilated type II L cage, providing food and water ad libitum. Cages were enriched with bedding, nesting materials, and a mouse house. This study was approved by the Animal Ethics Committee of the Medical University Innsbruck and the Austrian Animal Experimentation Ethics Board (in accordance with EU Directive 2010/63/EU). We ensured that the number of mice utilized for the experiments was minimized to the greatest extent possible.



2.2 Hypoxic preconditioning

Mice were subjected to a gas mixture consisting of 9% O2 and 91% N2 (Linde Gas) for 7 h. For hypoxia treatment, up to 5 mice were placed in a new, airtight cage. These cages are equipped with air inlet and outlet valves, one valve was utilized to deliver the gas mixture, and the other one to monitor O2 levels using an O2 meter (Apogee Instruments). The measured O2 concentration in the cages reached levels between 9 and 12% O2. The flow meter (Fyearfly) was set to maintain a flow rate of 2–3 L/min, refreshing air 15–20 times per hour. Mice were monitored hourly during the 7-h hypoxia. Figure 1A illustrates the workflow of the present study. Immediately after hypoxia exposure (referred to as rapid HPC), samples were gathered for subsequent qPCR analyses (section 3.7) to evaluate the expression of genes linked to mitochondrial dynamics. Additionally, a further set of assessments was carried out 24 h after the initiation of hypoxia (referred to as delayed HPC). These assessments encompassed the determination of seizure thresholds (section 3.3), measurement of mitochondrial respiration (section 3.5.1 and 3.5.2), evaluation of H2O2 generation (section 3.5.2), and gene expression analyses (qPCR) targeting the same genes associated with mitochondrial dynamics.
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FIGURE 1
 Experimental workflow and the influence of hypoxic preconditioning (HPC) on the seizure threshold. (A) In the in vivo part of the present study, C57BL6/J mice underwent 7 h of hypoxia exposure (HPC). Immediately after hypoxia (rapid HPC), brain tissue samples were collected for qPCR analysis to assess the expression of key factors related to mitochondrial fusion and fission. Twenty-four hours after initiation of the hypoxic phase (17 h after hypoxia, delayed HPC), the seizure threshold was measured and qPCR analyses were conducted to examine the expression of the same genes associated with mitochondrial fusion and fission. Moreover, mitochondrial respiration and ROS production were analyzed. Mitochondrial respiration was assessed under both air-saturated O2 levels and conditions of intracellular tissue normoxia. For the in vitro part, CHO cells were subjected to 7 h of hypoxia treatment. Immediately after hypoxia and 17 h later, mitochondria were stained, the cells were fixed, and fluorescence microscopy analysis to evaluate mitochondrial morphology was performed. The image of the mouse featured in the upper section of the figure (https://doi.org/10.5281/zenodo.6645614) and the single cell displayed in the lower part of the figure (https://doi.org/10.5281/zenodo.3926537) were both obtained from SciDraw. (B) The seizure thresholds in naive and HPC-treated mice were determined by administering the GABAA receptor antagonist PTZ (pentylenetetrazole) until a seizure occurred. The seizure threshold was defined as the quantity of PTZ infused (mg) per kg of the mouse’s body weight. The findings are expressed as the mean ± SD. Statistical analysis was performed using a t-test, with the significance level set at ≤ 0.05.




2.3 Seizure threshold

To test the neuroprotective potential of HPC we evaluated the seizure thresholds in both naive and HPC-treated mice (N = 6/group), by applying the GABAA receptor antagonist pentylenetetrazole (PTZ). Following the measurement of body mass, mice were restrained for cannula insertion into the tail vein. Continual infusion of PTZ (10 mg PTZ/mL 0.9% NaCl, pH 7.4) was performed in freely moving mice until inducing a tonic–clonic seizure. The seizure threshold was determined based on the PTZ volume infused per kg of mouse. Infusion occurred at 100 μL/min, with a maximum of 250 μL administered. After mice experienced a generalized seizure, they were killed with a neck dislocation.



2.4 Brain tissue preparation

Tissue preparation followed the protocol by Burtscher et al. (2015) with some adjustments. Naive and HPC-treated mice (N = 6–15 mice) were killed through cervical dislocation. Brains were swiftly harvested, with dissections focusing on either the hippocampus, motor cortex, and striatum, or only the hippocampus and striatum. Samples from the hippocampus, motor cortex, and striatum were utilized for measurements of mitochondrial respiration under air-saturated O2 levels (section 3.5.1) and gene expression analyses (section 3.7). However, due to constrained availability of O2k-FluoRespirometers (Oroboros Instruments), concurrent measurements of mitochondrial respiration and H2O2 production under brain tissue normoxia (section 3.5.2) were carried out exclusively with the hippocampus and striatum. Brain tissues were immediately placed in an ice-cold mitochondrial respiration medium (MiR05Cr, 20 mM creatine (Cr), without bovine serum albumin/BSA, Oroboros Instruments). After washing three times in MiR05Cr without BSA, tissues were quickly dried on blotting paper (GE Healthcare Life Science), weighed (Mettler Toledo AE 160), and approximately 6 mg of wet tissue mass were suspended in 500 μL of respiration medium. The remaining tissue was frozen (−80 °C) for qPCR analyses. Homogenization was conducted using a pre-cooled glass homogenizer (DWK Wheaton and tight fit; WiseStir homogenizer HS-30E, witeg Labortechnik GmbH) at 1000 rpm with 10 strokes for the motor cortex and striatum, and 15 strokes for the hippocampus. We measured mitochondrial respiration and H2O2 production of homogenates from 2 mg of the wet tissue mass, suspended in mitochondrial respiration medium in air-calibrated 2 mL Oroboros chambers (calibrated with MiR05Cr with BSA). Each measurement had two technical replicates. Post-measurement, samples were collected from each chamber and frozen (−80 °C) for later citrate synthase (CS) activity determination.



2.5 High-resolution respirometry (HRR)


2.5.1 HRR at air-saturated O2 concentrations

Mitochondrial function was evaluated using Oroboros FluoRespirometers (Oroboros Instruments, Innsbruck, Austria) and applying a Substrate-Uncoupler-Inhibitor Titration (SUIT) protocol. O2 concentration [μM] and O2 flux per tissue mass [pmol O2·s-1·mg−1] were measured real-time using DatLab 7.4 software at 37 °C near air-saturated O2 conditions (150–200 μM, reoxygenations were performed by opening the Oroboros chambers). Samples from the hippocampus, motor cortex, and striatum were analyzed. The SUIT protocol utilized (Figure 2) followed the methodology outlined by Burtscher et al. (2015) and Burtscher et al. (2018) involving multiple steps to assess different respiratory states. The NADH (N)-linked LEAK state (NL) was initiated by introducing pyruvate (P; 5 mM), malate (M, 2 mM), and glutamate (G; 10 mM). Activating the phosphorylation system, with kinetically saturating ADP concentrations (D; 2.5 mM), enabled the assessment of OXPHOS through the N-linked pathway (NP). In the OXPHOS state, the CII-linked substrate succinate (S; 50 mM) was employed to assess the convergent electron flow into the coenzyme Q through the NS pathway (NSP). The electron transfer (ET) capacity for the NS-linked pathway (NSE) was determined by CCCP (carbonyl cyanide m-chlorophenyl hydrazone) uncoupler titration (U; 1.5–3.5 μM). Careful titration of uncouplers was undertaken to identify optimal concentrations for maximal O2 flux assessment. Further, the CI inhibitor rotenone (Rot; 0.5 μM) was introduced to measure S-linked ET capacity (SE), and finally the CIII inhibitor antimycin A (Ama; 2.5 μM) was used to quantify residual O2 consumption (Rox). O2 fluxes were corrected for Rox and normalized for wet tissue mass to determine the mass-specific O2 flux. The activity of citrate synthase (CS [IU]) was used as a mitochondrial marker to express respiration as mitochondrial (mt)-specific O2 flux (Burtscher et al., 2015; Doerrier et al., 2018; Gnaiger, 2020; Gnaiger et al., 2020).
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FIGURE 2
 Mitochondrial respiration using a SUIT protocol (SUIT-028). Representative trace of mitochondrial respiration using a Substrate-Uncoupler-Inhibitor Titration (SUIT) protocol. The blue line represents O2 concentration [μM], the red line O2 flux per tissue wet mass [pmol·s−1·mg−1]. The assessment of mitochondrial respiration was conducted using high-resolution respirometry (Oroboros FluoRespirometer), with data recorded using DatLab 7 software. Measurement was performed at O2 levels near air saturation. 1PGM: Initial addition of pyruvate (P; 5 mM), malate (M, 2 mM), and glutamate (G; 10 mM) to induce NADH- (N)-linked LEAK respiration NL. 2D: A kinetically saturating ADP concentration (D; 2.5 mM) induced N-linked OXPHOS NP. 2c: Cytochrome c (c; 10 μM) added to assess the integrity of the mitochondrial outer membrane. 3S: CII-substrate succinate (S; 50 mM) added to evaluate NS-pathway OXPHOS capacity NSP (CI- and CII-linked). 4U: Stepwise titrations of the uncoupler carbonyl cyanide chlorophenylhydrazone CCCP (U; 1.5–3.5 μM) to reach maximum respiration as an estimate of NS-pathway ET capacity NSE. 5Rot: Inhibition of CI by rotenone (Rot; 0.5 μM) to measure S-linked ET capacity SE. 6Ama: Inhibition of CIII by antimycin A (Ama; 2.5 μM) to assess residual oxygen consumption Rox for baseline correction of O2 flux in all mitochondrial respiratory states. The vertical bars for NL (red), NP and NSP (green), NSE and SE (blue) indicate the sections marked for calculation of respiratory flux. The shaded boxes provide a graphical explanation of the ratios (arrows): P-L control efficiency = (NP-NL)/NP = 1-NL/NP; E-P control efficiency = (NSE-NSP)/NSE = 1-NSP/NSE.


Flux control ratios (FCRs) were calculated by normalizing O2 consumption in each state for the maximum O2 flux (NSE), allowing for evaluation of mitochondrial respiratory control patterns irrespective of mitochondrial content. Additional control ratios were calculated (Figure 2B): E-P control efficiency and P-L control efficiency. E-P control efficiency (1-NSP/NSE) evaluates the limitation of OXPHOS capacity by the phosphorylation system. A value of 0 implies that OXPHOS capacity is not limited by the phosphorylation system (equal OXPHOS and ET capacities, P = E), while values above 0 indicate an increasing control over OXPHOS capacity by the phosphorylation system (OXPHOS capacity being lower than ET capacity, P < E). P-L control efficiency (1-NL/NP) of 1 indicates a fully coupled system, while 0 indicates no coupling (Gnaiger, 2020; Burtscher et al., 2018; Burtscher et al., 2015).



2.5.2 HRR under physiologically relevant O2 levels

Oroboros FluoRespirometer in combination with the green fluorescence sensors were used to study mitochondrial respiration and H2O2 generation at physiologically relevant O2 levels (30–40 μM, reoxygenations were performed by opening the Oroboros chambers). Homogenates from the hippocampus and striatum were analyzed. The SUIT protocol outlined in section 3.5.1 was implemented. O2 concentration [μM], and O2 and H2O2 fluxes per tissue mass [pmol O2·s-1·mg−1] and [pmol H2O2·s-1·mg−1], respectively, were measured real-time using DatLab 7.4 software at 37 °C. The Amplex® UltraRed (AmR) assay was used to measure the net production of H2O2, with emitted fluorescence correlating directly to the amount of H2O2 converted to the fluorescent product UltroxRed (Komlodi et al., 2021). The amperometric channel voltage was set to 500 mV and the gain adjusted to 1,000. First, background H2O2 calibration was carried out in the absence of biological sample to determine the chemical background fluorescence and AmR sensitivity. This calibration was performed by titrating H2O2 in the presence of the chelator diethylenetriamine-N, N, N′, N, N-pentaacetic acid (DTPA), superoxide dismutase (SOD), horseradish peroxidase (HRP), and AmR. Afterward, samples were added into the chambers. During the experiment, H2O2 titration steps (0.1 μM) were performed to monitor changes in fluorescence sensitivity over time. The H2O2 calibration solution was prepared fresh every day (Komlódi et al., 2018a,b). At the beginning of the experiment, either H2 or N2 was introduced into the gas phase of the open chamber to lower the O2 concentration, allowing the experiment to be performed at reduced O2 levels. The traces presented in Supplementary Figures S1A,B show exemplary measurements of mitochondrial respiration and H2O2 production.

O2 fluxes were corrected and normalized as detailed in section 3.5.1. H2O2 fluxes were corrected for background fluorescence and AmR sensitivity (Komlodi et al., 2021). H2O2 fluxes were normalized to the wet tissue mass and CS activity to determine mass-specific and mitochondria-specific H2O2 flux. Additionally, the JH2O2/JO2 ratio was calculated, representing H2O2 produced per O2 consumed.

Initially, tests were conducted to assess the influence of AmR and fluorescence light on mitochondrial respiration by comparing measurements in the presence/absence of AmR and fluorescence light. As changes were noted in mitochondrial respiration after hypoxia treatment due to AmR and fluorescence light presence (Supplementary Figures S2–S4), separate measurements were taken for H2O2 and O2 fluxes from the same samples.




2.6 Citrate synthase (CS) activity

CS catalyzes the transformation of acetyl-CoA and oxaloacetate into citrate and CoA-SH:

Acetyl-CoA + oxaloacetate + H2O = > citrate + CoA-SH.

The introduction of 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) initiates the irreversible formation of thionitrobenzoic acid (TNB, absorption at 412 nm):

CoA-SH + DTNB = > TNB + CoA-S-S-TNB.

CS activity was determined by mixing the following components in a glass cuvette: 0.31 mM acetyl-CoA, 0.25% Triton X-100, 0.1 mM DTNB, 50 μL sample containing 2 mg/mL wet tissue mass, and distilled deionized water. The reaction was initiated by adding 0.5 mM oxalacetate. A glass cuvette containing distilled deionized water was used as blank. Acetyl-CoA was diluted in distilled deionized water, oxalacetate in 0.1 M triethanolamine-HCl-buffer with 1 mM EDTA (pH 8), and DTNB in Tris–HCl-buffer (pH 8.1). The latter two solutions were freshly prepared daily. Using a spectrophotometer (Hitachi), the linear absorption increase at 412 nm was measured every 10 s for 120 s. The change in absorption over time directly correlates with CS activity. Specific enzyme activity (v) was computed using the equation,

v=rAl∗εB∗vB∗VcuvetteVsample∗ρ

v = specific activity per mg protein in international units (IU [μmol of citrate per min]).

rA = change of absorbance over time [min−1].

l = optical path length, 1 cm.

εB = extinction coefficient of TNB (B) at 412 nm and pH 8.1, 13.6 mM−1·cm−1.

vB = stochiometric number of B (1).

Vcuvette = cuvette volume, 1 mL.

Vsample = sample volume added, 50 μL.

ρ = sample mass concentration [mg·mL−1] (Gnaiger, 1993).



2.7 Gene expression analysis

Tissue samples from the hippocampus, motor cortex, and striatum underwent gene expression analysis. Dynabeads® mRNA DIRECT™ Kit (Dynal) was used for mRNA extraction following the manufacturer’s protocol. Purified mRNA (150 ng) was utilized for first-strand cDNA synthesis with Jump StartTM REDTaq® ReadyMixTM Reaction Mix (Sigma). To determine the expression of target genes associated with mitochondrial dynamics (listed in Table 1) real-time qPCR analyses were conducted using 1 μL of generated cDNA plus specific primers (250 nM of forward and reverse primers). As a master mix the 5x HOT FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne) was used. Measurements were conducted using a Bio-Rad CFX Connect Real-Time System Thermal Cycler, and results were analyzed with Bio-Rad CFX Manager. The ΔΔCt method (2-ΔΔCt) was applied to normalize the target gene expression to the reference gene (Actb), enabling a comparison of gene expression levels across different groups.


TABLE 1 Target genes and primer sequences.


	Gene
	Marker for
	Primer sequence

 

 	mMfn1 	Mitochondrial fusion 	mMfn1 fwd CCGATGGAGATAAAGCCTACC


 	mMfn1 rev CAAGAGGGCACATTTTGCTT


 	mMfn2 	Mitochondrial fusion 	mMfn2 fwd TCCCTCTCAAGCACTTTGT


 	mMfn2 rev CCAGTTCTGTGTTCCTGTGG


 	mDrp1 	Mitochondrial fission 	mDrp1 fwd CCAAAGTACCTGTAGGCGAT


 	mDrp1 rev CAGCAGTGACGGCGAGGATA


 	mOpa1 	Mitochondrial fusion 	mOpa1 fwd CTATAAGTGGATTGTGCCTGA


 	mOpa1 rev GCAATCATTTCCAGCACACTG


 	mActb 	Housekeeping gene 	mActb fwd CATTGCTGACAGGATGCAGAAGG


 	mActb rev TGCTGGAAGGTGGACAGTGAGG





All primers were purchased from Microsynth; fwd, forward; rev, reverse.
 



2.8 Staining of mitochondria in cell culture

Mitochondrial staining was conducted using CHO cells, comparing Ctrl cells to those exposed to 7 h of hypoxia. The stained cells were either fixed immediately after hypoxia treatment (rapid HPC) or 17 h later (delayed HPC). Cells were cultivated in DMEM/F-12 medium supplemented with fetal bovine serum (FBS; 10%), glutamax (1x), penicillin and streptomycin (100 U/mL), and G418 (400 μg/mL) at 37 °C and 5% CO2. Mitochondrial staining was conducted using 1 mM MitoTracker Red CMXRos dye dissolved in DMSO.

The day prior to the experiment, a total of 106 cells were seeded in 10 cm2 dishes containing cover slips. To induce hypoxia, the cells were positioned in a hypoxia incubator chamber (Billups-Rothenberg Inc.), where the gas mixture (9% O2, 5% CO2, and 86% N2; Linde Gas) was introduced. Following this, the hypoxia chamber containing the cells was transferred into the incubator (Thermo Fisher Scientific) and maintained for a duration of 7 h. Hourly, measurements of the O2 concentration were made, and the gas mixture was refreshed.

To prepare for staining, both Ctrl and treated cells were rinsed with PBS, and then a colorless medium (DMEM medium without BSA and phenol red) was added. Subsequently, 1 μL of the 1 mM MitoTracker Red CMXRos stock solution was added and incubated for 45 min at 37 °C in the dark. Afterward, cells were washed twice with PBS and then fixed for 20 min at room temperature in the dark with a solution composed of paraformaldehyde (PFA, 3%) and glutaraldehyde (GA, 1.5%) dissolved in PBS at a pH of 7.4 (Qin et al., 2021). After fixation, cells were washed three additional times in PBS and the coverslips were mounted onto microscope slides by using Vectashield mounting medium.

Images were captured using a fluorescence microscope (Zeiss; 63 x objective, 10 x magnification in camera tube) utilizing immersion oil. These images were subjected to analysis using Fiji-ImageJ software. In order to ensure unbiased assessment, samples were blinded for both microscopy analysis and subsequent evaluation. Four cover slips per condition were analyzed, from which three cells were chosen at random per cover slip. The average value derived from these three cells was employed for subsequent analysis. Mitochondria were automatically identified through a Macro we developed, as demonstrated in Figure 3B. This Macro improved contrast, established a threshold for positive signals (mitochondria), and eliminated background noise. However, the Macro had limitations, necessitating manual correction for false positives. Subsequently, the cell of interest was delineated, and particle number and size (area) were quantified. To further minimize the risk of false positives, particles equal to or smaller than an area of 3 (arbitrary unit) were excluded. Cell size, derived from the unmodified image, was used for normalization purposes. For each condition, the average mitochondrial size per cell, along with the quantity of mitochondrial count per cell area and mitochondrial area per cell area, was determined.
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FIGURE 3
 Effect of HPC-treatment on mitochondrial morphology in vitro. (A) Fluorescence microscopy images showcasing mitochondria stained with MitoTracker Red CMXRos in CHO cells, provided as representative examples. One million cells were cultured one day before the experiment. On the subsequent day, the Ctrl cells were left untreated, while the HPC cells underwent a 7-h hypoxia treatment. Afterward, mitochondria were stained, and cells were fixed. For the rapid HPC group, staining and fixation occurred immediately after hypoxia, while the delayed HPC group underwent these processes 17 h later. Imaging was conducted using a fluorescence microscope with a 63x resolution and immersion oil. (B) Figures illustrating the evaluation process of stained mitochondria in CHO cells. The evaluation was conducted utilizing Fiji-ImageJ, which included applying a Macro to improve contrast and define a threshold for detecting positive signals. False positives were manually removed. Following that, the cell of interest was encircled and examined to determine the quantity of particles (first column) and their corresponding areas (second column). Furthermore, the original image (first image) was employed to assess cell size. (C) The average mitochondrial area (size), mitochondrial number, and total mitochondrial area per cell were determined. To account for differences in cell sizes, the mitochondrial count and total mitochondrial area were adjusted relative to the cell’s size. The total mitochondrial area relative to cell area is expressed as a percentage. Data represented as means ± SD. We conducted a one-way ANOVA test with a significance threshold set at ≤ 0.05.




2.9 Summary of the data

In order to offer a comprehensive perspective on the influence of HPC throughout the entire brain, we aggregated the data collected from the assessed brain regions. The mean value from combined individual brain regions was utilized for conducting statistical analysis. Furthermore, specific data from individual brain regions can be found in the Supplementary materials.



2.10 Statistical analyses

Statistical analyses were performed using GraphPad Prism 9 software. Prior to evaluating statistical significance, the ROUT method was employed to identify outliers. Comparative analyses were conducted between two groups, Ctrl and HPC-treated mice, for seizure threshold, mitochondrial respiration, and H2O2 production. To evaluate the seizure threshold a t-test was utilized to compare means between the groups. A p-value of ≤ 0.05 was considered statistically significant, and results are presented as mean ± standard deviation (SD).

For both mitochondrial respiration and H2O2 production we employ nonparametric tests. The Mann–Whitney U test was used to compare group medians, with significance defined at ≤ 0.05. Results are expressed as median ± interquartile range (IQR).

The evaluation of mitochondrial dynamics encompassed three groups: Ctrl, rapid HPC, and delayed HPC. A one-way analysis of variance (ANOVA) test was administered to compare the means among the groups. Statistically significant results were considered with a p-value of ≤ 0.05, and findings are reported as mean ± SD. Additionally, the Šidák multiple comparisons test was applied to correct for multiple comparisons.




3 Results


3.1 Increased seizure threshold after HPC

To assess the neuroprotective capabilities of the HPC protocol, we examined seizure thresholds in both naive mice (N = 6) and those subjected to HPC treatment (N = 6) by applying the GABAA receptor antagonist, PTZ. As depicted in Figure 1B, HPC treatment significantly elevated the seizure threshold in C57BL6/J mice.



3.2 Mitochondrial respiration and H2O2 production


3.2.1 Mitochondrial respiration under conditions of air-saturated O2 concentrations

Using high-resolution respirometry, we analyzed mitochondrial respiration across various respiratory states (Figure 2). In order to investigate the impact of different O2 levels on mitochondrial respiration, experiments were conducted near air saturation (150–200 μM O2) and O2 levels close to physiological intracellular tissue normoxia (30–40 μM) for brain tissue cells (Hadanny and Efrati, 2020). The pooled data, combining results for hippocampus, motor cortex, and striatum, on mitochondrial respiration near air-saturated O2 conditions are displayed in Figure 4. Supplementary Figures S5, S6 show the detailed unpooled data. For mass-specific O2 flux and FCR 15 controls (including controls from experiments with rapid HPC treated mice) and 7 delayed HPC treated mice were analysed. For citrate synthase specific O2 flux 7 controls and 5 HPC treated mice were analysed. In the E-P control efficacy, the N-linked FCR, the NS-linked FCR, S-linked ET FCR 1 HPC treated mouse was identified as outlier and excluded from analysis.
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FIGURE 4
 Effect of HPC-treatment on mitochondrial respiration measured near air-saturated O2 concentrations. Means of pooled data from hippocampus, motor cortex, and striatum. Mass-specific O2 flux [pmol·s−1·mg−1] was normalized for wet tissue mass. Citrates synthase activity (CS [IU]) was used as a mitochondrial marker for expression of mt-specific O2 flux [pmol·s−1·IU −1]. Flux control ratios FCR were normalized for maximal O2 flux NSE. (A) NADH-linked LEAK respiration NL. (B) NADH-linked OXPHOS capacity NP. (C) NADH- & succinate-linked OXPHOS capacity NSP. (D) NADH- & succinate-linked ET capacity NSE. (E) Succinate-linked ET capacity SE. (F) Respirometric control efficiencies. See figure legend 2 for respiratory states and rates, and for definition of respirometric control efficiencies. Data represent medians ± IQR and statistical significance was determined using the Mann–Whitney U test, with the significance level set at ≤ 0.05. For mass-specific O2 flux and FCR 15 controls and 7 HPC treated mice were analysed. For CS-specific O2 flux 7 controls and 5 HPC treated mice were analysed. In the E-P control efficacy, the N-linked FCR, the NS-linked FCR, S-linked ET FCR 1 HPC treated mouse was identified as outlier and excluded from analysis.


Citrate synthase activity was used as a matrix marker enzyme, and NS-linked ET capacity served as an internal functional marker to calculate flux control ratios. Under near air-saturated O2 levels post HPC treatment, N-linked LEAK respiration was significantly reduced in mass-specific and CS-specific O2 flux, as well as in the FCR (Figure 4A), when compared to the Ctrl group. Moreover, following HPC treatment, we noted a reduction in CS-specific O2 flux during N- and NS-linked OXPHOS (Figures 4B,C), alongside a decline in NS-linked ET capacity (Figure 4D). Nevertheless, there were no alterations in mass-specific O2 flux and in the FCR observed between the two groups (N- and NS-linked OXPHOS and NS-linked ET capacity). Furthermore, in comparison to Ctrl mice, HPC led to reductions in both mass-specific and CS-specific O2 flux, along with a diminished FCR of S-linked ET capacity (Figure 4E). E-P and P-L control efficiencies did not exhibit significant changes due to HPC (Figure 4F).



3.2.2 Increased N-linked LEAK respiration after HPC under intracellular tissue normoxia

The findings from the analysis of mitochondrial respiration performed under physiologically relevant O2 levels are illustrated in Figure 5. The results presented here represent pooled data, combining results for hippocampus and striatum. Eight control and 6 HPC treated mice were analysed throughout. For NS-linked FCR and P-L control efficiency one HPC treated mouse was identified and excluded from analysis. Unpooled data are available in Supplementary Figures S7, S8. In contrast to the outcomes observed near air-saturated O2 conditions, HPC induced significant elevations in mass-specific O2 fluxes, CS-specific O2 flux, and the FCR of N-linked LEAK when compared to the Ctrl (Figure 5A).
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FIGURE 5
 Effect of HPC-treatment on mitochondrial respiration assessed under tissue normoxia at O2 concentration of 30–40 μM. Means of pooled data for hippocampus and striatum. (A) NADH-linked LEAK respiration NL. (B) NADH-linked OXPHOS capacity NP. (C) NADH- & succinate-linked OXPHOS capacity NSP. (D) NADH- & succinate-linked ET capacity NSE. (E) Succinate-linked ET capacity SE. (F) Respirometric control efficiencies. See figure legend 2 for respiratory states and rates, and for definition of respirometric control efficiencies, and figure legend 3 for normalization of O2 flux. Data represent medians ± IQR and statistical significance was determined using the Mann–Whitney U test, with a threshold of ≤ 0.05 considered statistically significant. Eight control and 6 HPC treated mice were analysed throughout. For NS-linked FCR and P-L control efficiency one HPC treated mouse was identified and excluded from analysis.


Furthermore, diverging from the results obtained near air-saturated O2 conditions, HPC treatment led to a significant increase in both mass-specific and CS-specific O2 flux during N- and NS-linked OXPHOS (Figures 5B,C), as well as N- and NS-linked ET capacity (Figures 5D,E) when compared to the Ctrl. The FCRs of these states remained unaffected by these changes.

The E-P control efficiency remained unaltered by HPC treatment. However, there was a significant decrease in P-L control efficiency within the HPC-treated group (Figure 5F).



3.2.3 HPC treatment increased H2O2 production during N-linked LEAK and OXPHOS

H2O2 flux was measured under intracellular tissue normoxia (Supplementary Figure S1). The pooled results of ROS production measurements, combining results for hippocampus and striatum, are depicted in Figure 6 (unpooled data are available in Supplementary Figures S9, S10). 8 control and 6 HPC treated mice were analysed throughout. For N-linked mt-specific H2O2 flux one HPC treated mouse was identified and excluded from analysis. Following HPC, a significant increase in CS-specific H2O2 flux during LEAK respiration in the N-linked pathway was observed. However, HPC did not yield significant changes in LEAK respiration for either the mass-specific H2O2 flux or the ratio of H2O2 production to O2 consumption (JH2O2/JO2). Furthermore, significant elevations were observed after HPC in both mass-specific and CS-specific H2O2 fluxes, along with the JH2O2/JO2 ratio, during N-linked OXPHOS (Figure 6B). Conversely, H2O2 production during NS-linked OXPHOS (Figure 6C) and N- and NS-linked ET capacity (Figures 6D,E) displayed no significant changes. The application of Ama enabled the assessment of the maximum contribution of CIII to H2O2 production (Olowe et al., 2020). Mass-specific H2O2 production and JH2O2/JO2 significantly decreased following HPC, with no significant alteration in CS-specific H2O2 production.
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FIGURE 6
 Effect of HPC-treatment on H2O2 production under tissue normoxia at O2 concentration of 30–40 μM. Means of pooled data for hippocampus and striatum. Net H2O2 flux measured in the following states: (A) NADH-linked LEAK NL. (B) NADH-linked OXPHOS NP. (C) NADH- & succinate-linked OXPHOS NSP. (D) NADH- & succinate-linked ET NSE. (E) Succinate-linked ET SE. (F) Maximal contribution of CIII to H2O2 production after adding the CIII inhibitor antimycin A. The JH2O2/JO2 ratio is the proportion of H2O2 produced to O2 consumed. H2O2 flux was normalized to O2 flux in the absence of AmR. See figure legend 2 for respiratory states and rates, and figure legend 3 for normalization of flux. Data represent medians ± IQR. Statistical test: Mann–Whitney U test, ≤ 0.05, was defined as statistically significant. Eight control and 6 HPC treated mice were analysed throughout. For N-linked mt-specific H2O2 flux one HPC treated mouse was identified and excluded from analysis.





3.3 Mitochondrial fusion and fission


3.3.1 Changes in mRNA expression

Real-time qPCR analyses were employed to assess the expression of mitochondrial fusion and fission factors. The outcomes, presented in Figure 7, represent pooled data, combining results for hippocampus, motor cortex, and striatum. Supplementary Figure S11 provides an overview of the mRNA expression in individual brain regions. Fifteen control and 6 rapid HPC and 8 delayed HPC treated mice were analysed. As for both treatment groups control animals were included in each analytical run, the N of controls is higher than the N in the treatment groups. For Mfn2 one control and one rapid HPC treated mouse was identified and excluded from analysis. For Opa 1 one rapid HPC and one delayed HPC treated mouse was identified and excluded from analysis.
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FIGURE 7
 Effect of rapid and delayed HPC-treatment on mRNA expression levels of critical mitochondrial fusion (A) and fission (B) factors. Real-time qPCR analysis was used to assess the mRNA expression levels of specific target genes, such as fusion factors Mf1, Mfn2, and Opa1, as well as the fission factor Drp1. Three distinct mouse groups were examined: untreated (Ctrl), immediately after hypoxia (rapid HPC), and 17 h after hypoxia (delayed HPC). The expression levels were normalized to a housekeeping gene (Actb) and are reported as fold changes relative to the Ctrl group. Data represent means ± SD, and statistical significance was determined through one-way ANOVA, with a significance threshold of ≤ 0.05. 15 control and 6 rapid HPC and 8 HPC treated mice were analysed. For Mfn2 one control and one rapid HPC treated mouse was identified and excluded from analysis. For Opa 1 one rapid HPC and one delayed HPC treated mouse was identified and excluded from analysis.


Subsequent to hypoxia treatment (rapid HPC group), a significant upregulation in the expression of mitochondrial fusion factors (Mfn1, Mfn2, and Opa1) was noted. However, after a 17-h interval (delayed HPC group), the expression levels of Mfn1 and Mfn2 exhibited no significant differences compared to control levels; conversely, these levels were significantly reduced in comparison to the rapid HPC group. Meanwhile, Opa1 expression also displayed a significant increase in the delayed HPC group compared to the Ctrl group.

While the expression of the fission factor Drp1 did not exhibit significant changes between the groups overall, a closer examination of individual expression levels revealed a significant reduction in Drp1 expression immediately after hypoxia in hippocampal and motor cortical tissue, although such reduction was not observed in striatal tissue (Supplementary Figure S11). The expression of the reference gene beta-actin was not changed under the mild hypoxic conditions. Ct values were 19.99 ± 0,71 (N = 41) for naïve mice; 20,27 ± 0,82 (N = 21) for the delayed HPC group and 20,01 ± 0,63 (N = 13) for the immediately analyzed group.



3.3.2 Microscopy analysis

To gain a first impression of morphological changes induced by HPC we exposed CHO cells to HPC. Cultured cells in a monolayer provide a much cleared picture of mitochondrial morphology than the complex situation in slices from mouse brain. Fluorescence microscopy was employed to capture images of stained mitochondria in CHO cells, as illustrated in Figure 3A. Notably, in the rapid HPC group, mitochondria exhibited heightened fusion, resulting in elongated interconnected structures compared to Ctrl conditions. While some mitochondria in the delayed HPC group displayed an increase in fusion, most of them exhibited a Ctrl-like phenotype. The analyses of the images (Figure 3C) indicate a significant rise in the mean mitochondrial area and a significant reduction in the number of mitochondria per cell area immediately after hypoxia. In contrast, the delayed HPC group exhibited no differences compared to the Ctrl group concerning both the mean mitochondrial area and the number of mitochondria per cell area. Additionally, the total mitochondrial area per cell area remained unaffected by the hypoxia treatment across the tested groups.





4 Discussion

Hypoxia, characterized by an insufficient O2 supply to tissues, poses a substantial threat to the central nervous system. The brain, heavily reliant on O2 for its energy demands, is particularly susceptible to hypoxic challenges (Carreau et al., 2011). Nonetheless, depending on the duration and intensity of hypoxia, cells have the capacity to adapt, experience damage, or undergo cell death (Schonenberger and Kovacs, 2015), underscoring the importance of controlled hypoxia in determining the outcome. Mild oxygen deficiency has the potential to induce cellular stress, culminating in a protective or tolerant state referred to as preconditioning (Stetler et al., 2014). HPC entails the application of mild and transient hypoxia, triggering cellular protection and enhancing the cells’ capacity to endure fluctuating O2 levels (Li et al., 2017). Several studies demonstrated the beneficial outcomes of HPC on various neurodegenerative diseases including seizures and epilepsy (Gao et al., 2014; Yang et al., 2013; Pohle and Rauca, 1994). Despite the potential of hypoxic preconditioning as a future treatment approach for neurodegenerative diseases, the field still remains understudied. Consequently, a deeper understanding of the mechanisms triggered by mild hypoxia treatment, as these mechanisms could be involved in the neuroprotective benefits, is essential to pave the way for the development of future treatment possibilities. This study aimed to further explore the biochemical changes triggered by mild hypoxia, with a particular emphasis on mitochondria, the central hub of O2 consumption.


4.1 Seizure threshold

To investigate the neuroprotective potential of the used HPC protocol, we assessed its impact on the seizure threshold using the acute PTZ seizure mouse model. Our results demonstrated a positive influence on the seizure threshold after HPC. This observation is consistent with the beneficial outcomes of HPC on seizures and epilepsy documented in various studies (Gao et al., 2014, Yang et al., 2013, Pohle and Rauca, 1994).



4.2 Mitochondrial respiration

To explore the effects of varying O2 levels on mitochondrial respiration, high-resolution respirometry experiments were performed under both air-saturated O2 conditions and O2 levels more aligned with physiological conditions for brain tissue cells (Hadanny and Efrati, 2020). Interestingly, our investigation of mitochondrial respiration under different O2 levels revealed diverse results. When measurements were conducted near air-saturated O2 levels, we observed a decrease in N-linked LEAK respiration and S-linked ET capacity following HPC treatment compared to the Ctrl group (mass-specific O2 flux, CS-specific O2 flux). Moreover, the CS-specific O2 flux for N- and NS-linked OXPHOS, along with NS-linked ET capacity, also exhibited significant reductions after hypoxia treatment in comparison to the Ctrl group. Taken together, these results indicate that evaluating mitochondrial respiration following HPC near air-saturated O2 conditions leads to a reduction in O2 consumption compared to Ctrl conditions, with notable effects observed particularly on N-linked LEAK and S-linked ET capacity.

However, when measurements were conducted at O2 levels closer to intracellular tissue normoxia, both mass-specific and CS-specific O2 flux across all tested states exhibited a significant increase following HPC treatment in comparison to the Ctrl group. Additionally, the FCR of N-linked LEAK respiration displayed a significant increase in comparison to the Ctrl group. The observed elevation in mass-specific O2 flux post-HPC, along with unchanged FCR values during OXPHOS and ET capacity but an augmentation in O2 flux and FCR during LEAK respiration, implies HPC treatment triggers mt-quality changes which may be attributed to a rise in LEAK respiration. This interpretation gains further support from the observed decreased P-L control efficiency post-hypoxia, indicative of a less tightly coupled system (Gnaiger et al., 2020; Gnaiger, 2020).

These results collectively indicate that Ctrl and HPC-treated mitochondria exhibit distinct responses to experimental O2 conditions. The main observation is a direct dependence of respiration on oxygen concentrations in controls. By contrast, HPC treated mice do not display markedly reduced respiration at tissue normoxic conditions as compared to air saturated conditions.



4.3 Mitochondrial ROS production

Our findings demonstrated an elevated CS-specific H2O2 flux during the N-linked LEAK state following HPC. Additionally, H2O2 production significantly increased, particularly during N-linked OXPHOS (mass-specific and CS-specific H2O2 flux as well as JH2O2/JO2). Moreover, mass-specific H2O2 flux and the JH2O2/JO2 ratio, both assessed after adding Ama to determine the maximal contribution of CIII to ROS production, exhibited a significant decrease following hypoxia treatment. These observations suggest increased ROS production primarily originating from CI, while the contribution of CIII to ROS generation appears to be diminished. Furthermore, the observed rise in O2 consumption after HPC under intracellular tissue normoxia may be partly attributed to the increased generation of ROS compared to the control.

Mitochondrial ROS production under hypoxic conditions has a dual impact. On one hand, it can lead to cellular damage, while on the other hand, it can activate signaling pathways (Azzi, 2022). After a hypoxic phase when the ETS is highly reduced and O2 levels rise again, ROS production can be stimulated, causing oxidative tissue damage (Qin et al., 2009). Current evidence points to CI as the source of increased ROS production contributing to tissue injuries (Brand et al., 2016; Gorenkova et al., 2013). However, in our experiments, it would be intriguing to pinpoint the specific ROS production site within CI. CI has two known ROS production sites: IQ, believed to be active during RET at the ubiquinone binding site, and IF, located at the flavin site of CI and suggested to be active during forward electron transfer (Gibbs et al., 2023; Brand et al., 2016). The IQ site has been associated with ischemia–reperfusion damage, and experiments blocking ROS production specifically from this site, without inhibiting respiration or OXPHOS, have shown protective effects against ischemia–reperfusion injuries when RET was responsible for ROS generation (Brand et al., 2016; Yin et al., 2021).

However, we noticed that the observed rise in ROS production corresponds to less than 2% (JH2O2/JO2*100) of the consumed O2. This falls within the range of ROS production observed under physiological conditions, where it is estimated to be as high as 2% of the consumed O2 (Zorov et al., 2014). As concluded from our mitochondrial morphology and dynamics study, the measured ROS production seems to remain below the threshold that causes damage, indicating that the slight increase in ROS levels might function as a mechanism for cell signaling and protection. Furthermore, this concept closely resembles the principle of preconditioning, where cells and tissues are exposed to a non-lethal stressor, whether of the same or different origin, leading to cellular and tissue protection (Li et al., 2017; Stetler et al., 2014).

Interestingly, our study suggests that HPC triggers controlled ROS production via CI, maintaining ROS levels below the toxic threshold. This controlled ROS generation could potentially activate various pathways, such as the HIF1 and ERK pro-survival pathways, contributing to the preconditioning effects (Liu et al., 2005; Fryer et al., 2001).

The finding that CI is the primary source of increased ROS production, with a reduced role for CIII, contradicts findings from other studies that suggested CIII as the main ROS source for cell signaling (Bell et al., 2007). For instance, it is argued that ROS originating from CIII theoretically has a more direct path to the cytosol, where they engage in cell signaling (Diebold and Chandel, 2016). Moreover, there is a proposition that actually the O2•- derived from CIII possesses the cellular signaling and cytoprotective effects, providing additional support for the significance of CIII in this context (Malinska et al., 2010).

In an intriguing study conducted by Guzy et al. (2005), these authors observed the crucial role of ROS in activating the HIF1 pathway. However, they propose that HIF1α stabilization is predominantly attributed to H2O2 originating from CIII, a notion supported by the fact that blocking CIII abolishes this stabilizing effect. Nevertheless, it is important to highlight that their discussion recognizes the possibility that interfering with CIII may also perturb the electron flow in CI and CII, casting uncertainty on the involvement of these complexes. Furthermore, the same study emphasized that O2•- is not directly necessary for HIF1α stabilization, highlighting the importance of H2O2 instead (Guzy et al., 2005).

In line with the study of Guzy et al. (2005), the prevailing consensus continues to recognize H2O2 as the primary ROS involved in cell signaling (Diebold and Chandel, 2016). For instance, elevated H2O2 levels can induce HIF1α accumulation, even under air-saturated O2 conditions (Richard et al., 2000; Chandel et al., 2000), and that the administration of a moderate dose of H2O2 to cells before subjecting them to ischemic conditions can lead to preconditioning (Lebuffe et al., 2003). Furthermore, CI inhibition and the reduction of mitochondrial ROS levels in the cell culture can effectively prevent HIF1α accumulation, even under conditions with 1.5% O2 (Chandel et al., 2000; Agani et al., 2000).

Taken together, these studies support the assumption that H2O2 originating from CI might be released from the mitochondrial matrix and might play a role in the activation of various cell signaling processes, including the HIF pathway.

The significant disparities observed across various studies regarding the role of ROS in cell signaling, such as the activation of the HIF1 pathway, may be attributed to differences in experimental conditions. These discrepancies encompass the utilization of distinct cell types or tissues, including cancer cell lines, which may respond differently from physiologically relevant cells. Additionally, in vitro experiments might create a more artificial environment. The techniques employed for measuring ROS production may also introduce variations in outcomes. Our objective was to tackle these issues by subjecting mice to treatments, enabling us to investigate the impact of HPC on the organism instead of focusing solely on individual cells. Furthermore, we focused on precisely measuring mitochondrial respiration and ROS production while assessing the involvement of various respiratory complexes at a high resolution.

Importantly, our measurements were conducted 17 h post-hypoxia rather than during or immediately after the hypoxic phase. This time point variation may contribute to the discrepancies in results compared to findings in other publications. However, the regulation of mitochondrial ROS generation in vivo is still a relatively underexplored area, given that a substantial portion of our current insights has been gleaned from investigations conducted on isolated mitochondria or cells in vitro. Numerous factors, including O2 levels, electron availability for the ETS, the quantity of electron carriers, the redox state of these carriers, and the mitochondrial membrane potential, can all exert an influence on the generation of mitochondrial ROS (Diebold and Chandel, 2016).

To the best of our knowledge, this study represents the first attempt, to employ high-resolution respirometry for evaluating mitochondrial respiration and ROS production in brain tissue homogenates following in vivo exposure to hypoxia.



4.4 Mitochondrial dynamics

The evaluation of mitochondrial dynamics following HPC treatment demonstrated an elevation in the mRNA expression levels of fusion factors Mfn1, Mfn2, and Opa1 within the rapid HPC group. This observation is in line with reported augmentation in mitochondrial fusion immediately after hypoxia (Macdonald et al., 2016; Akepati et al., 2008). This notion is supported by microscopy images depicting heightened mitochondrial fusion immediately after hypoxia. Additionally, the analysis of mitochondrial morphology demonstrated an elevated average mitochondrial size coupled with a reduction in mitochondrial number per cell area, further bolstering the inference of increased mitochondrial fusion immediately post-hypoxia.

Increased levels of both MFN1 and MFN2 have also been linked to the perinuclear aggregation of mitochondria, a phenomenon associated with the localized release of second messengers, including ROS, towards the nucleus. For instance, these effects have been demonstrated to play a crucial role in the complete activation of HIF1 target genes (Al-Mehdi et al., 2012). The rise in Mfn1 and Mfn2 mRNA levels post-hypoxia could potentially lead to augmented perinuclear mitochondrial accumulation, influencing processes such as the activation of HIF1 target genes.

OPA1 not only participates in the fusion of the mitochondrial inner membrane but also plays essential roles in functions like cristae morphology and the maintenance of mitochondrial DNA. Moreover, it contributes to reinforcing connections within the cristae, which in turn aids in sequestering cytochrome c and influencing apoptosis (Del Dotto et al., 2017; Olichon et al., 2003; Frezza et al., 2006). Therefore, the upregulation of Opa1 expression following hypoxia treatment has the potential to enhance cell survival.

Seventeen hours after hypoxia, mRNA levels of Mfn1 and Mfn2 did not exhibit significant changes, while the expression of the fusion factor Opa1 showed a statistically significant increase compared to Ctrl samples. Notably, microscopy images of stained mitochondria at the same time point revealed mixed results—some cells exhibited heightened mitochondrial fusion, while the majority displayed a mitochondrial fusion level similar to the Ctrl. Additionally, analyses of mitochondrial morphology showed no alterations in the mean mitochondrial size and mitochondrial number per cell area when compared to the Ctrl group. The observed increase in Opa1 expression 17 h after hypoxia might trigger survival signaling. However, it could also contribute to mitochondrial fusion, potentially explaining the presence of fused mitochondria in some cells.

Additionally, we did not detect any changes in the mitochondrial area relative to the cell area both immediately after hypoxia and 17 h later. This suggests that, under the conditions employed, there was no biogenesis of new mitochondria.

In summary, the findings suggest an immediate increase in mitochondrial fusion following hypoxia, potentially being part of an adaptive process often associated with cell survival (Park et al., 2014). However, 17 h after hypoxia, the majority of cells contained mitochondria with morphology similar to those under control conditions, although some cells displayed heightened mitochondrial fusion. Interestingly, there were no indications of increased mitochondrial fission, typically linked to elevated stress levels, mitochondrial dysfunction, and cell death (Tilokani et al., 2018). This suggests that our treatment did not evoke severe cellular stress resulting in tissue damage or cell death; instead, it remained below the threshold of harmful hypoxia. Enhanced mitochondrial fusion is frequently linked to mild stress responses and associated with mechanisms that promote cell survival, protecting against mitochondrial degradation (Rambold et al., 2011). This kind of mild stress-triggered hyperfusion of mitochondria is believed to be regulated, among other factors, by OPA1 and MFN1 (Tondera et al., 2009). Nonetheless, it is important to acknowledge that although we did observe heightened mitochondrial fusion following hypoxia, only a subset of cells displayed an elevated mitochondrial fusion phenotype 17 h later. This implies that in our experimental configuration, mitochondrial fusion might have a limited role in the neuroprotective effects observed hours after HPC treatment.




5 Conclusion

In this study, we were able to show the critical role of O2 levels during mitochondrial respiration measurements, as changes in O2 levels can significantly influence the results and potentially lead to misleading conclusions. In our particular context, it is crucial to perform respiration measurements under O2 levels that closely resemble physiological conditions since our primary objective is to gain insights into how cells and mitochondria adapt to varying O2 levels. Remarkably, when hypoxia-exposed mitochondria were subjected to air-saturated, effectively hyperoxic conditions, they tended to exhibit reduced O2 consumption compared to control samples. Conversely, under O2 levels closer to intracellular tissue normoxia, their O2 consumption rate increased when compared to the control. This elevated O2 consumption appeared to be associated with an increase in the production of ROS, which remained within the physiological range and primarily emanated from CI, while the contribution of CIII appeared to be diminished in this context. We speculate that this heightened ROS production might play a role in initiating cell signaling, such as the activation of the HIF1 pathway, even in the presence of physiological O2 concentrations.

Although we did observe an increase in mitochondrial fusion after hypoxia, this effect was only noticeable in a subset of cells 17 h later. This suggests that, within the context of our experimental setup, mitochondrial fusion may play a minor role in the neuroprotective effects observed hours after HPC treatment. The observed increase in Mfn1 and Mfn2 levels might have resulted in a greater aggregation of mitochondria around the nucleus, and when combined with a controlled release of ROS towards the nucleus, it would have the potential to amplify the activation of HIF1 target genes. This collaborative effect could promote pro-survival and neuroprotective signaling, possibly also supported by Opa1.

While we did observe an increased seizure threshold, indicating enhanced resistance to epileptic seizures and highlighting the neuroprotective effects of applied HPC protocol, our present results do not allow us to definitively establish a direct connection between the observed post-HPC changes and the protective effects noted.

The results of this study offer insights into the mechanisms that underlie hypoxic preconditioning. These insights have the potential to improve our comprehension of events following mild hypoxia exposure, which could play a role in the neuroprotective and pro-survival effects associated with HPC.



6 Outlook and limitations

In future experiments, it will be vital to explore whether the observed rise in ROS production originating from CI can indeed initiate cellular signaling, such as activating the HIF1 pathway, in response to hypoxia exposure. Additionally, it would be important to pinpoint the exact site within CI responsible for ROS generation and its role in protective effects by employing specific CI inhibitors.

Furthermore, we assessed mitochondrial respiration in tissue samples from the hippocampus, motor cortex, and striatum near air-saturated O2 conditions. However, in measurements under conditions of intracellular tissue normoxia, we were only able to conduct experiments using samples from the hippocampus and striatum. This limitation arose because we utilized the same samples to measure ROS production, and our capacity to perform measurements on all three tissue samples simultaneously was constrained due to a limited number of Oroboros devices.

Moreover, although the Macro tool we created simplifies the analysis of mitochondrial morphology, it still requires manual adjustments to correct false positives.
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SUPPLEMENTARY FIGURE S1 | Mitochondrial respiration and H2O2 production assessed under tissue normoxia (O2 concentration 30 to 40 μM). Representative traces of mitochondrial respiration (A) and H2O2 production (B) simultaneously measured by high-resolution respirometry (Oroboros FluoRespirometer). The experimental protocol closely matched the SUIT protocol in Figure 2 (main text). 1PMG: Sequential injections of pyruvate (P; 5 mM), malate (M; 2 mM), and glutamate (G; 10 mM) to initiate N-linked LEAK respiration NL. 2D: A kinetically saturating ADP concentration (D; 2.5 mM) induced N-linked OXPHOS NP. 3S: CII-substrate succinate (S; 50 mM) added to evaluate NS-pathway OXPHOS capacity NSP (CI- and CII-linked). 4U: Stepwise titrations of the uncoupler carbonyl cyanide chlorophenylhydrazone CCCP (U; 1.5–2.5 μM) to reach maximum respiration as an estimate of NS-pathway ET capacity NSE. 5Rot: Inhibition of CI by rotenone (Rot; 0.5 μM) to measure S-linked ET capacity SE. 6Ama: Inhibition of CIII by antimycin A (Ama; 2.5 μM) to assess residual oxygen consumption Rox for baseline correction of O2 flux in all mitochondrial respiratory states. During sections of reoxygenations, marked by shaded bars, fluxes cannot be measured. (A) The blue line shows O2 concentration [μM] with a zoom into the 50 μM range (compare Figure 2), the red line shows O2 flux per tissue wet mass [pmol·s−1·mg−1]. Marks (vertical bars) for evaluation of rates were set at O2 concentrations of 30 to 40 μM. O2 levels were adjusted by introducing N2 or H2 or opening the chambers. (B) Fluorometric signal (black line), calculated as equivalent H2O2 concentration [μM] (note that the actual H2O2 concentration is maintained at zero in the AmR assay). The green line denotes H2O2 flux per tissue mass [pmol·s−1·mg−1]. Changes of fluorescence sensitivity over time were assessed by sequentially titrating H2O2 (0.1 μM) in the course of the experiment. The black bar indicates the maximal contribution of CIII to ROS production. Titration spikes are disturbances of the traces of O2 flux apparent as downwards spikes and of H2O2 flux apparent as upwards spikes.

SUPPLEMENTARY FIGURE S2 | Effect of AmR on mitochondrial respiration in brain tissue of untreated mice assessed under tissue normoxia. Mitochondrial respiration measured at O2 concentrations ranging from 30-40 μM, either in the absence of the H2O2 fluorescence probe (w/o AmR) or its presence (AmR+fluorescence light). See legend of Supplementary Figure S1 for respiratory states and rates. Mass-specific O2 flux [pmol·s−1·mg−1] was normalized for wet tissue mass. Citrates synthase activity (CS [IU]) was used as a mitochondrial marker for expression of mt-specific O2 flux [pmol·s−1·IU−1]. Flux control ratios FCR were normalized for maximal O2 flux NSE. Samples were harvested from the hippocampus and striatum of untreated C57BL6/J mice. Data represent medians ± IQR and statistical significance was determined using the Mann-Whitney U test, with a significance level set at ≤ 0.05.

SUPPLEMENTARY FIGURE S3 | Effect of AmR on mitochondrial respiration of hippocampus and striatum from HPC treated mice assessed under tissue normoxia. Mitochondrial respiration measured at O2 concentrations of 30-40 μM, either in the absence of the H2O2 fluorescence probe (w/o AmR) or its presence (AmR+fluorescence light). See legend of Supplementary Figure S1 for respiratory states and rates, and legend of Supplementary Figure S2 for normalization of O2 flux. Data represent medians ± IQR and statistical significance was determined using the Mann-Whitney U test, with a significance level set at ≤ 0.05.

SUPPLEMENTARY FIGURE S4 | Effect of AmR on respiratory control efficiencies in controls and HPC-treated mice in hippocampus and striatum assessed under tissue normoxia. Control ratios in the presence or absence of H2O2 fluorescence probe, AmR. P-L control efficiency = (NP−NL)/NP = 1−NL/NP; E-P control efficiency = (NSE−NSP)/NSE = 1−NSP/NSE. See legend of Supplementary Figure S1 for respiratory states and rates. Data represent medians ± IQR. Statistical test: Mann-Whitney U test, ≤ 0.05, was defined as statistically significant.

SUPPLEMENTARY FIGURE S5 | Effect of HPC-treatment on mitochondrial respiration of different brain areas assessed under effectively hyperoxic conditions near air-saturation. Homogenates were prepared from hippocampus, motor cortex, and striatum of Ctrl and HPC-treated C57BL6/J mice. See legend of Supplementary Figure S1 for respiratory states and rates, and legend of Supplementary Figure S2 for normalization of O2 flux. Data represent medians ± IQR. Statistical test: Mann-Whitney U test, ≤ 0.05, was defined as statistically significant.

SUPPLEMENTARY FIGURE S6 | Effect of HPC-treatment on respiratory control efficiencies in different brain areas assessed under effectively hyperoxic conditions near air-saturation. See legend of Supplementary Figure S1 for respiratory states and rates, and legend of Supplementary Figure S4 for respiratory control efficiencies. Data represent medians ± IQR. Statistical test: Mann-Whitney U test, ≤ 0.05, was defined as statistically significant.

SUPPLEMENTARY FIGURE S7 | Effect of HPC-treatment on mitochondrial respiration of hippocampus and striatum assessed under intracellular tissue normoxia. Tissue homogenates of Ctrl and HPC-treated C57BL6/J mice were examined under O2 concentrations of 30–40 μM. See legend of Supplementary Figure S1 for respiratory states and rates, and legend of Supplementary Figure S2 for normalization of O2 flux. Data represent medians ± IQR. Statistical test: Mann-Whitney U test, ≤ 0.05, was defined as statistically significant.

SUPPLEMENTARY FIGURE S8 | Effect of HPC-treatment on respiratory control efficiencies of hippocampus and striatum assessed under intracellular tissue normoxia. Measurements on brain homogenates of Ctrl and HPC-treated C57BL6/J mice performed under O2 concentrations of 30–40 μM. See legend of Supplementary Figure S1 for respiratory states and rates, and legend of Supplementary Figure S4 for respiratory control efficiencies. Data represent medians ± IQR. Statistical test: Mann-Whitney U test, ≤ 0.05, was defined as statistically significant.

SUPPLEMENTARY FIGURE S9 | Effect of HPC-treatment on net mitochondrial H2O2 production of hippocampus and striatum assessed under tissue normoxia. Measurements on tissue homogenates from Ctrl and HPC-treated C57BL6/J mice were conducted while maintaining O2 concentration within the range of 30–40 μM. The JH2O2/JO2 ratio is the proportion of H2O2 produced to O2 consumed. H2O2 flux was normalized to O2 flux in the absence of AmR. See legend of Supplementary Figure S1 for respiratory states and rates, and legend of Supplementary Figure S2 for normalization of H2O2 flux. Data represent medians ± IQR. Statistical test: Mann-Whitney U test, ≤ 0.05, was defined as statistically significant.

SUPPLEMENTARY FIGURE S10 | Effect of HPC-treatment on maximal contribution of CIII to mitochondrial H2O2 production in hippocampus and striatum under tissue normoxia. The fluorescence assay AmR was employed to determine H2O2 flux. The maximal contribution of CIII to the net production of H2O2 was measured in tissue homogenates from control and HPC-treated C57BL6/J mice, using the CIII inhibitor antimycin A at O2 concentrations of 30–40 μM. See legend of Supplementary Figure S1 for respiratory states and rates, and legend of Supplementary Figures S2, S9 for normalization of H2O2 flux. Data represent medians ± IQR. Statistical test: Mann-Whitney U test, ≤ 0.05, was defined as statistically significant.

SUPPLEMENTARY FIGURE S11 | Effect of rapid and delayed HPC-treatment on mRNA expression of critical factors associated with mitochondrial fusion and fission in different brain areas. We conducted real-time qPCR analyses to examine the mRNA expression levels of various target genes in three distinct groups: Control, rapid HPC (samples collected immediately after hypoxia) and delayed HPC (samples obtained 17 hours after hypoxia) in C57BL6/J mice. These assessments were carried out on tissues from the hippocampus, motor cortex, and striatum. The target genes under investigation included fusion factors Mfn1, Mfn2, and Opa1, as well as the fission factor Drp1. Expression levels were standardized by comparing them to the expression of a housekeeping gene (Actb) and are reported as fold changes in relation to the control. Data represent means ± SD and statistical significance was determined using the one-way ANOVA test, with a significance threshold set at ≤ 0.05.
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