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Abstract

:

The association between obstructive sleep apnea (OSA) and metabolic disorders is well-established; however, the underlying mechanisms that elucidate this relationship remain incompletely understood. Since the liver is a major organ in the maintenance of metabolic homeostasis, we hypothesize that liver dysfunction plays a crucial role in the pathogenesis of metabolic dysfunction associated with obstructive sleep apnea (OSA). Herein, we explored the underlying mechanisms of this association within the liver. Experiments were performed in male Wistar rats fed with a control or high fat (HF) diet (60% lipid-rich) for 12 weeks. Half of the groups were exposed to chronic intermittent hypoxia (CIH) (30 hypoxic (5% O2) cycles, 8 h/day) that mimics OSA, in the last 15 days. Insulin sensitivity and glucose tolerance were assessed. Liver samples were collected for evaluation of lipid deposition, insulin signaling, glucose homeostasis, hypoxia, oxidative stress, antioxidant defenses, mitochondrial biogenesis and inflammation. Both the CIH and HF diet induced dysmetabolism, a state not aggravated in animals submitted to HF plus CIH. CIH aggravates hepatic lipid deposition in obese animals. Hypoxia-inducible factors levels were altered by these stimuli. CIH decreased the levels of oxidative phosphorylation complexes in both groups and the levels of SOD-1. The HF diet reduced mitochondrial density and hepatic antioxidant capacity. The CIH and HF diet produced alterations in cysteine-related thiols and pro-inflammatory markers. The results obtained suggest that hepatic mitochondrial dysfunction and oxidative stress, leading to inflammation, may be significant factors contributing to the development of dysmetabolism associated with OSA.
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1. Introduction


According to the American Academy of Sleep Medicine, sleep-related breathing disorders are a group of conditions defined by irregularities in respiration during sleep [1]. These diseases are subdivided into four classes: obstructive sleep apnea syndromes, sleep-related hypoventilation disorders, central apnea syndromes, and sleep-related hypoxemia disorder [2]. Obstructive sleep apnea (OSA) is the most common sleep-related breathing disorder, affecting nearly 1 billion adults aged 30–69 that were mostly men.



OSA is characterized by repetitive episodes of reduction (hypoapnea) or complete (apnea) cessation of the airflow due to the collapse of the pharyngeal airway during sleep [1]. These events promote a decrease in oxygen saturation and hypercapnia, which stimulate chemoreceptors and activate the sympathetic nervous system (SNS) to restore oxygen levels [3,4]. Chronic intermittent hypoxia (CIH) is the result of these constant apnea-hypoapnea cycles, and the continued respiratory-related arousals result in sleep fragmentation (SF) [4].



Over the years, the link between OSA and its associated comorbidities—cardiovascular disease, metabolic disorders, neurological and pulmonary diseases—has been studied to understand the pathophysiological mechanisms behind these relations and to develop new forms of treatment. OSA, in particular CIH and SF, have been correlated with different metabolic disorders, including obesity, metabolic syndrome (MetS) and type 2 diabetes (T2D) [5,6]. The association between OSA and dysmetabolism have been demonstrated in different clinical and epidemiological studies. MetS is extremely prevalent in OSA patients, with a reported variable rate of up to 80% [7]. Recently, it was demonstrated that at least 50% of T2D patients also have OSA, this disorder also being extremely prevalent in obese patients [8]. Nevertheless, this association was also observed in non-obese patients, highlighting that this relationship is independent of obesity [8]. Moreover, the severity of OSA positively correlate with the degree of insulin resistance and glucose intolerance, two pathological conditions that increase the risk of developing T2D [6,8]; therefore, OSA is considered an independent risk factor for T2D [6,8]. Also, there is a bidirectional relationship between these two disorders, with T2D being a risk factor for developing OSA [5]. Taken together, there is a clear association between the CIH and SF present in OSA and MetS and its core components; however, the mechanistic alterations connecting these disorders remain to be proven [5,7,9]. Another MetS-related disorder is NAFLD, which is the most prevalent chronic liver disease affecting approximately 30% of the adult population, being more prevalent in men [10,11]. Other factors that influence the prevalence of this disorder include age and the presence of other pathologies such as OSA [12].



At a molecular level, different pathophysiological mechanisms were proposed to explain the link CIH–dysmetabolism [5,13,14,15], including increased sympathetic activation, dysregulation of the hypothalamus–pituitary axis, alterations in adipokine levels’ increase in mitochondrial dysfunction, oxidative stress and reactive oxygen species (ROS) production, inflammation, and expression of genes involved in lipogenesis, among others [6]. Recently, we investigated whether adipose tissue dysfunction could be the main trigger of metabolic dysfunction in CIH; however, we found that CIH induced early-stage metabolic dysfunction, characterized by hyperinsulinemia and whole-body insulin resistance and without alterations in weight gain, in adipocytes’ perimeter, and in adipose tissue hypoxia, angiogenesis, oxidative stress, and metabolism [16].



As the liver plays a significant role in maintaining metabolic homeostasis, herein we hypothesized that liver dysfunction is a crucial factor in the pathogenesis of metabolic dysfunction associated with OSA. We further explored the underlying mechanisms of this association within the liver. We observed, as previously described, that CIH promotes the development of insulin resistance and glucose intolerance in control and high-fat fed animals, strengthening the already established link between OSA and dysmetabolism. Additionally, we demonstrated that CIH impacts the liver by increasing lipid deposition and inflammation and by decreasing the levels of oxidate phosphorylation complexes (OXPHOS), without changing the high-fat diet-induced alterations on hepatic mitochondrial density and antioxidant status.



Altogether, these results confirm the link between OSA and dysmetabolism, suggesting that mitochondrial dysfunction and oxidative stress, along with the consequent onset of inflammation, might be key factors that contribute to the development of this CIH-induced dysmetabolic phenotype.




2. Materials and Methods


2.1. Animals and In Vivo Procedures


Experiments were performed in male Wistar rats, aged 12 weeks, and obtained from the vivarium of the Faculty of Medicine of the University of Valladolid, Spain. The animals were randomly divided into two groups: a control group of 16 animals (CTL), fed with a standard control diet—3.8 kcal/g with 10% kcal as fat (D12450B; Open Source Diets)—and an obese group of 14 animals (HF), fed with a high-fat diet (HF diet)—5.2 kcal/g with 60% kcal as fat (D12492; Open Source Diets)—for 12 weeks. During the experimental period, the animals had food and water ad libitum and were kept under temperature and humidity control, with a regular light (08:00–20:00 h) and dark (20:00–08:00 h) cycle. In the last 2 weeks of the diet, half of the animals from each group were submitted to a CIH protocol (Figure 1). For that, animals were housed hermetically shielding in transparent methacrylate chambers (16 L, a maximum of four rats per chamber), with ad libitum access to food and water, as previously described by Gonzalez-Martín et al. [17]. The CIH protocol consisted of 30 cycles/h each cycle with an exposure for 40 s to 5% O2, followed by an exposure for 80 s to air, for 8 h per day (apnoea-hypopnoea index of 30). During the CIH protocol, the remaining animals, either from the control or obese group, were kept in the same room but were only exposed to a normal air atmosphere. Note that the PaO2 in animals during each cycle of 5% O2 drops to approximately 20 mmHg without changes in PaCO2. Also, note that the drop in PaO2 or the PaCO2 does not change at the beginning of the CIH treatment and after 15 days of CIH. After the total 12 weeks of the experimental period, an intraperitoneal glucose tolerance test was performed as previously described [18], and blood was collected for assessment of insulin sensitivity through the homeostasis model assessment (HOMA-IR) index. Animals were sacrificed by an intracardiac overdose of sodium pentobarbital, and the liver was immediately collected and placed in liquid nitrogen or in a 4% paraformaldehyde (PFA) solution. Samples were stored at −80 °C or at 4 °C, respectively, for posterior use.



Laboratory care was carried out following the European Union Directive for Protection of Vertebrates Used for Experimental and Other Scientific Ends (2010/63/EU). Experimental protocols were approved by the NOVA Medical School, Faculdade de Ciências Médicas and Valladolid University Ethics Committee.




2.2. Assessment of the Levels of Key Proteins Involved in Insulin Signaling, Glucose Metabolism, Mitochondrial Biogenesis, Antioxidant System, and Inflammation Pathways


Liver tissue was homogenized in a lysis buffer containing a protease inhibitor cocktail, as previously described [19]. Samples containing 20 μg of total protein were denatured in a dry bath for 5 min at 99 °C for all proteins, except for oxidative phosphorylation complexes’ (OXPHOS) analysis, and were denatured for 10 min at 50 °C. Afterwards, samples were separated by SDS-PAGE (10%) and transferred to a nitrocellulose membrane, as previously described [18]. After blocking in 5% non-fat milk in Tris-buffered saline with a 0.1% Tween (TBS-T 0.1%) solution for 1.5 h at room temperature, the membranes were incubated overnight at 4 °C with the following primary antibodies: HIF-1α (1:200, Sicgen, Cantanhede, Portugal), HIF-2α (1:200 Abcam, Cambridge, UK), insulin receptor (IR; 1:100, Santa Cruz Biotechnology, Madrid, Spain), protein kinase B (Akt) (1:1000, Cell Signaling Technologies, Madrid, Spain), insulin degrading enzyme (IDE) (1:1000, Abcam, Cambridge, UK), glucose transporter type 2 (Glut2) (1:500, Santa Cruz Biotechnology, Madrid, Spain), OXPHOS (1:500, MitoSciences, Eugene, OR, USA), superoxide dismutase 1 (SOD-1) (1:500, Santa Cruz Biotechnology, Madrid, Spain), catalase (1:500, SicGen, Cantanhede, Portugal), arginase I (1:500, Santa Cruz Biotechnology, Madrid, Spain), interleukin 6 receptor (IL6R) (1:200, Santa Cruz Biotechnology, Madrid, Spain), interleukin 1 receptor (IL1R) (1:100, Santa Cruz Biotechnology, Madrid, Spain), tumor necrosis factor alfa receptor (TNF- αR) (1:200, Santa Cruz Biotechnology, Madrid, Spain), tumor necrosis factor alfa (TNF- α) (1:1000, SicGen, Cantanhede, Portugal), and nuclear factor kappa beta (NF-kB) (1:500, Cell Signaling Technologies, Madrid, Spain). After washing with TBS-T 0.1%, membranes were incubated with goat anti-mouse (1:1000, Bio-Rad, Madrid, Spain), goat anti-rabbit (1:1000, Bio-Rad, Madrid, Spain), or mouse anti-goat (1:2000, Santa Cruz Biotechnology, Dallas, TX, USA) for 1.5 h at room temperature.



Membranes were then developed with enhanced chemiluminescence reagents according to the manufacturer’s instructions (Clarity Western ECL Substrate, BioRad, Madrid, Spain). The intensity of the signals was detected in a Chemidoc Molecular Imager (Chemidoc, BioRad, Madrid, Spain) and quantified using the Image Lab software version 6.1 (Bio-Rad, Hercules, CA, USA). The membranes were re-probed and tested to calnexin (1:1000, SicGen, Cantanhede, Portugal) or β-actin (1:1000, SicGen, Cantanhede, Portugal) to compare and normalize the protein expression with the amount of protein loaded. The mean intensity of control samples in each membrane was used as reference for controlling gel-to-gel variation.




2.3. Histological Analysis of Lipid Deposition and Immunohistochemistry Analysis of Hypoxia Markers, Mitochondrial Density, and Inflammation in the Liver Tissue


Liver tissue previously fixed in PFA 4% was dehydrated and embedded into paraffin. The paraffin tissue blocks were then cut into longitudinal sections of 8–10 µm thickness and transferred to slides either to perform the hematoxylin & eosin (H&E) staining protocol, for histological analysis of lipid deposition, or to evaluate by fluorescent immunohistochemistry the levels of HIF-1α, HIF-2α, F4/80 (a macrophage marker), and Mitotracker (a mitochondrial density marker).



For the histological analysis, the stained slices were visualized in a Widefield Fluorescence Microscope Zeiss Z2 for the evaluation of fat deposition.



For the immunohistochemistry protocol, the slides underwent a deparaffinization protocol and were rehydrated with ethanol and distilled water. After removing the paraffin from the slides, antigen retrieval was carried out using 0.1 M citrate buffer (pH = 6.0) for 20 min, followed by 10 min in 0.1 M glycine and 15 min of permeabilization with washing buffer (1% PBS, 0.1% Triton). Blockage of unspecific bounds was performed using a 5% Bovine Serum Albumin (BSA) in washing buffer solution for 2 h for the Mitotracker assay or a 1% BSA, 1% goat serum in washing buffer solution for the evaluation of HIF-1α and HIF-2α levels.



To evaluate HIF-1α, HIF-2α levels and F4/80, the slides were incubated overnight, at 4 °C, with the primary antibody goat anti-HIF-1α (1:100, SicGen, Cantanhede, Portugal), mouse anti-HIF- 2α (1:100, Abcam, Cambridge, UK), and mouse anti-F4/80 (1:500, SantaCruz Biotechnology, Heidelberg, Germany). After washing, the slices were incubated with secondary antibody donkey anti-goat Alexa Fluor 546 (1:5000, Abcam, Cambridge, UK) for HIF-1α, goat anti—mouse Alexa Fluor 550 (1:5000, Abcam, Cambridge, UK) for HIF-2α and donkey anti-mouse Alexa 488 (1:4000, Invitrogen, Porto Salvo, Portugal) together with 4′,6-dia-midino-2-phenylindole (DAPI) (1 mg/mL), a nuclear cell marker at room temperature protected from light. After washing, slides were mounted with coverslips and Vectashield mounting medium.



To assess the mitochondrial density, slides were incubated with Mitotracker solution (InvitrogenTM, Carlsbad, CA, USA), along with DAPI (1 mg/mL). The slides were then washed and mounted as previously described.



Negative controls were similarly incubated but in the absence of each primary antibody. The sections were visualized under the microscope (Widefield Fluorescence Microscope, Zeiss, Z2, Madrid, Spain), and the fluorescence intensity of each slide was measured using ImageJ software (https://imagej.net/software/fiji/) [20] and used to calculate the relative intensity for the area per number of nuclei determined by DAPI staining.




2.4. Assessment of Mitochondrial Complexes’ Enzymatic Activity


The mitochondria-rich fraction was isolated from liver tissue homogenates. In brief, using a glass-Teflon Potter Elvejhem 100 mg of liver tissue was homogenized in ice-cold potassium buffer (100 mM KH2PO4, 5 mM EDTA, pH = 7.4). The homogenate was transferred to an Eppendorf, combined with an isolation buffer (250 mM Sucrose, 10 mM HEPES, pH = 7.2) in a 1:1 ratio and centrifuged. The supernatant was collected and again centrifuged at 12,000× g for 15 min at 4 °C. Lastly, the final supernatant, the mitochondria-free cytosolic fraction, was collected and stored at −20 °C for further analysis. The pellet, corresponding to the mitochondria-rich fraction, was resuspended in an appropriate buffer (100 mM Sucrose, 100 mM KCl, 2 mM KH2PO4, 10 mM EDTA, pH = 7.4). The respective protein concentration was measured using the PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific; Waltham, MA, USA). The mitochondria-rich fraction (10 µg of protein) was then used to assess the activity of mitochondrial respiratory complexes I and II and the citrate synthase activity.



The citrate synthase activity was evaluated according to the protocol by Crisóstomo et al. [21], with a few minor modifications for liver tissue.



The assessment of complexes I and II activities was also based on the described protocol [21], with some modifications. Briefly, for assessing complex I activity by measuring the rate of NADH oxidation, the mitochondria-rich fraction was added to a reaction mix of a potassium phosphate buffer (25 mM KH2PO4, 5 mM MgCl2, pH = 7.5) supplemented with inhibitors for complex IV (0.98 mM KCN) and III (3.90 μM antimycin A); 0.19 mM decylubiquinone, an analogue of ubiquinone; and with or without 9.8 μM of rotenone, a specific inhibitor of complex I. The reaction was initiated by the addition of a 5 mM NADH solution to the mix, and the respective decrease in NADH fluorescence intensity was measured at 450 nm (λex = 366 nm) in 30 s intervals for 20 min. Complex I activity was determined by calculating the rate of NADH oxidation in the presence or absence of rotenone and expressed as relative fluorescence units (RFU), per minute and per milligram of protein. To evaluate complex II activity, the reduction rate of 2,6-dichlorophenolindo-phenol (DCPIP) was spectrophotometrically determined (ε = 20.7 mM−1·cm−1). The mitochondria-rich fraction was added to a potassium phosphate buffer (25 mM KH2PO4, pH = 7.5), supplemented with 0.98 mM KCN, 3.90 μM antimycin A, 9.8 μM rotenone, 0.19 mM decylubiquinone, and with or without 9.8 mM of oxaloacetate (complex II inhibitor). The reaction was initiated by adding a 100 mM succinate solution, and the time-dependent decrease in absorbance intensity at 600 nm was measured in 30 s intervals for 20 min. The difference in the DCIP reduction rate in the presence or absence of oxaloacetate was used to gauge complex II activity, expressed as a concentration of reduced DCPIP, per minute and per milligram of protein.




2.5. Determination of Intracellular ROS Content, Lipid Peroxidation, and Antioxidant Capacity of Liver Tissue


To determine the ROS levels in the liver tissue, the fluorogenic dye CM-H2DCFDA (C6827, InvitrogenTM, Carlsbad, CA, USA) was used. Briefly, 100 mg of tissue was macerated in ice-cold Tris-HCl buffer (40 mM, pH = 7.5). The homogenates were centrifuged to remove cell debris, and the supernatants were collected. Afterwards, supernatants were incubated with 10 μM CM-H2DCFDA solution for 40 min, at 37 °C, and protected from the light. Also, supernatants samples were incubated with Tris-HCl under the same conditions, as a control of the tissue autofluorescence. After, the fluorescence intensity of the samples and blanks was measured (λex = 495 nm and λem = 529 nm) using a SynergyTM H1 multi-mode microplate reader (Agilent, Santa Clara, CA, USA). Each sample was measured in duplicate, and the results are expressed as fluorescence intensity/mg protein. The protein concentration was previously assessed using PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific; Waltham, MA, USA).



For the quantification of the lipid peroxide levels, the liver was homogenized in 20 mM Tris-HCl Buffer (pH 7.4; 0.2 w/v) and treated with 10 μL/mL of 0.5 M butylated hydroxytoluene in acetonitrile to prevent oxidation. LPO levels were determined in supernatant immediately after homogenization using a commercial kit and following the supplier’s instructions (Bioxytech LPO-586 kit; Oxis Health Products, Portland, OR, USA). In this assay, malonaldehyde and 4-hydroxyalkenals react with a chromogen reagent at a low temperature, yielding a stable chromophore (peak absorbance at 586 nm) and providing a reliable index of lipid peroxidation [18].



Antioxidant capacity of the liver tissue was assessed using the ferric reducing-antioxidant power (FRAP) assay that measures the tissue capability to reduce iron (III) to the ferrous form iron (II) in an acid medium. The colorimetric method was carried out using a modified method of Benzie & Strain [22]. Briefly, tissue homogenates were prepared as stated previously for ROS content determination. Subsequently, FRAP reagent, a combination of acetate buffer of 300 mM, pH = 3.6, 2,4,6-tripyridyl-s-triazine (TPTZ) 10 mM, and FeCl3·6 H2O 20 mM solutions in a 10:1:1 ratio, was used, and the reduction in the Fe3+–TPTZ complex to Fe2+–TPTZ (blue-colored complex) was measured, by monitoring the alterations in absorbance at 595 nm. The differences in the absorbance of the samples were then used to calculate the antioxidant potential values expressed as mmol of antioxidant potential/mg protein.



The antioxidant ability of liver tissue was also measured by assessing the cysteine-related thiolome of liver tissue through the quantification of the total and free total fractions of cysteine (Cys), cysteine-glycine (CysGly), and glutathione (GSH) with high-pressure liquid chromatography (HPLC) with fluorescence detection, as previously described by Correia et al. [23]. Also, the protein-bound fraction of each moiety was calculated by subtracting the total free fraction from the total fraction.



Briefly, l50 mg of liver tissue was sonicated in ice-cold phosphate buffer saline 1× (PBS1×) at 50% intensity for 10 s. Samples were centrifuged, and supernatant was collected for total and free total fractions measurements. To collect the total fraction, primarily, the sulfhydryl groups were reduced with Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) solution (100 g/L, Sigma Aldrich, St. Louis, MO, USA). For protein precipitation, the samples were treated with a Trichloroacetic acid (TCA) solution (100 g/L, Carl Roth, Germany), containing 1 mM Ethylenediaminetetraacetic acid (EDTA), (Sigma Aldrich, St. Louis, MO, USA), vortexed, and centrifuged (13,000× g, 10 min, at 4 °C). Finally, the sulfhydryl groups were derivatized by transferring the final supernatant to 1.55 M NaOH and Na2B4O7·10H2O (125 mM with 4 mM EDTA, pH 9.5, VWR, Radnor, PA, USA) solutions, and incubated with 7-Fluoroben- zofurazan-4-sulfonic acid ammonium salt (SBD-F) solution (1 g/L, Sigma Aldrich, St. Louis, MO, USA) for 1 h, at 60 °C, and protected from the light. For the total free fraction, the samples were first submitted to the protein precipitation protocol as described above. Subsequently, the resulting supernatant was collected and incubated with the TCEP solution in the same conditions described for the total fraction. Following this incubation, the same derivatization protocol was performed.



To separate the different thiol groups, a reversed-Phase C18 LiChroCART 250-4 column (LiChrospher 100 RP-18, 5 μm, VWR, Radnor, PA, USA) was used, in a column oven at 29 °C on the isocratic elution mode for 20 min, at a flow rate of 0.8 mL/min. The mobile phase was constituted by a 100 mM acetate buffer (pH 4.5) and methanol (99:1 (v/v)). The RF 10AXL fluorescence detector was used for the detection, setting the excitation and emission wavelengths to 385 and 515 nm, respectively.




2.6. Statistical Analysis


Data were evaluated using GraphPad Prism Software 8.1.1 (GraphPad Software Inc., San Diego, CA, USA) and presented as mean values with SEM. Data were excluded from data set based on setting the lower limit to three standard deviations below the mean (μ − 3 × σ) and the upper limit to three standard deviations above the mean (μ + 3 × σ). Any data point falling outside this range was excluded from the data set. The significance of the differences was calculated by Two-way Analysis of Variance (ANOVA) with Bonferroni and/or Sidak’s multiple comparison test. Differences were considered significant at p ≤ 0.05.





3. Results


3.1. Impact of Chronic Intermittent Hypoxia on Metabolic Parameters


As expected, and as previously described [16,18], the CIH and HF diet promoted alterations in whole-body insulin sensitivity and glucose tolerance, and were herein evaluated through the HOMA-IR index (Figure 2A) and ipGTT (Figure 2B), respectively. The HF-diet-fed animals exhibited increased insulin resistance by 205.4% (HOMA-IR CTL = 6.2 ± 0.91; HF = 18.9 ± 1.92) (Figure 2A). Exposure to the CIH protocol increased insulin resistance by 94.7% in controls (CTL = 6.2 ± 0.91; CIH = 12.0 ± 1.65) and by 130.2% in HF animals (CTL = 6.2 ± 0.91; HFIH = 14.2 ± 2.37) compared to the CTL group. Also, HF diet promoted a slight increase in fasting glycemia (CTL = 122.8 ± 13.90 mg/dL; HF = 134.9 ± 21.73 mg/dL) although not statistically significant, CIH did not change this parameter in both control and obese groups. From the glucose excursion curves and from the AUC values (Figure 2B,C), it is clear that the HF diet increased glucose intolerance as the AUC of the glucose excursion curves increased significantly by 114.3% in comparison to the CTL group (CTL = 21,285 ± 2823 mg dL−1 min; HF = 45,611 ± 3906 mg dL−1 min) (Figure 2B,C). CIH increased glucose intolerance in both controls and obese animals, promoting an increase in the AUC values of 40.7% (p-value = 0.43) and of 138.8%, respectively (CTL = 21,285 ± 2823 mg dL−1 min; CIH = 29,939 mg dL−1 min; HFIH = 50,831 ± 5046 mg dL−1 min) (Figure 2B,C).



Figure 2D shows the effect of CIH and of HF diet on lipid deposition and tissue morphology assessed through the staining of H&E staining. It is clear from the analysis of the figure that CIH itself did not alter lipid deposition and tissue morphology in comparison with control animals. Furthermore, and as expected, the animals fed with a HF diet exhibited an increased number of lipid droplets in the liver, an effect that was exacerbated in obese animals submitted to CIH (Figure 2D).



In conclusion, the CIH and HF diet induce a dysmetabolic state characterized by insulin resistance and glucose intolerance.




3.2. Effects of Chronic Intermittent Hypoxia on Hypoxia Markers


The effects of the CIH and HF diet on the levels of two hypoxic markers, HIF-1α and HIF-2α, respectively, are displayed in Figure 3. CIH increased by 33% in the levels of HIF-1α in the liver. However, the HF diet combined with CIH significantly decreased HIF-1α levels when compared to CIH alone (CIH = 132.88 ± 6.36%, HFIH = 94.16 ± 6.21%, p < 0.05). Moreover, HF diet decreased by 29% HIF-2α levels in the liver, an effect not altered when the HF diet is combined with the CIH (HFIH group). Representative immunohistochemistry images of each hypoxia marker are shown in panels C and F and the corresponding fluorescence intensity quantifications are represented in panels B and E. HF diet consumption did not change the levels of HIF-1α in the liver (Figure 3B). CIH significantly increased HIF-1α levels in CTL animals by 22.2% (CTL = 35.6 ± 2.50%, CIH = 57.5 ± 1.80%, p < 0.001). HFIH animals showed a significant decrease in HIF-1α levels when compared to CIH group (CIH = 57.5 ± 1.80%, HFIH = 24.7 ± 2.81%; p < 0.0001). In contrast, regarding HIF-2α levels, 12 weeks of HF diet promoted a decrease of 9.4% (CTL = 41.7 ± 1.95%, HF = 32.3 ± 1.50%, p < 0.01). CIH did not alter the levels of HIF-2α in CTL animals; however, when HF is combined with CIH, we have shown a significant decrease in HIF-2α levels when compared to CIH alone (CIH = 46.7 ± 2.04%, HFIH = 24.9 ± 4.59%, p < 0.001). In conclusion, the CIH and HF diet applied alone differently affect the levels of HIF-1α and HIF-2α, but when the CIH and HF diet were applied together, it seems that the HF diet blunts the effect of CIH on increasing HIF-1α in the liver.




3.3. Effects of Chronic Intermittent Hypoxia on the Levels of Proteins Involved in Insulin Signalling and Glucose Uptake in the Liver


The HF diet promoted a significant increase in IR levels by 58.67% (CTL = 100 ± 6.28%, HF = 158.7 ± 23.42%, p < 0.05), whereas CIH exposure did not alter the levels of the receptor in both groups (Figure 4A). AKT levels, a downstream protein activated after insulin binding to its receptor, and a protein with a central role in the regulation of hepatic glucose and lipid metabolism [24], was not changed, either with the CIH or HF diet (Figure 4B). One important pathway for the control of plasma insulin levels and, consequently, insulin sensitivity, is insulin clearance. Therefore, we evaluated the levels of IDE, the principal enzyme responsible for insulin clearance. IDE levels did not change with the CIH or HF diet (Figure 4C). Glut2 levels, the main glucose transporter in liver tissue (Figure 4D) [25], were significantly increased by CIH in 78.1% (CTL = 100 ± 4.01%, CIH = 178 ± 32.53%, p < 0.05), while HF did not change Glut2 levels in control or CIH conditions. In conclusion, the whole body dysmetabolism in the HF diet and CIH animals is associated, respectively, with increased levels of the insulin receptor and of Glut2 in the liver.




3.4. Effects of Chronic Intermittent Hypoxia on Mitochondrial Biogenesis and Activity


We have examined the impact of CIH and/or HF diet on liver mitochondrial density, as represented in Figure 5A,B by Mitotracker labelling and correspondent fluorescent intensity quantification. HF animals exhibited a significant decrease of 12.8% (CTL = 37.7 ± 2.34%, HF = 24.9 ± 0.84%, p < 0.05) in mitochondrial density. CIH did not alter mitochondrial density in CTL but restored the decrease promoted by the HF diet to CTL values (HF = 24.9 ± 0.84%, HFIH = 38.3 ± 4.44%, p < 0.05).



To assess mitochondrial function, the levels of OXPHOS complexes were measured and represented in Figure 5C. The HF diet significantly increased complex I levels by 105.7% (CTL = 100 ± 13.56, HF = 205.7 ± 22.79%, p < 0.01). There was also a tendency to an increase in complexes II and IV levels promoted by the HF diet. CIH significantly decreased the levels of OXPHOS complexes I, II, IV, and V by 61.33% (CTL = 100 ± 13.56%, CIH = 38.7 ± 12.04%, p < 0.05), 60.8% (CTL = 100 ± 17.67%, CIH = 39.3 ± 10.49%, p < 0.05), 59.4% (CTL = 100 ± 12.46%, CIH = 40.6 ± 11.25%, p < 0.05), and 64.0% (CTL = 100 ± 13.68%, CIH = 36.0 ± 7.96%, p < 0.01) in CTL animals. CIH also significantly decreased by 132.9% (HF = 205.7 ± 22.79%, HFIH = 72.8 ± 6.55%, p < 0.001), 104.9% (HF = 151.2 ± 25.14%, HFIH = 46.2 ± 4.95%, p < 0.01), and 41.2% (HF = 67.9 ± 8.66%, HFIH = 26.7 ± 8.19%, p < 0.05) the levels of mitochondrial complexes I, II and III, respectively, in HF conditions, with a tendency to decrease mitochondrial complexes IV by 58.2% (HF = 123.7 ± 34.68%, HFIH = 65.5 ± 8.90%) and V by 70.2% (HF = 105.6 ± 34.95%, HFIH = 35.4 ± 9.16%) in the HF animals (Figure 5C).



In Figure 5D,F, the citrate synthase, mitochondrial complex I, and mitochondrial complex II activities are represented. The citrate synthase activity was used to normalize the enzymatic activity of complexes I and II with the aim to rule out reputed alterations due to different mitochondrial content between the lysates from each group [26].



No differences were observed in citrate synthase activity (Figure 5D). CIH promoted an increase in the enzymatic activity of mitochondrial complexes I in 142.4% (CTL = 2.0 × 105 ± 6.41 × 104 RFU, CIH = 1.9 × 106 ± 8.40 × 105 RFU) (Figure 5E) and the mitochondrial complex II by 149.9% (CTL = 1130 ± 318.4, CIH = 2823 ± 1063 μM DCIP) (Figure 5E,F). Both HF and HFIH groups did not show any alterations in the activity of both complexes comparing to the CTL group. In conclusion, we show that the CIH and HF diet are associated with mitochondrial dysfunction.




3.5. Effects of Chronic Intermittent Hypoxia on ROS Levels and on Antioxidant Capacity


The labelling with CM-H2DCFDA was carried out to measure the quantity of ROS in liver tissue, as represented in Figure 6A. CIH promoted an elevation by 31.1% on hepatic ROS levels when comparing to CTL animals (CTL = 2878 ± 365.6, CIH = 3773 ± 264.0, p < 0.01), an effect reverted when HF diet is also present (HFIH = 2131 ± 88.61). HF diet itself promoted a significant decrease by 52.02% (CTL = 2878 ± 365.6, HF = 1381 ± 86.11, p < 0.01), on hepatic ROS levels.



We also evaluated hepatic antioxidant capacity by the FRAP assay (Figure 6B) and by measuring the levels of catalase (Figure 6C), SOD-1 (Figure 6D), and cysteine-related thiolome (Figure 6E–G). In the FRAP assay, we have shown that HF diet decreased the overall antioxidant capacity significantly by 22.5% (CTL = 16.5 ± 1.20, HF = 12.8 ± 1.01, p < 0.05). CIH did not modify the antioxidant capacity, either in controls or in HF animals (CIH = 17.1 ± 0.70, HFIH = 13.5 ± 1.02) (Figure 6B).



The levels of lipid peroxidation given by the index of LPO in liver tissue were increased by the HF diet by 104% (CTL = 28.3 ± 0.62, HF = 58.0 ± 7.3, p < 0.05) without significant alterations when animals were submitted to CIH in the presence or absence of the HF diet (Figure 6C).



The levels of catalase (Figure 6D) were tendentially increased in response to HF diet (CTL = 100 ± 4.27%, HF = 147.6 ± 22.99%, p = 0.06), however without reaching statistical significance. CIH did not modify catalase levels, either in controls or in HF animals. In relation to SOD-1, both the CIH and HF diet induced a reduction by 62.5% and 30.4%, respectively (CTL = 100 ± 5.15%, CIH = 37.5 ± 10.79, p < 0.001, HF = 69.6 ± 10.20%, p < 0.05), an effect completely abolished in the HFIH animals (HFIH = 76.3 ± 9.77%) (Figure 6E).



When analyzing cysteine-related thiolome (Figure 6F–H), we have found that CIH produced a slight decrease in all Cys fractions (Figure 6F) in CTL animals. The HF diet induced a decrease in Cys levels in all fractions, namely by 30% (CTL= 5.6 ± 0.79 μM/mg tissue, HF = 3.9 ± 0.21 μM/mg tissue; p- value = 0.060) in the total fraction (left panel, Figure 6E), by 27% (CTL = 4.8 ± 0.56 μM/mg tissue, HF = 3.1 ± 0.17 μM/mg tissue; p-value = 0.059) in the free total fraction (middle panel, Figure 6F), and by 53% (CTL = 0.82 ± 0.16 μM/mg tissue, HF = 0.38 ± 0.09 μM/mg tissue; p-value = 0.044) in the protein-bound fraction (right panel, Figure 6F). The alterations in all Cys fractions in the HF diet group were not observed when combined with CIH.



Regarding total and free total fractions of CysGly (Figure 6G, left and middle panels) we have shown a 15% decrease promoted by the HF diet (CTL = 0.1 ± 0.003 μM/mg tissue, HF = 0.09 ± 0.003 μM/mg tissue, p < 0.01) and 26.1% (CTL = 0.038 ± 0.003 μM/mg tissue, HF = 0.028 ± 0.002 μM/mg tissue, p < 0.05), respectively. This effect is not altered by CIH in all CysGly fractions. In the protein-bound CysGly fraction (Figure 6G right panel), there were no alterations between the four groups. Finally, for GSH levels (Figure 6H) in CTL animals submitted to CIH, we have found a tendency for an increase in this thiol in all fractions, although without statistical significance. The HF diet in both CTL and CIH conditions did not alter GSH fractions (Figure 6H). Altogether, we can state that the whole-body dysmetabolism induced by CIH and HF diet are associated with an oxidative status in the liver.




3.6. Effects of Chronic Intermittent Hypoxia on Inflammatory Markers


We evaluated the effect of the CIH and HF diet on arginase I, NF-κB, IL-6R, IL-1R, TNF-α, and TNF-αR protein levels (Figure 7). Neither the CIH nor HF diet altered the levels of arginase I (Figure 7A), NF-κB (Figure 7B), and IL-6R (Figure 7C).



IL-1R (Figure 7D) was significantly increased in CTL animals exposed to hypoxia by 22.33% (CTL = 100 ± 3.80%, CIH = 122.3 ± 8.60%, p < 0.05). The HF diet promoted an increase in IL-1R by 32.7% (CTL = 100 ± 3.80%, HF = 132.7 ± 7.69%, p < 0.01).



Exposure to intermittent hypoxia in HF animals did not change IL-1R levels above the levels increased by the HF diet. The HF diet significantly increased the levels of TNF-α (Figure 7E) by 45.2% (CTL = 100 ± 7.19%, HF = 145.2 ± 13.81%, p < 0.05), an effect maintained when animals are also submitted to CIH (CIH = 87.8 ± 9.33%, HFIH = 141.1 ± 17.57%, p < 0.05). Finally, only the HF diet combined with CIH promoted a significant increase in TNF-αR levels (Figure 7F) by 35.7% (CTL = 100 ± 3.58%, HFIH = 135.7 ± 12.95%, p < 0.05) without any alterations in the other groups studied. Moreover, we evaluated F4/80 staining (Figure 7G,H), a marker for macrophages, within the liver and observed that CIH significantly increases the staining of this protein in control- and HF-diet-fed animals by 64.5% and 60.8%, concluding that whole body metabolic dysfunction in CIH is associated with hepatic inflammation.





4. Discussion


In this study, we have demonstrated that: (1) The CIH and HF diet induce insulin resistance and glucose intolerance, aggravates lipid deposition in the liver tissue, and affects HIF-1α and HIF-2α levels in the liver differently; (2) the CIH and HF diet alter mitochondrial bioenergetics, with the intake of the HF diet decreasing the mitochondrial density in the liver tissue and CIH leading to a decrease in all OXPHOS complex levels in both CTL and HF animals, increasing the enzymatic activity of complexes I and II in the CTL animals; (3) on the one hand, the HF diet decreased the levels of ROS in liver tissue, decreased the overall liver tissue antioxidant capacity, increased hepatic lipid peroxidation, and decreased both Cys (GSH precursor) and CysGly (GSH catabolic product) without changing GSH levels independently of CIH; on the other hand, CIH decreased the levels of SOD-1 and alters in different ways the levels of cysteine-related thiols in the liver; (4) CIH increased the inflammation in CTL and HF rats. As a whole, we demonstrate that mitochondrial dysfunction, oxidative stress, and inflammation are involved in the genesis of CIH-induced dysmetabolism.



As expected, the insulin signaling and the glycemic control, measured in vivo by the HOMA-IR and the ipGTT test, is impacted by both the CIH and HF diets [16]. As previously observed, the HF feeding protocol caused an increase in body weight [16,18]. Also, as previously reported, the CIH protocol herein used was also effective in altering glucose homeostasis, promoting both insulin resistance and glucose intolerance [18,26]. The exposure to CIH induced a systemic state of insulin resistance, as shown by an increase in the HOMA-IR index (Figure 2A). This is in accordance with the results obtained previously in both animal [18], and human studies [27,28]. In the HF group, we also observed insulin resistance and glucose intolerance, as previously reported in many studies. Interestingly, we found that 2 weeks of CIH exposure in animals submitted to the HF diet (HFIH group) did not exacerbate the dysmetabolic state. Several factors can contribute to this absence of exacerbation, including: the short period of exposure to CIH (only 2 weeks); the increase in lipid metabolism induced by CIH and the consequent decrease in adipocyte size, reformulation of adipose tissue function, and consequent compensatory improvement in insulin sensitivity, as demonstrated by Martins et al. [16]; or even a possible balance between hypoxia, angiogenesis, and inflammation. It is consensual that high-fat diet promotes hypoxia and inflammation; however, it is also known that hypoxia activates angiogenesis [29]. Knowing that in adipose tissue, increased angiogenesis attenuates the negative effects of hypoxia (for a review, see [30]) and that tumor hypoxia is alleviated by vascular normalization (for a review, see [31]), we can postulate that activated hepatic angiogenesis in HF-diet-fed animals may prevent the exacerbation of dysmetabolic states with 2 weeks of CIH.



We also evaluated Glut2, the main hepatic glucose transporter in rodents and humans, which was increased by CIH. This is in accordance with the results obtained by different authors [32,33], where this increase in Glut2 was described to be a compensatory mechanism for the increase in insulin resistance. Moreover, IR levels were increased by the HF diet, also showing a possible compensatory mechanism to overcome the hepatic insulin resistance promoted by this stimulus [34].



Hepatic steatosis, characterized by many hallmarks in which increased liver lipid deposition is included, is a state that is associated with obesity and T2D and that has been massively associated with OSA [5]. Herein, we showed that the hepatic lipid deposition was increased in the animals fed with the HF diet, as expected [13,35], and that the exposition to CIH aggravate this phenotype. In fact, this effect promoted by CIH has been demonstrated in human patients with OSA and obesity [15,36]. However, CIH itself did not seem to alter hepatic lipid deposition, a result that goes against previous studies with the same or a similar protocol of CIH [18,37]. These studies in comparison to our study differ in the methodology used to evaluate the hepatic steatosis; we used a qualitative evaluation by visualizing the histological staining of the liver tissue structures, instead of the quantitative analysis used in the studies described.



Trying to evaluate the effect of CIH and/or HF on insulin metabolism pathways, we assessed the levels of the main enzyme responsible for insulin clearance, IDE. Hepatic IDE levels were not affected by CIH. In the work of Minchenko et al. [38], they observed a decrease in the levels of IDE in response to hypoxia. However, this was a model of sustained hypoxia, a cancerous cell line, and a type of cell model known to have high rates of glucose use; therefore, a decrease in insulin clearance will promote an increase in insulin availability to promote the use of glucose by these cells.



We indirectly evaluated hepatic hypoxia by measuring the levels of the hypoxia markers HIF-1α and HIF-2α in this tissue (Figure 3). The levels of HIF-1α were increased in the CIH animals, as previously observed in another study from our group in response to mild CIH [32]. It was already described that HIF-1α promotes glycolysis and regulates the expression of glucose transporters in the liver [39,40]. Therefore, as in the work of Sacramento and colleagues, we can speculate that the upregulation of hepatic HIF-1α signaling correlates with the increase in Glut2 transporters herein observed. Moreover, in this study, the levels of HIF-1α and HIF-2α were found to be reduced in the HFIH group when compared to the CIH group, with no significant changes relative to the HF group. This suggests that obesity may avoid the impact of CIH on HIF-1α and HIF-2α levels in the liver. Indeed, different studies report that hyperglycemia inhibits the expression and activity of HIFs in different tissues even in conditions of hypoxia, namely pancreatic β-cells and the retina [41,42], and that HIF-2α is usually activated slower and for a longer time [42]. As previously discussed in this manuscript, this effect could potentially result from a delicate balance between hypoxia and angiogenesis [29,30,31]. It is plausible that the lack of significant alterations in HIF levels in the HFIH group might be attributed to a compensatory angiogenic response triggered by an initial hypoxia induced by the consumption of a HF diet. This response could lead to the formation of an adequate number of blood vessels, ensuring sufficient oxygen and nutrient supply to the tissue.



When evaluating hepatic oxidative status, we demonstrated that the decrease in FRAP values described in our model, accompanied by a decrease in SOD-1 levels of HF and HFIH animals, is indicative of oxidative damage which agrees with the available literature [18,43]. Nevertheless, contrary to the results obtained by Olea et al. [18] and Quintero et al. [44], we observe a decrease in SOD-1 levels in control animals exposed to CIH. Previous works related with airways exposure to hypoxia and effects on SOD activity have shown the same result as us; authors speculate that the decrease with hypoxia is consistent with an important role for SOD in protecting against cellular O2 toxicity [45].



The increase in LPO levels is restricted to liver tissue. A liver-specific upregulated expression and activation of NADPH oxidase by CIH was previously demonstrated, with a link between NADPH oxidase-derived ROS and lipid peroxidation also being suggested [44]. However, the CIH-induced LPO has been described to be CIH-severity-dependent; therefore, the absence of alterations in LPO may be due to the middle severity of our CIH paradigm. [46]. Additionally, the HF-diet-induced LPO increase was described in previous studies [46], correlating with hepatic steatosis shown also herein in our HF diet animals, and with a decrease in antioxidant capacity and mitochondrial damage.



Moreover, the levels of glutathione, the principal non-enzymatic antioxidant defense, were not altered by CIH, which is in agreement with the study of Quintero et al. [44]. Also, the HF diet produced a decrease in both Cys (precursor of GSH) and CysGly (catabolite of GSH), independently of CIH concomitancy. Altogether, this might be indicative of a lower degradation of glutathione in conditions of HF diet to prevent oxidative stress. Also, the Cys decrease might represent an increase in Cys metabolism. Cysteine in metabolic disease goes beyond antioxidant properties; namely, Cys metabolism controls the toxicity of cysteine excess and is a pivotal source of metabolites to biomass and bioenergetics, as well as a promoter of adaptive responses to stressors [47,48]. For instance, the Cys involvement in the adaptation to sustained hypoxia by promoting metabolic reprogramming in order to cope with a high metabolic demand and challenging oxidative stress conditions has been increasingly recognized [48]. Overall, these results indicate an increase in oxidative stress in response to the CIH and HF diet.



Since mitochondrial dysfunction is related to the occurrence and development of various chronic liver diseases, including metabolic diseases, is also related to OSA and sleep-related diseases, we evaluated mitochondrial biogenesis and activity in hepatic tissue. We showed that the number of mitochondria in the liver tissue is reduced in response to the HF diet, which is manifested as a decrease in Mitotracker levels. Also, the levels of OXPHOS are reduced in response to CIH both in physiologic and hypercaloric diet conditions. In addition, we also show that the enzymatic activity of complexes I and II tends to increase in the CIH group. Chen et al. [49] also observed a reduction in the mitochondria number in the genioglossus, the largest upper airway dilator muscle whose function is altered in patients with OSA. Also, the increase in FFA, a hallmark related to the increase in hepatic steatosis, can be contributing to mitochondrial damage and, therefore, to the reduction in mitochondria levels in these conditions [13]. The decrease in OXPHOS levels in conditions of hypoxia is indicative of mitochondrial damage, probably induced by ROS. This result agrees with the available literature [50,51]. Regarding the enzymatic activity of the complexes: it is described as a reduction in complex I and II activity under hypoxic conditions [52,53]. However, these results were obtained in models of sustained hypoxia; thus, our CIH paradigm might produce the activation by different mechanisms or a compensation for the decrease in the complexes’ levels and mitochondrial function.



Finally, a low grade of inflammation is known to run with obesity and metabolic dysfunction [5,13]. We observed an increase in the levels of IL-1R, TNF-αR, and TNF-α, in cluding proinflammatory markers, confirming a proinflammatory state within the tissue. In agreement, we showed that CIH increased levels of F4/80 staining, a macrophage cell marker, in both control and HF diet animals, confirming the increased inflammation in these conditions. Knowing that F4/80 staining is high in Kupfer cells and in liver monocyte-derived macrophages (MoMFs) [54,55] and that the activation of these cells drives macrophage polarization and activation [56,57], it is plausible to conclude that CIH drives liver inflammation, contributing to hepatic and whole-body metabolic dysfunction.



Altogether, these results indicate that mitochondrial dysfunction, oxidative stress, and inflammation in the liver are involved in the genesis of CIH-induced dysmetabolism.




5. Conclusions


The relationship between metabolic diseases and OSA is undeniable; however, the subsequent mechanism(s) that link them is yet to be clarified. With the increase in prevalence of these disorders, deciphering the mechanisms underlying this relationship are crucial to, ultimately, discover new potential therapeutic targets and develop new therapies to allow the improvement of the metabolic burden of OSA patients. Our results suggest that hepatic mitochondrial dysfunction and oxidative stress, along with the consequent onset of inflammation, might be key factors contributing to the development of this CIH-induced dysmetabolic phenotype.







Author Contributions


Conceptualization, S.V.C., A.R. and F.O.M.; methodology, J.L.F., F.O.M., E.O., J.P.-L., P.C.B., A.P.N., C.O.S., J.F.S., S.A.P., M.G.A. and S.V.C.; resources, S.V.C., F.O.M., A.R. and M.G.A.; data curation, J.L.F., F.O.M., E.O., J.P.-L., M.G.A., S.A.P., A.R. and S.V.C.; writing, J.L.F., F.O.M. and S.V.C.; writing—review and editing, J.L.F., F.O.M., E.O., J.P.-L., P.C.B., J.F.S., C.O.S., S.A.P., M.G.A., A.R. and S.V.C.; funding acquisition, F.O.M., M.G.A., A.R., J.F.S. and S.V.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a grant from GIFT (Grupo de Investigação Fundamental e Translacional) from the Portugal Society of Diabetes and by the excellence program #CCVC8485 from Junta de Castilla y Leon, Spain. F.O.M., J.F.S. and M.G.A. are supported with CEEC contracts from the Portuguese Foundation for Science and Technology (CEECIND/04266/2017, CEEC IND/02428/2018 and 2021.03439.CEECIND, respectively). This work was also supported by Fundação para a Ciência e a Tecnologia”—FCT IBIMED (UIDP/04501/2020 and UIDB/04501/2020), UMIB (UIDB/00215/2020, and UIDP/00215/2020), ITR—Laboratory for Integrative and Translational Research in Population Health (LA/P/0064/2020), for the PhD student Patrícia C. Braga (UI/BD/150750/2020).




Institutional Review Board Statement


The animal study was reviewed and approved by NOVA Medical School Ethics Committee (protocol no. 21/2013/CEFCM) and by the University of Valladolid Ethics Committee for animal research and wellbeing (SIBA; Project Approval Ethical Code: 4505502).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are not publicly available due to a lack of time between data obtention and publication. The data that support the findings of this study are available from the corresponding author upon request.




Acknowledgments


We would like to acknowledge the Histology and Microscopy facilities from NOVA Medical School|Faculdade de Ciências Médicas, Universidade NOVA de Lisboa for their help in the preparation and analysis of liver slices for immunohistochemical analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sateia, M.J. International Classification of Sleep Disorders—Third Edition Highlights and Modifications. Chest 2014, 146, 1387–1394. [Google Scholar] [CrossRef]

	



Adir, Y.; Humbert, M.; Chaouat, A. Sleep-Related Breathing Disorders and Pulmonary Hypertension. Eur. Respir. J. 2021, 57, 2002258. [Google Scholar] [CrossRef] [PubMed]

	



Jordan, A.S.; McSharry, D.G.; Malhotra, A. Adult Obstructive Sleep Apnoea. Lancet 2014, 383, 736–747. [Google Scholar] [CrossRef] [PubMed]

	



Lévy, P.; Kohler, M.; McNicholas, W.T.; Barbé, F.; McEvoy, R.D.; Somers, V.K.; Lavie, L.; Pépin, J.L. Obstructive Sleep Apnoea Syndrome. Nat. Rev. Dis. Primers 2015, 1, 15015. [Google Scholar] [CrossRef]

	



Almendros, I.; Basoglu, Ö.K.; Conde, S.V.; Liguori, C.; Saaresranta, T. Metabolic Dysfunction in OSA: Is There Something New under the Sun? J. Sleep Res. 2022, 31, e13418. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Li, X.; Lu, Y. Obstructive Sleep Apnea Syndrome and Metabolic Diseases. Endocrinology 2018, 159, 2670–2675. [Google Scholar] [CrossRef]

	



Bonsignore, M.R.; Borel, A.L.; Machan, E.; Grunstein, R. Sleep Apnoea and Metabolic Dysfunction. Eur. Respir. Rev. 2013, 22, 353–364. [Google Scholar] [CrossRef]

	



Reutrakul, S.; Mokhlesi, B. Obstructive Sleep Apnea and Diabetes: A State of the Art Review. Chest 2017, 152, 1070–1086. [Google Scholar] [CrossRef] [PubMed]

	



Conde, S.V.; Sacramento, J.F.; Guarino, M.P.; Gonzalez, C.; Obeso, A.; Diogo, L.N.; Monteiro, E.C.; Ribeiro, M.J. Carotid Body, Insulin and Metabolic Diseases: Unravelling the Links. Front. Physiol. 2014, 5, 418. [Google Scholar] [CrossRef]

	



Riazi, K.; Azhari, H.; Charette, J.H.; Underwood, F.E.; King, J.A.; Afshar, E.E.; Swain, M.G.; Congly, S.E.; Kaplan, G.G.; Shaheen, A.A. The Prevalence and Incidence of NAFLD Worldwide: A Systematic Review and Meta-Analysis. Lancet Gastroenterol. Hepatol. 2022, 7, 851–861. [Google Scholar] [CrossRef]

	



Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global Burden of NAFLD and NASH: Trends, Predictions, Risk Factors and Prevention. Nat. Rev. Gastroenterol. Hepatol. 2017, 15, 11–20. [Google Scholar] [CrossRef]

	



Perumpail, B.J.; Khan, M.A.; Yoo, E.R.; Cholankeril, G.; Kim, D.; Ahmed, A. Clinical Epidemiology and Disease Burden of Nonalcoholic Fatty Liver Disease. World J. Gastroenterol. 2017, 23, 8263. [Google Scholar] [CrossRef]

	



Parikh, M.P.; Gupta, N.M.; McCullough, A.J. Obstructive Sleep Apnea and the Liver. Clin. Liver Dis. 2019, 23, 363–382. [Google Scholar] [CrossRef]

	



Ji, Y.; Liang, Y.; Mak, J.C.W.; Ip, M.S.M. Obstructive Sleep Apnea, Intermittent Hypoxia and Non-Alcoholic Fatty Liver Disease. Sleep Med. 2022, 95, 16–28. [Google Scholar] [CrossRef] [PubMed]

	



Mesarwi, O.A.; Loomba, R.; Malhotra, A. Obstructive Sleep Apnea, Hypoxia, and Nonalcoholic Fatty Liver Disease. Am. J. Respir. Crit. Care Med. 2019, 199, 830–841. [Google Scholar] [CrossRef] [PubMed]

	



Martins, F.O.; Sacramento, J.F.; Olea, E.; Melo, B.F.; Prieto-Lloret, J.; Obeso, A.; Rocher, A.; Matafome, P.; Monteiro, E.C.; Conde, S.V. Chronic Intermittent Hypoxia Induces Early-Stage Metabolic Dysfunction Independently of Adipose Tissue Deregulation. Antioxidants 2021, 10, 1233. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Martín, M.C.; Vega-Agapito, M.V.; Conde, S.V.; Castañeda, J.; Bustamante, R.; Olea, E.; Perez-Vizcaino, F.; Gonzalez, C.; Obeso, A. Carotid Body Function and Ventilatory Responses in Intermittent Hypoxia. Evidence for Anomalous Brainstem Integration of Arterial Chemoreceptor Input. J. Cell. Physiol. 2011, 226, 1961–1969. [Google Scholar] [CrossRef]

	



Olea, E.; Agapito, M.T.; Gallego-Martin, T.; Rocher, A.; Gomez-Niño, A.; Obeso, A.; Gonzalez, C.; Yubero, S. Intermittent Hypoxia and Diet-Induced Obesity: Effects on Oxidative Status, Sympathetic Tone, Plasma Glucose and Insulin Levels, and Arterial Pressure. J. Appl. Physiololy 2014, 117, 706–719. [Google Scholar] [CrossRef]

	



Conde, S.V.; Ribeiro, M.J.; Obeso, A.; Rigual, R.; Monteiro, E.C.; Gonzalez, C. Chronic Caffeine Intake in Adult Rat Inhibits Carotid Body Sensitization Produced by Chronic Sustained Hypoxia but Maintains Intact Chemoreflex Output. Mol. Pharmacol. 2012, 82, 1056–1065. [Google Scholar] [CrossRef]

	



Fiji App for ImageJ. Available online: https://imagej.net/software/fiji/ (accessed on 13 October 2023).

	



Crisostomo, L.; Videira, R.A.; Jarak, I.; Starčević, K.; Mašek, T.; Rato, L.; Raposo, J.F.; Batterham, R.L.; Oliveira, P.F.; Alves, M.G. Diet during Early Life Defines Testicular Lipid Content and Sperm Quality in Adulthood. Am. J. Physiol. Endocrinol. Metab. 2020, 319, E1061–E1073. [Google Scholar] [CrossRef]

	



Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal. Biochem. 1996, 239, 70–76. [Google Scholar] [CrossRef] [PubMed]

	



Correia, M.J.; Pimpão, A.B.; Lopes-Coelho, F.; Sequeira, C.O.; Coelho, N.R.; Gonçalves-Dias, C.; Barouki, R.; Coumoul, X.; Serpa, J.; Morello, J.; et al. Aryl Hydrocarbon Receptor and Cysteine Redox Dynamics Underlie (Mal)Adaptive Mechanisms to Chronic Intermittent Hypoxia in Kidney Cortex. Antioxidants 2021, 10, 1484. [Google Scholar] [CrossRef] [PubMed]

	



Titchenell, P.M.; Lazar, M.A.; Birnbaum, M.J. Unraveling the Regulation of Hepatic Metabolism by Insulin. Trends Endocrinolology Metab. 2017, 28, 497. [Google Scholar] [CrossRef] [PubMed]

	



Chadt, A.; Al-Hasani, H. Glucose Transporters in Adipose Tissue, Liver, and Skeletal Muscle in Metabolic Health and Disease. Pflügers Arch.—Eur. J. Physiol. 2020, 472, 1273. [Google Scholar] [CrossRef] [PubMed]

	



Prabhakar, N.R.; Semenza, G.L. Adaptive and Maladaptive Cardiorespiratory Responses to Continuous and Intermittent Hypoxia Mediated by Hypoxia-Inducible Factors 1 and 2. Physiol. Rev. 2012, 92, 967–1003. [Google Scholar] [CrossRef]

	



Punjabi, N.M.; Beamer, B.A. Alterations in Glucose Disposal in Sleep-Disordered Breathing. Am. J. Respir. Crit. Care Med. 2012, 179, 235–240. [Google Scholar] [CrossRef]

	



Louis, M.; Punjabi, N.M. Effects of Acute Intermittent Hypoxia on Glucose Metabolism in Awake Healthy Volunteers. J. Appl. Physiol. (1985) 2009, 106, 1538–1544. [Google Scholar] [CrossRef] [PubMed]

	



Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-induced angiogenesis: Good and evil. Genes Cancer 2012, 2, 1117–1133. [Google Scholar] [CrossRef]

	



Wang, R.; Sun, Q.; Wu, X.; Zhang, Y.; Xing, X.; Lin, K.; Feng, Y.; Wang, M.; Wang, Y.; Wang, R. Hypoxia as a Double-Edged Sword to Combat Obesity and Comorbidities. Cells 2022, 11, 3735. [Google Scholar] [CrossRef]

	



Abou Khouzam, R.; Brodaczewska, K.; Filipiak, A.; Zeinelabdin, N.A.; Buart, S.; Szczylik, C.; Kieda, C.; Chouaib, S. Tumor Hypoxia Regulates Immune Escape/Invasion: Influence on Angiogenesis and Potential Impact of Hypoxic Biomarkers on Cancer Therapies. Front. Immunol. 2021, 11, 613114. [Google Scholar] [CrossRef]

	



Sacramento, J.F.; Ribeiro, M.J.; Rodrigues, T.; Guarino, M.P.; Diogo, L.N.; Seiça, R.; Monteiro, E.C.; Matafome, P.; Conde, S.V. Insulin Resistance Is Associated with Tissue-Specific Regulation of HIF-1α and HIF-2α during Mild Chronic Intermittent Hypoxia. Respir. Physiol. Neurobiol. 2016, 228, 30–38. [Google Scholar] [CrossRef] [PubMed]

	



Marks, J.; Carvou, N.J.C.; Debnam, E.S.; Srai, S.K.; Unwin, R.J. Diabetes Increases Facilitative Glucose Uptake and GLUT2 Expression at the Rat Proximal Tubule Brush Border Membrane. J. Physiol. 2003, 553, 137–145. [Google Scholar] [CrossRef]

	



James, D.E.; Stöckli, J.; Birnbaum, M.J. The Aetiology and Molecular Landscape of Insulin Resistance. Nat. Rev. Mol. Cell Biol. 2021, 22, 751–771. [Google Scholar] [CrossRef] [PubMed]

	



Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD Development and Therapeutic Strategies. Nat. Med. 2018, 24, 908–922. [Google Scholar] [CrossRef] [PubMed]

	



Aron-Wisnewsky, J.; Minville, C.; Tordjman, J.; Lévy, P.; Bouillot, J.L.; Basdevant, A.; Bedossa, P.; Clément, K.; Pépin, J.L. Chronic Intermittent Hypoxia Is a Major Trigger for Non-Alcoholic Fatty Liver Disease in Morbid Obese. J. Hepatol. 2012, 56, 225–233. [Google Scholar] [CrossRef]

	



Li, J.; Thorne, L.N.; Punjabi, N.M.; Sun, C.K.; Schwartz, A.R.; Smith, P.L.; Marino, R.L.; Rodriguez, A.; Hubbard, W.C.; O’Donnell, C.P.; et al. Intermittent Hypoxia Induces Hyperlipidemia in Lean Mice. Circ. Res. 2005, 97, 698–706. [Google Scholar] [CrossRef] [PubMed]

	



Minchenko, D.O.; Khita, O.O.; Tsymbal, D.O.; Danilovskyi, S.V.; Rudnytska, O.V.; Halkin, O.V.; Kryvdiuk, I.V.; Smeshkova, M.V.; Yakymchuk, M.M.; Bezrodnyi, B.H.; et al. Expression of IDE and PITRM1 Genes in ERN1 Knockdown U87 Glioma Cells: Effect of Hypoxia and Glucose Deprivation. Endocr. Regul. 2020, 54, 183–195. [Google Scholar] [CrossRef] [PubMed]

	



Rankin, E.B.; Rha, J.; Selak, M.A.; Unger, T.L.; Keith, B.; Liu, Q.; Haase, V.H. Hypoxia-Inducible Factor 2 Regulates Hepatic Lipid Metabolism. Mol. Cell. Biol. 2009, 29, 4527–4538. [Google Scholar] [CrossRef]

	



Semenza, G.L.; Roth, P.H.; Fang, H.M.; Wang, G.L. Transcriptional Regulation of Genes Encoding Glycolytic Enzymes by Hypoxia-Inducible Factor 1. J. Biol. Chem. 1994, 269, 23757–23763. [Google Scholar] [CrossRef]

	



Cheng, K.; Ho, K.; Stokes, R.; Scott, C.; Lau, S.M.; Hawthorne, W.J.; O’Connell, P.J.; Loudovaris, T.; Kay, T.W.; Kulkarni, R.N.; et al. Hypoxia-Inducible Factor-1α Regulates β Cell Function in Mouse and Human Islets. J. Clin. Investig. 2010, 120, 2171–2183. [Google Scholar] [CrossRef]

	



Catrina, S.B.; Zheng, X. Hypoxia and Hypoxia-Inducible Factors in Diabetes and Its Complications. Diabetologia 2021, 64, 709–716. [Google Scholar] [CrossRef] [PubMed]

	



Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.; Matsuda, M.; Shimomura, I. Increased Oxidative Stress in Obesity and Its Impact on Metabolic Syndrome. J. Clin. Investig. 2004, 114, 1752–1761. [Google Scholar] [CrossRef] [PubMed]

	



Quintero, M.; Gonzalez-Martin, M.D.C.; Vega-Agapito, V.; Gonzalez, C.; Obeso, A.; Farré, R.; Agapito, T.; Yubero, S. The Effects of Intermittent Hypoxia on Redox Status, NF-ΚB Activation, and Plasma Lipid Levels Are Dependent on the Lowest Oxygen Saturation. Free. Radic. Biol. Med. 2013, 65, 1143–1154. [Google Scholar] [CrossRef] [PubMed]

	



Simon, L.M.; Liu, J.; Theodore, J.; Robin, E.D. Effect of Hyperoxia, Hypoxia, and Maturation on Superoxide Dismutase Activity in Isolated Alveolar Macrophages. Am. Rev. Respir. Dis. 1977, 115, 279–284. [Google Scholar]

	



Morita, M.; Ishida, N.; Uchiyama, K.; Yamaguchi, K.; Itoh, Y.; Shichiri, M.; Yoshida, Y.; Hagihara, Y.; Naito, Y.; Yoshikawa, T.; et al. Fatty Liver Induced by Free Radicals and Lipid Peroxidation. Free Radic. Res. 2012, 46, 758–765. [Google Scholar] [CrossRef] [PubMed]

	



Correia, M.J.; Pimpão, A.B.; Fernandes, D.G.F.; Morello, J.; Sequeira, C.O.; Calado, J.; Antunes, A.M.M.; Almeida, M.S.; Branco, P.; Monteiro, E.C.; et al. Cysteine as a Multifaceted Player in Kidney, the Cysteine-Related Thiolome and Its Implications for Precision Medicine. Molecules 2022, 27, 1416. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, S.C.; Ramos, C.; Santos, I.; Mendes, C.; Silva, F.; Vicente, J.B.; Pereira, S.A.; Félix, A.; Gonçalves, L.G.; Serpa, J. Cysteine Boosts Fitness Under Hypoxia-Mimicked Conditions in Ovarian Cancer by Metabolic Reprogramming. Front. Cell Dev. Biol. 2021, 9, 2107. [Google Scholar] [CrossRef]

	



Chen, Q.; Han, X.; Chen, M.; Zhao, B.; Sun, B.; Sun, L.; Zhang, W.; Yu, L.; Liu, Y. High-Fat Diet-Induced Mitochondrial Dysfunction Promotes Genioglossus Injury—A Potential Mechanism for Obstructive Sleep Apnea with Obesity. Nat. Sci. Sleep 2021, 13, 2203–2219. [Google Scholar] [CrossRef]

	



Chan, S.Y.; Zhang, Y.Y.; Hemann, C.; Mahoney, C.E.; Zweier, J.L.; Loscalzo, J. MicroRNA-210 Controls Mitochondrial Metabolism during Hypoxia by Repressing the Iron-Sulfur Cluster Assembly Proteins ISCU1/2. Cell Metab. 2009, 10, 273–284. [Google Scholar] [CrossRef]

	



Li, H.S.; Zhou, Y.N.; Li, L.; Li, S.F.; Long, D.; Chen, X.L.; Zhang, J.B.; Feng, L.; Li, Y.P. HIF-1α Protects against Oxidative Stress by Directly Targeting Mitochondria. Redox Biol. 2019, 25, 101119. [Google Scholar] [CrossRef]

	



Fuhrmann, D.C.; Brüne, B. Mitochondrial Composition and Function under the Control of Hypoxia. Redox Biol. 2017, 12, 208–215. [Google Scholar] [CrossRef] [PubMed]

	



Tello, D.; Balsa, E.; Acosta-Iborra, B.; Fuertes-Yebra, E.; Elorza, A.; Ordóñez, Á.; Corral-Escariz, M.; Soro, I.; López-Bernardo, E.; Perales-Clemente, E.; et al. Induction of the Mitochondrial NDUFA4L2 Protein by HIF-1α Decreases Oxygen Consumption by Inhibiting Complex I Activity. Cell Metab. 2011, 14, 768–779. [Google Scholar] [CrossRef] [PubMed]

	



Lefere, S.; Tacke, F. Macrophages in obesity and non-alcoholic fatty liver disease: Crosstalk with metabolism. JHEP Rep. Innov. Hepatol. 2019, 1, 30–43. [Google Scholar] [CrossRef] [PubMed]

	



Klein, I.; Cornejo, J.C.; Polakos, N.K.; John, B.; Wuensch, S.A.; Topham, D.J.; Pierce, R.H.; Crispe, I.N. Kupffer cell heterogeneity: Functional properties of bone marrow derived and sessile hepatic macrophages. Blood 2007, 110, 4077–4085. [Google Scholar] [CrossRef]

	



Püschel, G.P.; Klauder, J.; Henkel, J. Macrophages, Low-Grade Inflammation, Insulin Resistance and Hyperinsulinemia: A Mutual Ambiguous Relationship in the Development of Metabolic Diseases. J. Clin. Med. 2022, 11, 4358. [Google Scholar] [CrossRef]

	



Xu, G.X.; Wei, S.; Yu, C.; Zhao, S.Q.; Yang, W.J.; Feng, Y.H.; Pan, C.; Yang, K.X.; Ma, Y. Activation of Kupffer cells in NAFLD and NASH: Mechanisms and therapeutic interventions. Front. Cell Dev. Biol. 2023, 11, 1199519. [Google Scholar] [CrossRef]








[image: Antioxidants 12 01910 g001] 





Figure 1. Schematic representation of the study experimental design. Male Wistar rats (12 weeks) were divided into a control group (CTL), fed with a standard diet, and an obese group (HF), fed with a 60% lipid-enriched diet for 12 weeks. From weeks 10 to 12, half of the animals from both groups were submitted to a CIH protocol (CIH and HFIH) consisting of 30 intermittent hypoxia cycles/h, 8 h/day. During the CIH protocol, the remaining age-matched control or high-fat animals were in the same room and exposed to a normal air atmosphere, to experience similar conditions. 
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Figure 2. Effects of chronic intermittent hypoxia (CIH) and high-fat diet (HF) on whole-body metabolic parameters, insulin sensitivity (A), and glucose tolerance (B,C); and on liver lipid deposition (D). Panel (A) shows the effect of CIH and HF diet on insulin sensitivity evaluated using HOMA-IR index. Panel (B) shows, on the left, the glucose excursion curves of the intra-peritoneal glucose tolerance test (ipGTT) and on the right, the correspondent area under the curve (AUC). Panel (D) shows from the left to the right representative images of H&E staining from CTL, CIH, HF, and HFIH animals. Visual analysis of H&E staining shows an increase in lipid deposition in the HF group, which is aggravated by exposure to chronic intermittent hypoxia (Scale bar 50 μm). Animal groups: CTL-control; CIH-chronic intermittent hypoxia; HF-high-fat diet; HFIH-high-fat plus CIH; Data are presented as means ± SEM. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests: * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 compared with control animals; $ p < 0.05, $$ p < 0.01, $$$$ p < 0.0001 compared with control animals submitted to the CIH protocol. 
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Figure 3. Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on HIF-1α (A–C) and HIF-2α (D–F) levels in the liver. Panel (A,D) depicts the levels of HIF-1α (120 kDa) and HIF-2α (118 kDa), respectively, in the liver. Protein levels were normalized to the loading control β-actin (42 kDa). On the top of each graph are presented the representative Western blots for each protein studied. Panel (B,F) show the fluorescence quantification for HIF-1α and HIF-2α (orange fluorescence), respectively, normalized for the number of nuclei present in the liver labelled with DAPI staining (blue fluoresecence). Panel (C,F) are representative immunohistochemistry images from liver labelled with HIF-1α and HIF-2α, respectively, and the merged images with DAPI for each hypoxia marker (scale bar: 50 μm). Animal groups: CTL-control; CIH-chronic intermittent hypoxia; HF-high-fat diet; HFIH-high-fat plus CIH; data are presented as means ± SEM. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests, respectively: * p < 0.05, ** p < 0.01, *** p < 0.001 compared with CTL animals; $ p < 0.05, $$$ p < 0.001, $$$$ p < 0.0001 compared with CTL animals submitted to the CIH protocol. 
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Figure 4. Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels of proteins involved in insulin signaling and glucose transport in the liver. Panels (A–D) depicts the levels of insulin Receptor (IR, 90 kDa), protein kinase B (Akt, 60 kDa), insulin degrading enzyme (IDE, 118 kDa, and glucose transporter 2 (Glut2, 60 kDa), respectively. Protein levels were normalized to the loading control β-actin (42 kDa). On the top of each graph are presented the representative Western blots for each protein studied. Animal groups: CTL—control; CIH—chronic intermittent hypoxia; HF—high-fat diet; HFIH—high-fat plus CIH. Data are presented as means ± SEM. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests, respectively: * p < 0.05 compared with control animals. 
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Figure 5. Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the mitochondrial density, evaluated by Mitotracker assay; oxidative phosphorylation complexes levels, evaluated by Western blot analysis of OXPHOS complexes levels; and activities, namely citrate synthase, complex I, and complex II activity assessment. Panels (A,B) present the representative immunohistochemistry staining of Mitotracker (red fluorescence) and merge with DAPI (blue fluoresence) and the fluorescent intensity quantification, respectively (scale bar 50 μm). In panel (C), the graph depicts the levels of complex I (20 kDa), II (30 kDa), III (48 kDa), IV (40 kDa), and V (55 kDa). Proteins levels were normalized to the loading control, calnexin (90 KDa). On the right side of the graph, we show representative Western blots for each protein evaluated. On panel (D–F), the activity of citrate synthase, mitochondrial complex I, and mitochondrial complex II, respectively, is represented. The enzymatic activity of each complex was normalized by citrate synthase activity. Animal groups: CTL—control; CIH—chronic intermittent hypoxia; HF—high-fat diet; HFIH—high-fat plus CIH. Data are presented as means ± SEM. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests, * p < 0.05, ** p < 0.01 compared with CTL animals, # p < 0.05, ## p < 0.01, ### p < 0.001 compared with HF animals, and $ p < 0.05 compared with CTL animals submitted to the CIH protocol. 
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Figure 6. Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on ROS levels, lipid peroxidation (LPO), and on the antioxidant capacity of the liver. Panel (A) depicts the intracellular levels of ROS in the liver measured by CM-H2DCFDA labelling. Panel (B) presents the FRAP assay showing the overall antioxidant capacity of the tissue. Panel (C) depicts the levels of LPO shown by the index of lipid peroxidation measured per g of liver tissue. Panels (D,E) depicts the levels of catalase (60 KDa) and superoxide Dismutase 1 (SOD-1, 23 KDa), respectively. Protein levels were normalized to the loading control β-actin (42 kDa) and calnexin (90 KDa), respectively. Top of the graphs show representative Western blots for each protein studied. Panels (F–H) represent the levels of cysteine-related thiols in the liver, namely Cys on panel (F), CysGly in panel (G), and GSH in panel (H). In each of these panels, it is shown on the left the total fractions of each thiol, in the middle the free total thiol fraction, and on the right the protein-bounded thiol fraction. Animal groups: CTL—control; CIH—chronic intermittent hypoxia; HF—high-fat diet; HFIH—high-fat plus CIH. Data are presented as means ± SEM. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests: * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with CTL animals; # p < 0.05 and #### p < 0.0001 compared with HF animals; $ p < 0.05 and $$ p < 0.01 compared with CIH animals. 
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Figure 7. Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels of inflammatory markers in the liver. Panel (A–F) depicts, respectively, the levels of Arginase I (35 KDa), NF-κB (65 KDa), IL-6 Receptor (IL-6R, 80 KDa), IL-1 Receptor (IL-1R, 80 KDa), tumor necrosis factor alpha (TNF-α, 17 KDa), and TNF-α Receptor (TNF-αR, 55 KDa). Protein levels were normalized to the loading control β-actin (42 kDa). Top of the graphs show representative Western blots for each protein studied. Panel (G,H) depicts, respectively, the mean fluorescence of F4/80 per area (% of control), immunofluorescence images for positive staining for F4/80 (green fluorescence, top panel), and merge with the DAPI (blue fluorescence, bottom panels) (scale bar 25 μm). Animal groups: CTL—control; CIH—chronic intermittent hypoxia; HF—high-fat diet; HFIH—high-fat plus CIH. Data are presented as means ± SEM. Two-way ANOVA with Bonferroni and Sidak’s multiple comparison tests: * p < 0.05 and ** p < 0.01 compared with CTL animals; $ p < 0.05 compared with CIH animals; # p < 0.05 compared with HF animals. 
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