

  ijms-20-05405




ijms-20-05405







Int. J. Mol. Sci. 2019, 20(21), 5405; doi:10.3390/ijms20215405




Article



RETRACTED: Intermittent Hypoxia-Hyperoxia Training Improves Cognitive Function and Decreases Circulating Biomarkers of Alzheimer’s Disease in Patients with Mild Cognitive Impairment: A Pilot Study



Zoya O. Serebrovska 1, Tetiana V. Serebrovska 2,†, Viktor A. Kholin 3, Lesya V. Tumanovska 1, Angela M. Shysh 1, Denis A. Pashevin 1, Sergii V. Goncharov 1, Dmytro Stroy 1, Oksana N. Grib 4, Valeriy B. Shatylo 4, Natalia Yu. Bachinskaya 3, Egor Egorov 5, Lei Xi 6,* and Victor E. Dosenko 1





1



Department of General and Molecular Pathophysiology, Bogomoletz Institute of Physiology, 01024 Kyiv, Ukraine






2



Department of Hypoxia, Bogomoletz Institute of Physiology, 01024 Kyiv, Ukraine






3



Department of Age Physiology and Pathology of Nervous System, Chebotarev Institute of Gerontology NAMS of Ukraine, 04114 Kyiv, Ukraine






4



Department of Clinical Physiology and Pathology of Internal Organs, Chebotarev Institute of Gerontology NAMS of Ukraine, 04114 Kyiv, Ukraine






5



CellAir Constructions GmbH, 73614 Schorndorf, Germany






6



Department of Internal Medicine, Virginia Commonwealth University, Richmond, VA 23298-0204, USA









*



Correspondence: lxi@vcu.edu (L.X.)






†



Deceased in April 2021.









Citation: Serebrovska, Z.O.; Serebrovska, T.V.; Kholin, V.A.; Tumanovska, L.V.; Shysh, A.M.; Pashevin, D.A.; Goncharov, S.V.; Stroy, D.; Grib, O.N.; Shatylo, V.B.; et al. RETRACTED: Intermittent Hypoxia-Hyperoxia Training Improves Cognitive Function and Decreases Circulating Biomarkers of Alzheimer’s Disease in Patients with Mild Cognitive Impairment: A Pilot Study. Int. J. Mol. Sci. 2019, 20, 5405. https://doi.org/10.3390/ijms20215405



Received: 9 October 2019 / Accepted: 24 October 2019 / Published: 30 October 2019



Abstract

:

Alzheimer’s disease (AD) affects not only the central nervous system, but also peripheral blood cells including neutrophils and platelets, which actively participate in pathogenesis of AD through a vicious cycle between platelets aggregation and production of excessive amyloid beta (Aβ). Platelets adhesion on amyloid plaques also increases the risk of cerebral microcirculation disorders. Moreover, activated platelets release soluble adhesion molecules that cause migration, adhesion/activation of neutrophils and formation of neutrophil extracellular traps (NETs), which may damage blood brain barrier and destroy brain parenchyma. The present study examined the effects of intermittent hypoxic-hyperoxic training (IHHT) on elderly patients with mild cognitive impairment (MCI), a precursor of AD. Twenty-one participants (age 51–74 years) were divided into three groups: Healthy Control (n = 7), MCI+Sham (n = 6), and MCI+IHHT (n = 8). IHHT was carried out five times per week for three weeks (total 15 sessions). Each IHHT session consisted of four cycles of 5-min hypoxia (12% FIO2) and 3-min hyperoxia (33% FIO2). Cognitive parameters, Aβ and amyloid precursor protein (APP) expression, microRNA 29, and long non-coding RNA in isolated platelets as well as NETs in peripheral blood were investigated. We found an initial decline in cognitive function indices in both MCI+Sham and MCI+IHHT groups and significant correlations between cognitive test scores and the levels of circulating biomarkers of AD. Whereas sham training led to no change in these parameters, IHHT resulted in the improvement in cognitive test scores, along with significant increase in APP ratio and decrease in Aβ expression and NETs formation one day after the end of three-week IHHT. Such effects on Aβ expression and NETs formation remained more pronounced one month after IHHT. In conclusion, our results from this pilot study suggested a potential utility of IHHT as a new non-pharmacological therapy to improve cognitive function in pre-AD patients and slow down the development of AD.
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1. Introduction


Alzheimer’s disease (AD) is a complex of mental disorder involving the accumulation of amyloid beta (Aβ) polymers in the brain, which affects not only the central nervous system, but also other body organs [1,2,3]. As an important contributing factor of AD, amyloid precursor protein (APP) is concentrated in synapses and takes part in cell-matrix and cell–cell interaction in neurons [4]. This adhesion molecule also participates in various processes in different tissues, for example, APP is involved in hemostasis and thrombosis in platelets [5] and in sperm motility and sperm-oocyte interaction [6]. Although there was little evidence of blood clotting or fertility impairments in individuals with AD, abnormal APP expression in the patients’ platelets was similar to those found in their neurons [7,8]. Nevertheless, APP expression may serve as one of the peripheral biomarkers for AD and may be useful for evaluating the AD pathology as well as therapy effectiveness. For instance, platelets isolated from blood of AD patients contain predominantly shorter forms APP, which increase the probability of Aβ 1–42 formation. Therefore, the use of APP ratio in platelets has been proposed as an early peripheral biomarker of AD [7]. Platelets may actively participate in pathogenesis of AD through two ways. First, the aggregated platelets produce extra levels of Aβ and the increased expression of APP on cell surface can trigger release of Aβ into plasma [2,3]. Second, Aβ is a direct activator of platelets aggregation in brain tissue [9], whereas platelets may adhere on amyloid plaques and increase the risk of microcirculation disorder in the brain [10].



Moreover, activated platelets can release soluble adhesion molecules that cause migration, adhesion, and activation of neutrophils. In addition to secretory degranulation, reactive oxygen species (ROS) production, and phagocytosis, neutrophils can also produce neutrophil extracellular traps (NETs), which were characterized as a fundamental host innate immune defense mechanism [11]. NETs represent chromatin with inserted proteases released by activated cell DNA network that serves as a trap for bacteria and other antigen carriers. Platelets can initiate NETosis in different pathologies such as [12,13]. Similar to other nonspecific neutrophil reactions, excessive NETosis may damage its own cell structures. The presence of proteases in NETs initiate blood vessel inflammation, which leads to blood-brain-barrier destruction and neuronal degradation [14,15]. NETs were found in vessels and brain parenchyma of individuals with AD [16]. Moreover, NET-associated enzymatic system digests amyloid fibrils into short species that are cytotoxic [17]. Thus, the combined effects of platelets and neutrophils may play a role in the AD-related tissue destruction [18,19].



Another important factor affecting the rate of APP cleavage and Aβ formation is Beta-secretase 1, also known as beta-site amyloid precursor protein cleaving enzyme 1 (BACE1). BACE1 activity is elevated in platelet membranes of patients with mild cognitive impairments (MCI) and AD [2]. BACE1 translation is regulated by non-coding RNAs, such as microRNA 29a (miR-29a), which blocks beta-secretase translation [20,21,22,23,24,25], whereas lncRNA BACE1-AS, binds complementarily to mRNA and protects it from the inhibitory effect of miRNAs [26].



Considering the importance of prevention and treatment of AD, there is a constant call for new therapies. There is growing evidence supporting the notion that sessions of brief repeated, controllable exposures to moderate levels of hypoxia, termed as intermittent hypoxia-normoxia training (IHT) or intermittent hypoxia-hyperoxia training (IHHT), may improve cerebral vascular function and mitochondrial energy production, same as those that have been demonstrated in sports training and/or rehabilitative medicine. For instance, IHT has beneficial effects on elderly health [27,28,29]. During the past decade, a modified intermittent hypoxia training method, i.e., IHHT, was introduced and applied in several human studies or clinical trials in several European countries [27,30,31]. The underlying cellular mechanisms of IHT or IHHT may include the improvement of mitochondrial function, regulation of glucose transport, activation of antioxidant enzyme system, as well as anti-inflammatory effects. These effects can be beneficial in the prevention and treatment of cardiovascular and brain diseases, such as AD [32,33,34,35,36]. Exercise combined with IHT additionally enhanced exercise performance and improved cognitive function in elderly individuals [37,38,39]. IHT also improved walking ability after chronic spinal cord injury [40]. Moreover, there is evidence showing that hypoxia caused significant reduction of spontaneous and phorbol myristate acetate (PMA)-stimulated NET formation in cultured neutrophils [11]. Under this context, our present study was designed to investigate the effects of IHHT on cognitive function, along with the circulating biomarkers of AD in patients with MCI, a pathological condition found in approximately 70% of AD cases as the first symptomatic sign of AD.




2. Results


2.1. Cognitive Function


At baseline, all studied parameters of cognitive function were similar among both MCI groups, but significantly different as compared with the Healthy Control group. In particular, MoCA-test scores were significantly declined in MCI+Sham and MCI+IHHT groups as compared with Healthy Control group (by 27% or 32%, respectively), indicating mild cognitive impairments (Table 1). The long latency cognitive evoked potentials were significantly higher in both MCI groups (i.e., by 23% and 27%, respectively in P300 and by 21% in N200; Table 1).



The course of normoxic sham training did not change the cognitive parameters in MCI+Sham group, whereas a significant enhancement of MoCA-test score after IHHT was observed in MCI+IHHT group one day after the end of IHHT (by 11%, p < 0.05). This effect was less pronounced at one month after IHHT (by 7%, no statistical significance). There was a downward trend in P300 and N200 latency in MCI+IHHT group one day as well as one month after IHHT termination (Table 1). Thus, we have observed improvement of parameters of cognitive function in the elderly MCI patients after IHHT.




2.2. NETs Formation


At pre-IHHT baseline, in both MCI-groups the non-stimulated NETs exceeded more than three times the values of healthy people (Table 2, Figure 1). The course of sham IHHT did not change NETns in MCI+Sham group, but actual IHHT decreased their formation by 53% in MCI+IHHT group. In one month after IHHT termination this decrease was expressed even more (by 56%) approaching the healthy people indices. Unlike non-stimulated NETs, the formation of PMA-stimulated neutrophil extracellular traps did not differ significantly in all three groups. Sham IHHT did not influence NETst, meanwhile we registered a tendency to decrease in MCI+IHHT group by 31% immediately after IHHT which turned into a significant difference a month after the end of the course (a decrease of 52% compared to baseline).




2.3. Platelets Amyloid Precursor Proteins (APP) and Amyloid Beta (Aβ)


At pre-IHHT baseline, both investigated fractions (110 and 130) of APP were significantly reduced in both MCI groups as compared to Healthy Control group, i.e., APP130 and APP110 decreased by 62% and 55%, respectively in MCI+Sham group, and by 61% and 47%, respectively in MCI+IHHT group (Table 3, Figure 2). The APP ratio was shifted towards higher level of APP110. Neither APP130 nor APP110 changed in MCI+Sham group one day and one month after IHHT termination. To the contrary, IHHT resulted in 60% and 30% increase in APP130 and APP110, respectively one day after the end of IHHT and these values are significantly different from MCI+Sham group. At the later time point (one month after IHHT), the elevated APP130 slightly diminished but remained significantly higher than pre-IHHT baseline (42% increase). However, the delayed effect of APP110 was even more pronounced at one month after IHHT (36% increase versus pre-IHHT baseline), which also led to a significantly higher level than those of MCI+Sham group. Consequently, the APP130/110 ratio had 21% increase at one day after IHHT termination, but returned to the baseline level after one month.



At Pre-baseline, Aβ expression in both MCI-groups exceeded in 2.5 times this parameter in healthy people. Sham training did not influence significantly Aβ in Group II, whereas IHHT led to 15% and 28% decrease one day and one month after IHHT termination, respectively.




2.4. Expression of miR-29a and lncRNA BACE-AS in Platelets


Surprisingly, we did not observe significant difference in miR-29a expression among the treatment groups with or without IHHT. However, expression of lncRNA BACE-AS, the fast regulator of beta-site amyloid precursor protein cleaving enzyme (BACE1) translation, was significantly upregulated (>6 folds) at baseline in both MCI groups as compared with the healthy controls (Table 4). Whereas Sham training did not affect its expression, lncRNA BACE-AS was significantly downregulated by 57% in MCI+IHHT group one day after the termination of IHHT.




2.5. Correlation Analysis


In order to evaluate the relationships between cognitive function indices and the circulating biomarkers measured, we conducted correlation analysis using the combined baseline data from all three groups. As shown in Figure 3, a strong positive correlation between MoCA score and APP110/APP130 ratio was observed: r = 0.72, p < 0.05. We also found that MoCA negatively correlated with both NETns (r = −0.87, p < 0.01) and Aβ expression (r = −0.79, p = 0.02) (Figure 3, left column). On the other hand, NETns were positively correlated with long latency cognitive event-related potentials P300 (r = 0.90, p < 0.01) and N200 (r = 0.79, p = 0.02), as well as Aβ expression (r = 0.81, p = 0.03) (Figure 3, right column).





3. Discussion


Weakening of cognitive functions is the prominent clinical symptom during the progression of cognitive decline from MCI to AD. The cognitive state of MCI patients was also correlated with neurophysiological markers of cognitive evoked potentials (by more than 25% increased latency of N200 and P300 peaks). The decline of cognitive function in MCI groups was associated with a significant decrease in APP130 and APP110 isoforms of platelet amyloid precursor proteins and decreased ratio of APP130/APP110, as well as 2.5 times increase in Aβ expression as compared with the age-matched healthy subjects. We also observed a 6-fold increase in lncRNA BACE-AS, which is a regulator of beta-site APP cleaving enzyme translation. The peripheral blood of MCI patients also had three times excessive level of NETs formation. There were a strong positive correlation between total MoCA test scores and both APP forms as well as a negative correlation with amyloid beta expression in platelets. We also found a positive correlation between the latency of cognitive evoked potentials and non-stimulated NETs. NETns were in turn positively associated with Aβ expression in platelets.



A key finding of our present study is that three-week IHHT resulted in significant improvement in the subject’s cognitive performance, i.e., increase total MoCA-test scores and downward trend in latency of cognitive evoked potentials one day after the end of IHHT session. This was accompanied by changes in circulating biomarkers in peripheral blood of the subjects. For example, there were a pronounced increase in APP130 and APP110 fractions in platelets and a significant decrease in Aβ expression in the MCI patients one day after the termination of IHHT sessions and became even more pronounced one month after the end of IHHT. A significant downregulation of lncRNA BACE-AS and NETs formation were also found in peripheral blood one day after the end of IHHT.



There have been extensive investigations on the cellular and molecular mechanisms of AD development as well as therapeutic approaches to control this serious disease [18,19,41,42,43,44]. Among the contributing factors, chronic reduction in cerebral blood flow and excessive Aβ deposition are primarily linked to neurodegeneration [45,46]. Previous studies have demonstrated that IHT could potentially ameliorate the development and progression of AD and dementia [47,48,49]. In particular, in a rat model of experimental AD, researchers found that the decrease in cerebral blood flow following Aβ injection was blunted by IHT [50]. Similarly, IHT augmented cerebral blood flow and endothelial nitric oxide production, decreased oxidative stress, prevented neuronal degeneration, and stimulated neurogenesis and neuroregeneration [33,51,52,53,54,55].



Several recent works in humans confirmed our data on the improved cognitive function with IHT or IHHT. In particular, it was demonstrated that IHT augmented the cognitive benefits of strength-endurance training in a randomized controlled study in 60 to 70 years old subjects [39]. It was shown that hypoxic treadmill training (three times/week for 1 h over four weeks) in multiple sclerosis patients improved fitness level, mood, and mobility [56]. Similar results were also reported by Burtscher et al. [57,58]. A recent study that evaluated the effects of IHHT on patients with MCI (64–92 years of age) has shown significant improvements in the cognitive state and physical endurance [37]. These findings were also in accordance with the study results from another research group [27,30].



Furthermore, our present study observed an association between the changes in cognitive function and the changes in platelet amyloid precursor protein (APP), Aβ expression in peripheral blood. The mechanisms through which Aβ provokes cognitive decline have been extensively explored [59], including the pathologic increase in processing and transformation of APP into Aβ. lncRna BACE 1-AS, a non-coding RNA, may increase transcription of beta-secretase and in turn contribute to the accumulation of Aβ. Whereas the MCI patients showed a significant increase in NETosis, a positive correlation was observed between the elevated level of NETosis and the content of Aβ. Possible explanations for this phenomenon include neutrophil and platelet interactions. For example, the increase in BACE1 activity by 24% in platelet membranes of patients with MCI and by 17% in those with AD [2]. Our present study also demonstrated that the completion of 15 sessions of IHHT resulted in declined lncRna BACE 1-AS levels, along with decreased Aβ and increased APP expression. Thus, we would postulate a possible association between Aβ reduction and BACE 1 downregulation. On the other hand, we did not find changes in miR29-a expression, which blocks beta-secretase translation and could serve as a marker for amyloid accumulation (21,22). Previous studies showed that certain microRNAs may play a negative role under intermittent hypoxia load in the patients with obstructive sleep apnea (OSA) [60].



It is notable that certain degrees of concern or even confusion exist on the divergent effects of IHHT versus OSA, a common and pathological form of intermittent hypoxia that occurs in human population including elderly. We should consider several fundamental differences between these two intermittent hypoxia-related phenomena. First, OSA is characterized by brief, recurrent cycles of hypoxia-reoxygenation (<60 s per cycle for up to 30 cycles per h overnight), whereas our IHHT program had much fewer hypoxia episodes (four cycles of 5 min hypoxia-hyperoxia per day). Another major difference is that CO2 accumulation in circulation in each of the OSA asphyxiation episodes may lead to acidemia, whereas IHHT-activated hyperventilation usually results in hypocapnea and alkalemia. Thirdly, OSA-led asphyxiation causes arousals that result in fragmented and unproductive sleeping patterns that lead to neurological defects in the OSA patients. To the contrary, our subjects underwent all sessions of IHHT during their regular awake hours and therefore no sleep disruption occurred. It is also conceivable that OSA-induced intensive ROS overproduction plays a pathogenic role in various diseases, whereas a moderate amount of ROS generated in a well-controlled, therapeutic IHHT protocol may serve as signaling trigger for increasing cytoprotective antioxidant enzyme expression/activities.



Special attention should be paid to the changes in APP ratio. Initially, the APP ratio of MCI patients shifted toward APP110. The ratio of APP isoforms was reported to be significantly lower in patients with AD or MCI and it paralleled with cognitive decline and can predict the transition from MCI to AD [2]. IHHT resulted in downregulation of APP110 and favorably shifted the APP ratio, which is one of the putative biomarkers of AD, towards a better prognostic sign. It was demonstrated that APP participates in formation of synapses and synaptic plasticity [61]. Assuming APP expression in platelets serves as a valid peripheral biomarker of APP expression in the brain, an IHHT-induced improvement in cognitive function may be associated with not only a reduced toxic effect of amyloids, but also increased APP content. Along with the changes in platelet biomarkers, IHHT also led to a decrease in NETosis, which could be a sequential or parallel phenomenon. In brief, a decrease in Aβ should diminish both platelets and neutrophils activation. It was previously shown that short term sojourn in mountains or obstructive sleep apnea may increase platelet aggregation and reactivity [62,63], whereas prolonged stay on high altitude resulted in significant decline in platelets aggregation [64].



Nevertheless, there are several limitations in the present study, including very small sample size of the elderly subjects, due to the recruitment difficulty for the cooperative subjects who were willing to complete the entire duration of the two month-long studies as well as the unexpected dropouts. However, our present work on the limited numbers of patients did produce some statistically significant results and may serve well as a good starting point for designing and conducting future studies in larger scale of participants and various pre-AD and AD patient cohorts. In addition, this investigation was conducted in a single-blinded fashion, since the researchers needed to know the actual inspired oxygen concentration in order to set up the equipment for sham training or IHHT. The patients did not know the exact types of gas mixtures (sham or IHHT) they were receiving. In addition, anti-inflammatory effect of IHHT in both blood and the brain was not studied in the current work. This may be an interesting topic for future investigations that aim at uncovering the beneficial mechanisms of IHHT in AD prevention and treatment.




4. Materials and Methods


4.1. Characteristics of Participants


The human study was conducted according to the principles of Helsinki Declaration of Human Rights. The research protocol, patient information, and their informed consent forms were reviewed and approved by the Ethics Committee of Chebotarev Institute of Gerontology, Kiev, Ukraine (protocol #9, 11 June 2017). Twenty-three subjects (age 51 to 74 years) were initially enrolled into this pilot clinical study by the Chebotarev Institute of Gerontology, Kiev, Ukraine. All subjects received detailed information of the study process and a written informed consent was obtained from each of the participants. They were nonsmokers and did not take any medication (including cholesterol-lowering drugs, statins, or fibrates) two weeks before and during the study sessions. There were no infections during the past month and no major cardiovascular or respiratory complications in any of the subjects. These subjects had no family history of AD nor medical history of Type I/ Type II diabetes, myocardium infarction, or stroke. The blood levels of low density lipoprotein cholesterol (LDL-C) ranged from 2.31 to 3.43 mmol/L and the average values did not differ between the three groups.



The participants consisted of seven healthy subjects without signs of cognitive impairment syndrome (Healthy Control group) and 16 patients diagnosed with MCI, who were recruited from the Department of Aging Physiology and Pathology of Nervous System of the Chebotarev Institute of Gerontology. The diagnosis of MCI was according to the revised Petersen criteria [65]. The criteria of the MCI diagnosis include subjective cognitive complaint, objective evidence of cognitive impairment, absence of difficulties in functional activities of daily life, and no dementia. Objective cognitive decline was evaluated using the Montreal Cognitive Assessment (MoCA) test [66,67] with the cut off score of 25 to 19 [68]. The Clinical Dementia Rating scale used was 0.5 points [69]. The key exclusion criteria for the subjects were: Signs of cerebrovascular pathology-related cognitive decline, metabolic/endocrine disease, alcohol consumption and intake of any psychotropic drugs, abnormalities in liver, kidney, lungs and heart, infection, neurologic and psychiatric diseases that can interfere with cognitive decline. Healthy group subjects were also checked by a neurologist for excluding any signs of cognitive pathology. The selected patients with MCI were randomly assigned to either MCI+Sham or MCI+IHHT group. Two initially enrolled MCI patients did not complete the entire study, because of one death and another had flu. A total of seven healthy subjects (Health Control) and 14 patients with MCI (six patients in MCI+Sham and eight patients in MCI+IHHT) completed the planned sessions of the study. All participants were informed about the strict observance of lifestyle required during the period of examination and reported any lifestyle changes if occurred. The patients had no knowledge about which training condition (sham versus hypoxic exposures) actually performed. Anthropometric characteristics of the participants are summarized in Table 5 below.




4.2. Protocol of IHHT


All sessions of the present study were conducted in a quiet room at comfortable temperature (21 to 23 °C). Venous blood samples were collected at three time points, i.e., 1) The day before beginning of IHHT to measure base line parameters; 2) The day after completion of the actual or sham IHHT course to evaluate the immediate effects of IHHT; and 3) One month after the end of IHHT for determining the delayed effects of IHHT. Cell isolation of the collected blood samples was conducted immediately. Cognitive functions were investigated in all groups in the same day. Same examinations were repeated at the next day and one month after the end of IHHT.



Sham or IHHT treatment started the next morning. The Healthy Control subjects did not undergo either sham or actual IHHT. The MCI patients received sessions of sham or actual IHHT, which underwent five times a week for the subsequent three weeks, i.e., each subject received total of 15 sessions. Each session consisted of four cycles of 5-min hypoxia (12% inspired O2) followed by 3-min hyperoxia (IHHT, breathing with 33% inspired O2) [28]. The IHHT sessions were performed using a computer-controlled apparatus of “CellAir One” (Cellgym Technologies GmbH, Berlin, Germany). During each session, we continuously monitored the subjects’ systolic and diastolic blood pressure, heart rate, and peripheral oxygen saturation.




4.3. Cognitive Function Assessment


We used both MoCA test and long latency cognitive event-related potentials (ERPs) in add ball paradigm as the non-invasive tools for assessment of brain function and cognitive status. These parameters have also served as the objective markers of treatment efficiency [70,71,72].



Long latency cognitive evoked potentials were recorded in a soundproof room using a 19-channel electroencephalography (EEG) equipment (Neurocom, XAI-MEDICA). During the EEG test, the subjects seated comfortably on an armchair and remained awake throughout the test. They were instructed to keep eyes open for avoiding eye movement and to count the rare random hearing stimuli (with 20% probability) and the similar frequent stimuli (with 80% probability). The sound stimuli were delivered via speakers with 80 dB HL (decibels Hearing Level) sound intensity. A minimum of 30 rare stimuli events were recorded per patient with a 1000 ms time window. Latency cognitive evoked potentials were recorded at the maximum wave amplitude. Latency of N200 and P300 peaks of cognitive evoked potential in Cz electrode position were taken for analysis.




4.4. Neutrophil Isolation and NETs Evaluation


Polymorphonuclear leukocyte (PMN) isolation and detection of NETs were performed as previously described [73]. In brief, to obtain PMN, the blood sample was collected and stabilized by EDTA in a tube (Sarstedt) mixed with 0.9% NaCl in 1:1 ratio and carefully laminated on the Percoll gradient with layer density of 45%, 54%, and 63%. After a gradient centrifugation of the blood sample (3000× rpm for 15 min), PMNs were detected between the second and third layers. The cells were collected and purified by erythrocyte lysis with ACK (Ammonium-Chloride-Potassium) buffer. The granulocytes were then washed with HBSS (Hank’s Balanced Salt Solution) buffer and diluted in RPMI (Roswell Park Memorial Institute) medium with 10% (v/v) heat-inactivated fetal bovine serum. The PMNs were plated in a 24-well dish or Petri dish with a cell density of 100,000 cells/cm2.



To stimulate NET formation, 20 nM of phorbol myristate acetate (PMA) was added to the cultured cells for 3 h (NETst group) and another set of non-stimulated neutrophils (NETns) served as the controls. NET was detected using a fluorescence microscope with fluorogenic dyes (propidium iodide and Hoechst 33342 biz-benzamide), which directly stain chromatin.




4.5. Platelets Isolation


Blood sample was collected from each of the subjects by venipuncture into a standard 6 mL tube containing EDTA. Platelet-rich plasma was prepared by repeated centrifugation at room temperature. After pelleting, the platelets were washed with phosphate buffered saline (PBS) and counted. After additional centrifugation at 3000× g for 10 min, the platelets were resuspended in 0.7 mL PBS for further analysis.




4.6. Western Blot Analysis


The platelets were incubated in an ice-cold RIPA-buffer (1:3) containing 20 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 µM leupeptin, and 1 mM protease inhibitor PMSF (pH 7.5) for 30 min and subsequently centrifuged for 15 min at 11,000× g at 4 °C and the supernatant was collected. After measurement of protein concentration, the protein fraction of platelet lysate was separated using 10% polyacrylamide gel with 0.1% SDS and then transferred onto a nitrocellulose membrane (90 min at 200 mA). The membrane was incubated overnight at 4 °С with a purified mouse monoclonal primary antibody for APP (1:1000, MAB348, Sigma-Aldrich, St. Louis, MO, USA) or a rabbit monoclonal primary antibody for Aβ 1–42 (1:1000, ab201060, Abcam, Cambridge, MA, USA). In addition, a mouse monoclonal primary antibody for β-actin was used as an internal control for protein loading (1:2000, 2 h incubation, A1978, Sigma-Aldrich, St. Louis, MO, USA). Anti-rabbit or anti-mouse secondary antibodies were added to the membranes, which were visualized with chemiluminescence reagents (ECL kit, Amersham Pharmacia Biotech, Little Chalfont, United Kingdom) and exposed to X-ray film and the scanned Western blot bands were analysed with densitometry. Protein levels of APP and Aβ 1–42 were normalized against the corresponding β-actin values and their relative expression ratio was calculated.




4.7. RNA Isolation and Real-Time Polymerase Chain Reaction (PCR)


Total RNA was extracted from the isolated platelets using phenol–chloroform extraction method. RNA concentration was determined using a spectrophotometer (Model ND1000, NanoDrop Technologies, Wilmington, DE, USA). Reverse transcription of miR-29a and snRNA U6 was performed in 6 µg of total RNA using MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) with Assay ID 002112 and 001973, respectively. Reverse transcription of lncRNA BACE1 was performed on 6 µg of total RNA using a RevertAidTM H Minus First Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania) with a random hexamer primer. The obtained single-stranded DNA was used for further PCR using TaqMan MicroRNA Assay (Applied Biosystems, Foster City, CA, USA). The amplification of lncRNA BACE1 AS was performed using SYBR Green PCR Master Mix with following primers: Up 5′-GCA AAC GAA GGT TGG TGG TG-3′ Dw 5′-CCC AGC AGT AAC CCC CTA CT-3′. The results were normalized with snRNA U6.




4.8. Statistical Analysis


All data were analyzed using SPSS software version 21.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) with repeated measures followed by Bonferroni post hoc test was used to determine statistical significance of the differences between the groups. Two-way ANOVA with repeated measures followed by Bonferroni post hoc correction was performed to determine the group main effect and time effect (i.e., among three time-points: Baseline, one day and one month after sham or actual IHHT). Training effects within one group (pre- versus after sham or actual IHHT) were analyzed using paired t test. Correlation analysis was performed to determine the relationships between numerical features. p < 0.05 was defined as statistical significance.





5. Conclusions


Our present pilot study has demonstrated a month-long-lasting therapeutic effect of IHHT on cognitive function in elderly patients with MCI. Such positive changes at neuropsychological, electrophysiological, and biomarker levels may indicate a whole brain benefit afforded by IHHT, which offers its unique clinical applicability as a non-pharmacological therapy. In particular, a strong association between activation of BACE1-dependent synthesis of Aβ in platelets, increased formation of extracellular traps by neutrophils, and decline in cognitive function in MCI patients as well as the modifications following the three-week IHHT sessions were revealed for the first time. We propose that the panel of peripheral blood biomarkers may serve as a diagnostic tool and treatment efficacy marker, which permit us to not only predict the pathological development of AD at its early stage, but also guide our therapeutic intervention with IHHT. Nevertheless, much larger scale of investigations in pre-AD and AD patients would be warranted to further validate these preliminary findings.
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	Beta-site amyloid precursor protein cleaving enzyme 1
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	PCR
	Polymerase Chain Reaction
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Figure 1. Fluorescence microscopy (40× magnification) of isolated polymorphonuclear leukocyte (PMN): Spontaneous (left column) and phorbol myristate acetate (PMA)-induced (right column) neutrophil extracellular traps in mild cognitive impairments (MCI) patients. Viable neutrophil nuclear DNA was stained with membrane permeable Hoechst 33342 (blue), and neutrophil extracellular traps (NETs) were visualized by membrane impermeable Propidium Iodide (red) staining extracellular DNA. (A,B) PMN from Healthy Control group at baseline time point; (C,D) PMN from patient of MCI+IHHT group at pre-IHHT baseline time point; and (E,F) PMN from the same patient of MCI+IHHT group one day after the termination of intermittent hypoxia-hyperoxia training (IHHT). 
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Figure 2. Western blot analysis of amyloid precursor protein (APP) forms (APP130 and APP110) and amyloid beta (Aβ) protein expression levels in the platelets collected from Healthy Control (A), MCI+Sham (B), and MCI+IHHT (C) groups at three time points. Beta-actin served as loading control. Representative pictures of Western blots of APP and beta-actin. Abbreviations: Pre (Pre-IHHT baseline); 1 day post (one-day after the end of IHHT sessions); and 1 month post (one-month after the end of IHHT); MCI, mild cognitive impairment; IHHT, intermittent hypoxia-hyperoxia training. 
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Figure 3. Correlation relationships between cognitive function indices and some circulating biomarkers of Alzheimer’s disease in all three groups of patients with mild cognitive impairments at pre-baseline. Left column: (A) Montreal Cognitive Assessment (MoCA) score and amyloid precursor protein (APP) isoforms ratio 130/110 (r = 0.72, p < 0.05), (B) MoCA score and non-stimulated neutrophil extracellular traps (NETns) (r = −0.87, p < 0.01); (C) MoCA score and amyloid beta (Aβ) expression (r = −0.79, p = 0.02). Right column: (D) NETns and long latency cognitive event-related potential P300 (r = 0.90, p < 0.01); (E) NETns and long latency cognitive event-related potential N200 (r = 0.79, p = 0.02), (F) NETns and Aβ expression (r = 0.81, p = 0.03). 
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Table 1. Сognitive functions before and after the three-week sessions of sham training or intermittent hypoxia-hyperoxia training (IHHT).
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	Group
	Healthy Control

(n = 7)
	MCI + Sham

(n = 6)
	MCI + IHHT (n = 8)
	Group Main Effect
	Time Effect

3 Time-Points
	Group × Time Interaction





	MoCA, score
	
	
	
	
	
	



	Pre-
	28.9 ± 1.06
	21.2 ± 2.12 #
	19.6 ±1.59 #
	F = 50.031
	F = 13.207
	F = 5.029



	1-day Post
	29.3 ± 0.75
	20.3 ± 2.1 #
	22.1 ± 1.68 #,*
	P = 0.000
	P = 0.000
	P = 0.03



	1-month Post
	29.4 ± 1.13
	20.0 ± 1.75 #
	21.3 ± 1.57 #
	
	
	



	P300, ms
	
	
	
	
	
	



	Pre-
	319 ± 24.5
	398 ± 27.7 #
	407 ± 29.7 #
	F = 15.233
	F = 5.535
	F = 3.904



	1-day Post
	317 ± 19.5
	396 ± 29.73 #
	391 ± 29.7 #
	P = 0.000
	P = 0.008
	P = 0.01



	1-month Post
	318 ± 22.8
	398 ± 27.97 #
	392 ± 28.4 #
	
	
	



	N200, ms
	
	
	
	
	
	



	Pre-
	239 ± 23.3
	280 ± 21.7 #
	290 ± 21.4 #
	F = 7.285
	F = 11.087
	F = 7.254



	1-day Post
	242 ± 24.3
	284 ± 21.9 #
	273 ± 20.2 #
	P = 0.005
	P = 0.000
	P = 0.000



	1-month Post
	238 ± 26.6
	285 ± 22.4 #
	275 ± 20.1 #
	
	
	







Data are mean ± SD and analyzed with two-way ANOVA with repeated measures. Abbreviations: MoCA: The Montreal Cognitive Assessment; P300 and N200 are components of event-related potentials; Pre: Pre-IHHT baseline; One-day Post: One day after IHHT termination; One-month Post: One-month after IHHT termination. Symbols: # p < 0.05 versus Healthy Control group; * p < 0.05 versus Pre-baseline.













 





Table 2. Neutrophil extracellular traps (NETs) formation in neutrophils culture under three-week sessions of sham training or IHHT.
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	Group
	Healthy Control

(n = 7)
	MCI + Sham

(n = 6)
	MCI + IHHT

(n = 8)
	Group Main Effect
	Time Effect

3 time- points
	Group × Time Interaction





	APP130, relative unit
	
	
	
	
	
	



	Pre-
	1.04 ± 0.05
	0.40 ± 0.07 #
	0.41 ± 0.11 #
	F = 90.897
	F = 5.843
	F = 7.814



	1-day Post
	1.04 ± 0.04
	0.37 ± 0.03 #
	0.65 ± 0.12 #,*,^
	P = 0.000
	P = 0.007
	P = 0.000



	1-month Post
	1.05 ± 0.05
	0.36 ± 0.04 #
	0.58 ± 0.13 #,*,^
	
	
	



	APP110, relative unit
	
	
	
	
	
	



	Pre-
	1.02 ± 0.04
	0.47 ± 0.17 #
	0.56 ± 0.14 #
	F = 83.45
	F = 4.063
	F = 2.137



	1-day Post
	1.02 ± 0.03
	0.49 ± 0.09 #
	0.73 ± 0.14 #,*,^
	P = 0.000
	P = 0.026
	P = 0.098



	1-month Post
	1.05 ± 0.06
	0.48 ± 0.08 #
	0.76 ± 0.11 #,*,^
	
	
	



	APP ratio
	
	
	
	
	
	



	Pre-
	1,01 ± 0.10
	0.82 ± 0.05 #
	0.73 ± 0.09 #
	F = 14.622
	F = 0.857
	F = 1.426



	1-day Post
	1.01 ± 0.11
	0.77 ± 0.13 #
	0.89 ± 0.09 #,*,^
	P = 0.000
	P = 0.435
	P = 0.249



	1-month Post
	1.00 ± 0.11
	0.76 ± 0.06 #
	0.76 ± 0.1 #
	
	
	



	Aβ, relative unit
	
	
	
	
	
	



	Pre-
	1.08 ± 0.1
	2.69 ± 0.35 #
	2.63 ± 0.34 #
	F = 924.103
	F = 1.238
	F = 4.723



	1-day Post
	1.17 ± 0.21
	2.76 ± 0.35 #
	2.24 ± 0.43 #,*,^
	P = 0.000
	P = 0.302
	P = 0.004



	1-month Post
	1.29 ± 0.5
	2.82 ± 0.22 #
	2.08 ± 0.44 #,*,^
	
	
	







Data are mean ± SD and were analyzed with two-way ANOVA with repeated measures. Abbreviations: NETns: Neutrophil extracellular traps without stimulation; NETst: Neutrophil extracellular traps in cells stimulated by phorbol myristate acetate (PMA); Pre: Pre-IHHT baseline; 1-day Post: One day after IHHT termination; 1-month Post: One month after IHHT termination. Symbols: # p < 0.01 versus Healthy Control group; * p < 0.05 versus Pre-baseline; ^ p < 0.05 versus MCI+Sham group.













 





Table 3. Platelets amyloid precursor proteins (APP) and amyloid beta (Aβ) under three-week sessions of sham training or IHHT.
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	Group
	Healthy Control

(n = 7)
	MCI +Sham

(n = 6)
	MCI+ IHHT

(n = 8)
	Group Main Effect
	Time Effect

3 Time-Points
	Group × Time Interaction





	NETns, %
	
	
	
	
	
	



	Pre-
	2.58 ± 2.22
	9.62 ± 4.83 #
	9.47 ± 2.06 #
	F = 119.799
	F = 3.689
	F = 4.170



	1-day Post
	2.05 ± 1.79
	9.22 ± 3.94 #
	4.48 ± 1.09 #,*,^
	P = 0.001
	P = 0.04
	P = 0.011



	1-month Post
	3.02 ± 1.51
	8.25 ± 2.04 #
	4.21 ± 1.28 *,^
	
	
	



	NETst, %
	
	
	
	
	
	



	Pre-
	10.3 ± 4.68
	12.4 ± 6.07
	12.7 ± 6.18
	F = 0.573
	F = 5.316
	F = 0.803



	1-day Post
	7.18 ± 3.04
	10.20 ± 4.86
	8.76 ± 3.34
	P = 0.577
	P = 0.012
	P = 0.534



	1-month Post
	9.18 ± 2.80
	11.16 ± 3.63
	6.11 ± 3.50 *,^
	
	
	







Data are mean ± SD and analyzed with two-way ANOVA with repeated measures. Abbreviations: Pre: Pre-IHHT baseline; One-day Post: One day after IHHT termination; One-month Post: One month after IHHT termination; APP130: Amyloid precursor protein form of 130 kDa; APP110: Amyloid precursor protein form of 110 kDa; Aβ: Amyloid beta peptide of 42 amino acid lengths. Symbols: # p < 0.01 versus Healthy Control group; * p < 0.05 versus Pre-baseline; ^ p < 0.05 versus MCI+Sham group.













 





Table 4. Expression of lncRNA BACE-AS, the fast regulator of beta-site amyloid precursor protein cleaving enzyme (BACE1) under three-week sessions of sham training or IHHT.
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	Group
	Healthy Control

(n = 7)
	MCI + Sham

(n = 6)
	MCI + IHHT

(n = 8)
	Group Main Effect
	Time Effect

3 Time-Points
	Group × Time Interaction





	lncRNA BACE1-AS, relative unit
	
	
	
	
	
	



	Pre-
	13.6 ± 10.8
	92.5 ± 45.5 #
	85.3 ± 55.6 #
	F = 11.708
	F = 1.288
	F = 0.729



	1-day Post
	12.6 ± 5.9
	75.4 ± 57.3 #
	36.8 ± 34.6 *
	P = 0.001
	P = 0.288
	P = 0.075



	1-month Post
	10.6 ± 7.7
	99.3 ± 70.4 #
	45.6 ± 32.8 #
	
	
	







Data are mean ± SD and analyzed with two-way ANOVA with repeated measures. Abbreviations: MCI: mild cognitive impairment; IHHT: intermittent hypoxia-hyperoxia training; Pre: Pre-IHHT baseline; 1-day Post: One day after IHHT termination; 1-month Post: One month after IHHT termination. Symbols: # p < 0.01 versus Healthy Control group; * p < 0.05 versus Pre-baseline.













 





Table 5. Anthropometric characteristics of the participants.
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	Groups
	Gender (Female/Male)
	Age

(Year)
	BMI

(kg/m2)
	SBP

(mmHg)
	DBP

(mmHg)





	Healthy Control (n = 7)
	6/1
	63.0 ± 10.0
	26.5 ± 3.6
	125.8 ± 15.8
	81.0 ± 11.0



	MCI + Sham (n = 6)
	6/0
	72.6 ± 6.9
	26.3 ± 5.5
	135.8 ± 18.6
	81.4 ± 14.0



	MCI+ IHHT (n = 8)
	6/2
	68.2 ± 7.2
	27.7 ± 2.0
	137.3 ± 13.4
	83.7 ± 9.8







Data are presented as mean ± Standard Deviation (SD). Abbreviations: MCI: mild cognitive impairment; IHHT: intermittent hypoxia-hyperoxia training; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure. One-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test were used to evaluate statistical significance of the difference among three groups. No significant difference was found between any pair of the three treatment groups for all reported anthropometric parameters.
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