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Abstract

:

Hypometabolism is a hallmark strategy of hypoxia tolerance. To identify potential mechanisms of metabolic suppression, we have used the goldfish to quantify the effects of chronically low oxygen (4 weeks; 10% air saturation) on mitochondrial respiration capacity and fuel preference. The responses of key enzymes from glycolysis, β-oxidation and the tricarboxylic acid (TCA) cycle, and Na+/K+-ATPase were also monitored in various tissues of this champion of hypoxia tolerance. Results show that mitochondrial respiration of individual tissues depends on oxygen availability as well as metabolic fuel oxidized. All the respiration parameters measured in this study (LEAK, OXPHOS, Respiratory Control Ratio, CCCP-uncoupled, and COX) are affected by hypoxia, at least for one of the metabolic fuels. However, no common pattern of changes in respiration states is observed across tissues, except for the general downregulation of COX that may help metabolic suppression. Hypoxia causes the brain to switch from carbohydrates to lipids, with no clear fuel preference in other tissues. It also downregulates brain Na+/K+-ATPase (40%) and causes widespread tissue-specific effects on glycolysis and beta-oxidation. This study shows that hypoxia-acclimated goldfish mainly promote metabolic suppression by adjusting the glycolytic supply of pyruvate, reducing brain Na+/K+-ATPase, and downregulating COX, most likely decreasing mitochondrial density.
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1. Introduction


Hypoxia is a state of oxygen limitation commonly found in many environments. It presents a dangerous challenge requiring animals to enter a hypometabolic state for survival [1]. Under normoxic conditions, adenosine triphosphate (ATP) is mainly produced by oxidative phosphorylation (OXPHOS) in the mitochondria through the electron transport chain (ETC) [2,3]. In hypoxia-sensitive species, this critical pathway of energy metabolism is inhibited when O2 is scarce, causing an imbalance between the now lower supply of ATP and normal energetic demand [4]. By contrast, hypoxia-tolerant animals can maintain this balance by regulating the activity of key enzymes of energy metabolism (e.g., slowing the tricarboxylic acid (TCA) cycle and stimulating glycolysis) [3,5], and by downregulating ion pumps such as Na+/K+-ATPase [6]. Mitochondria are thought to play a key role in coordinating these responses because of their ability to detect changes in O2 [7]. Mitochondrial respiration can be affected by hypoxia acclimation differently, depending on metabolic fuel, species, and tissue. For instance, respiration capacity is decreased in the tissues of shovelnose ray sharks [8], oysters [9], and frogs [10], but maintained in epaulette sharks [8], killifish [11], and snappers [12]. Goldfish are among the champions of hypoxia tolerance [1], particularly at low water temperatures, but how their mitochondria respond to prolonged hypoxia is presently unknown.



Goldfish can suppress metabolic rate by 42–74% to cope with a lack of O2 [13,14,15] and they have larger glycogen stores than hypoxia-sensitive species [16]. This indicates a potentially higher capacity for glycolysis and increased reliance on carbohydrates during prolonged hypoxia [17]. It would be useful to establish whether hypoxic goldfish favor carbohydrates over lipids by quantifying the activities of key enzymes involved in glycolysis and β-oxidation, and by testing the metabolic fuel preference of individual tissues. Therefore, the main goal of this study was to determine how prolonged hypoxia affects the respiration capacity and fuel selection of mitochondria in different goldfish tissues. To complement this investigation of fuel preference and to help identify potential mechanisms of metabolic suppression, we have also measured key enzymes of energy metabolism involved in glycolysis, β-oxidation and the TCA cycle, as well as Na+/K+-ATPase in brain, liver, and white muscle. We hypothesized that hypoxia-acclimated goldfish will (i) favor carbohydrates over lipids, and (ii) decrease overall flux capacity for energy metabolism to promote metabolic suppression. We anticipated that changes both in mitochondrial respiration and in enzyme activities would reflect these responses, but more strongly so in a critical tissue like the brain.




2. Results


2.1. Mitochondrial Respiration


2.1.1. LEAK


The effects of chronic hypoxia and type of fuel on the respiration rate of mitochondria during nonphosphorylating respiration (LEAK) are presented in Figure 1. LEAK represents mitochondrial respiration in the presence of pyruvate/malate for the carbohydrate protocol and palmitoylcarnitine/malate for the lipid protocol. There was no effect of either O2 or fuel type on the heart or red muscle (p > 0.05). In normoxia, the liver consumed less O2 when using carbohydrates rather than lipids (p < 0.05). White muscle had higher O2 consumption when using carbohydrates than when using lipids for both normoxia (p < 0.001) and hypoxia (p < 0.05). Acclimation to hypoxia caused an increase in LEAK respiration of brain when using lipids and of liver when using carbohydrates (p < 0.05). Moreover, there was a significant interaction between the type of fuel used and chronic hypoxia acclimation in the brain (p < 0.05).




2.1.2. OXPHOS


The effects of chronic hypoxia and type of fuel on OXPHOS respiration rate of mitochondria are presented in Figure 2. OXPHOS represents mitochondrial respiration following the addition of saturating concentrations of ADP in the presence of pyruvate/malate for the carbohydrate protocol and palmitoylcarnitine/malate for the lipid protocol. The type of fuel used had a significant effect on the OXPHOS respiration rates of goldfish mitochondria in various tissues. Specifically, respiration rates of normoxic brain as well as normoxic and hypoxic white muscle mitochondria were higher when using carbohydrates rather than lipids (p < 0.01). However, mitochondrial respiration rate of hypoxic liver was lower when using carbohydrates rather than lipids (p < 0.05). Neither heart nor red muscle OXPHOS respiration rates differed between oxygen levels (p > 0.05). Chronic hypoxia acclimation caused an increase in brain respiration rate when using lipids (p < 0.01) without affecting other tissues (p > 0.05). Additionally, there was an interaction between the two factors in both brain and white muscle that was only observed when normalizing to COX activity (p < 0.05). Mitochondrial respiratory control ratio (RCR), an index of mitochondrial coupling that was calculated as a ratio between OXPHOS and LEAK respiration, was higher in normoxic liver as well as hypoxic white muscle when using carbohydrates rather than lipids (p < 0.01). Chronic hypoxia caused a decrease in liver RCR when using carbohydrates (p < 0.05) without affecting other tissues (p > 0.05) (Figure 3). There was also a significant interaction between type of fuel and oxygen in liver and white muscle (p < 0.05). Finally, neither type of fuel nor hypoxia acclimation influenced brain or red muscle RCR (p > 0.05). OXPHOS respiration ranked in this order for lipids (heart > red muscle = brain > liver > white muscle) and this slightly different order for carbohydrates (heart > red muscle = brain > white muscle > liver) (p < 0.001) when not normalizing by COX (data not shown). For OXPHOS respiration normalized with COX (Figure 2), rates ranked in this order for lipids (brain > liver = white muscle) and for carbohydrates (heart = brain = white muscle > red muscle = liver) (p < 0.05).




2.1.3. CCCP-Uncoupled State


The effects of chronic hypoxia and type of fuel on the respiration rate of mitochondria during the carbonyl cyanide m-chlorophenyl hydrazone (CCCP)-uncoupled state are presented in Figure 4. The CCCP-uncoupled state represents mitochondrial respiration following titration of carbonyl cyanide m-chlorophenyl hydrazone (CCCP) in the presence of pyruvate/malate + ADP + glutamate + succinate + cytochrome C for the carbohydrate protocol and palmitoylcarnitine/malate + ADP + cytochrome C for the lipid protocol. Respiration rate was higher when using carbohydrates rather than lipids in normoxic brain as well as in normoxic and hypoxic liver and white muscle (p < 0.05). Chronic acclimation to hypoxia caused a decrease in CCCP-uncoupled respiration rates of brain and white muscle, but an increase in heart, when using carbohydrates (p < 0.05). Finally, CCCP-uncoupled red muscle mitochondria were not affected by O2 (p > 0.05).




2.1.4. Cytochrome Oxidase


The effects of chronic hypoxia and type of fuel on cytochrome c oxidase (COX) respiration are presented in Figure 5. COX represents mitochondrial respiration following addition of ascorbate and a titration of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) in the presence of pyruvate/malate + ADP + glutamate + succinate + cytochrome c + CCCP + antimycin A for the carbohydrate protocol and palmitoylcarnitine/malate + ADP + cytochrome c + CCCP + antimycin A for the lipid protocol. Both the type of fuel and O2 affected maximal COX respiration in goldfish brain and white muscle, but only O2 impacted the liver (Figure 5). Chronic hypoxia caused a decrease in COX respiration rate when using lipids in brain, liver, and white muscle (p < 0.05) as well as in red muscle (p < 0.05) when using carbohydrates, without affecting heart (p > 0.05). Moreover, COX respiration decreased in normoxic and hypoxic brain (p < 0.001) as well as normoxic white muscle (p < 0.01) when using carbohydrates rather than lipids (Figure 5). There were interactions between type of fuel and O2 in brain and white muscle COX.





2.2. Energy Metabolism Enzymes


The effects of hypoxia acclimation on the activities of hexokinase (HK), pyruvate kinase (PK), lactate dehydrogenase (LDH), carnitine palmitoyl transferase (CPT), 3-hydroxyacyl CoA dehydrogenase (HOAD), and citrate synthase (CS) are shown in Table 1. The activity of HK increased in white muscle (82%; p < 0.01), decreased in brain (12%; p < 0.05), and was maintained in liver (p > 0.05). Moreover, chronic hypoxia caused a 47% decrease in liver PK activity (p < 0.05) as well as an 18% decrease in CPT and 70% increase in HOAD activity of brain (p < 0.05). Chronic hypoxia did not change the activities of LDH and CS in any measured tissue (p > 0.05).




2.3. Na+/K+-ATPase


Chronic hypoxia caused a 40% decrease in the activity of Na+/K+-ATPase in goldfish brains (p < 0.001) but did not affect liver or white muscle (p > 0.05) (Figure 6).





3. Discussion


This study is the first to investigate the effects of hypoxia acclimation on mitochondrial metabolism and Na+/K+-ATPase activity of the goldfish. It shows that the capacity for mitochondrial respiration of these champions of hypoxia tolerance depends on prevalent oxygen availability in the environment and on the type of metabolic fuel oxidized in a tissue-specific manner. OXPHOS respiration is higher for carbohydrates in brain and white muscle, whereas liver mitochondria reach higher maximal rates with lipids. Respiration rates are higher in brain when using lipids (LEAK and OXPHOS) and in liver when using carbohydrates (LEAK). Hypoxia acclimation causes significant tissue-specific changes in respiration rates of most tissues that differ with type of fuel and/or respiration state of mitochondria. COX respiration is lowered by chronic hypoxia acclimation in most tissues. In brain, hypoxia increases LEAK and OXPHOS respiration when using lipids, but decreases CCCP-uncoupled respiration when using carbohydrates. Therefore, hypoxia does not cause a consistent decrease in mitochondrial respiration capacity. Results also reveal that chronic hypoxia has widespread, tissue-specific effects on maximal flux capacity for glycolysis and β-oxidation, and causes strong downregulation of Na+/K+-ATPase in the brain. Hypoxia does not lead to universal tissue preference for carbohydrates over lipids. Instead, fuel selection strategies of individual tissues vary greatly. Overall, this study shows that hypoxia-acclimated goldfish mainly promote metabolic suppression by modulating glycolytic capacity and Na+/K+-ATPase, rather than by consistently downregulating mitochondrial respiration in all tissues.



3.1. Effects of Hypoxia on Mitochondrial Respiration


Hypoxia has virtually no effects on LEAK, OXPHOS, and CCCP-uncoupled respiration when no normalization to COX is performed (results not shown). However, some significant changes in mitochondrial respiration capacity caused by acclimation to hypoxia become apparent when these respiration states are standardized per COX respiration (Figure 1, Figure 2, Figure 3 and Figure 4). This means that mitochondrial density is probably decreased by hypoxia in most tissues (see further discussion of COX respiration below). The effects of hypoxia acclimation differ depending on fuel type and mitochondrial respiration state. For example, brain respiration rates are increased by hypoxia during LEAK (substrates without ADP; complex I only; Figure 1) and OXPHOS (substrates with ADP; complexes I + II; Figure 2) (lipids; 39–91%) (Figure 1 and Figure 2), but lowered in the CCCP-uncoupled state (carbohydrates; 23%). Moreover, low O2 causes an increase in respiration rates of liver (carbohydrates; LEAK; 36%) and heart (carbohydrates; CCCP-uncoupled; 57%), but a decrease in liver (carbohydrates; RCR; 18%) and white muscle (carbohydrates; CCCP-uncoupled; 28%). After careful optimization of the liver and white muscle homogenates, we were still unable to reach high RCR values, indicating that preparation quality was lower. Reasons why this was the case are unknown, but respiration rates for these two tissues should be interpreted with caution. The decrease in liver RCR could mean that the mitochondria of this tissue are more uncoupled and less efficient because of the increase in LEAK and the lack of change in OXPHOS respiration. Results in muscle (white and red) and heart LEAK and OXPHOS are consistent with two previous studies on mitochondria from killifish liver [11] and snapper heart [12] that also maintain respiration capacity after acclimation. However, most ectotherms normally show a clear downregulation of mitochondrial performance when exposed to chronic hypoxia. They include shovelnose ray sharks [8], some mollusks [9], and frogs [10]. The absence of a clear downregulatory response of goldfish mitochondrial respiration in this study is unexpected because goldfish suppress whole-animal metabolic rate by 74% after 4 weeks at 10% air saturation [13]. General across-tissue changes in mitochondrial respiration capacity are unlikely to be involved in supporting such a deep hypometabolic state. It could be argued that selective pressure for mitochondrial plasticity to support hypoxia tolerance is lacking because the goldfish has evolved the capacity to survive in complete anoxia [18]. However, this reasoning can only be invoked at low temperatures because anoxic survival remains limited to less than a day at 20 °C and above [19]. As primary generator of cell power, mitochondria pump protons through their inner membrane via several enzyme complexes to establish an electrochemical gradient that eventually leads to the production of ATP at complex V [20]. Severe hypoxia depolarizes mitochondria, making complex V switch from producing ATP to consuming ATP [21]. This causes a mismatch between ATP supply and demand that affects tissue function. Complex IV (cytochrome c oxidase, COX) is a major contributor to the proton gradient as it uses O2, the final electron acceptor that is eventually reduced to water [22]. It is interesting to note that COX activity is reduced by hypoxia in most tissues. This enzyme complex is downregulated in brain, liver, white muscle, and red muscle following acclimation (Figure 5). It could indicate a possible regulation of the proton gradient in ways that decrease complex V activity, as observed in anoxic turtles that are also known for their extreme tolerance to hypoxia (in brain; [23], in heart, and liver; [24]). Reduced COX respiration could also mean that mitochondrial density is decreased by hypoxia acclimation in all these tissues (although the lack of change in CS activity does not support this notion; see Table 1). It is therefore possible that a reduction in COX activity could help metabolic suppression. Our study does not address the potential contribution of reactive oxygen species (ROS) to the hypoxia acclimation response. Investigating this contribution could be productive because the mitochondrion is a major producer of ROS, with the vast majority coming from complexes I and III [25]. This organelle is well positioned to sense any changes in O2 levels and initiate organism-specific adaptations. This sensing can be done acutely or chronically through an ROS-induced response that may cause rapid accumulation of Ca2+ and/or activation of hypoxia inducible factor (HIF) [20]. ROS can cause the formation of disulfide bonds, which may change the structure and function of proteins such as phosphatases, transcription factors, and those involved in epigenetic modifications [7]. Overall, the present results demonstrate that goldfish mitochondria respond in a tissue-specific manner to chronic hypoxia. Their response can differ between respiration states and is dependent on the type of fuel oxidized. Because goldfish mitochondria show no consistent decrease in respiration capacity, they appear to mainly support metabolic suppression by decreasing their number.




3.2. Tissue-Secific Fuel Preference of Goldfish Mitochondria


Metabolic fuel preference of different goldfish tissues has not been investigated previously. Even for more thoroughly studied fish species like rainbow trout, quantitative information about substrate preference is scarce. Nevertheless, it is known that white muscle is mostly geared to use carbohydrates, whereas red muscle favors lipid oxidation [26]. Major indices of mitochondrial respiration (LEAK, OXPHOS, CCCP-uncoupled state, and RCR) are mostly dependent on the type of metabolic fuel oxidized. Furthermore, substrate preference shows great tissue specificity (Figure 1, Figure 2, Figure 3 and Figure 4). Respiration capacity is higher for carbohydrates than for lipids in the brain (normoxia; OXPHOS; 53%) and white muscle (normoxia and hypoxia; LEAK and OXPHOS; 39–154%), whereas it is the opposite in the brain (hypoxia; LEAK; 51%), and liver (normoxia and hypoxia; LEAK and OXPHOS; 12–36%; Figure 1 and Figure 2). Heart and red muscle of normoxic and hypoxic goldfish do not show preference for a particular fuel as they oxidize carbohydrates and lipids equally well. Overall results show interesting inter-tissue differences in fuel selection that are not affected by chronic hypoxia.



In the CCCP-uncoupled state, mitochondrial respiration capacity is also higher in brain (normoxia and hypoxia; 28–96%), white muscle (normoxia and hypoxia; 111–184%), and liver (normoxia and hypoxia; 23–29%) when using carbohydrates rather than lipids (Figure 4). In normoxia and hypoxia, it is intriguing to see that the liver shows opposite fuel selection strategies between the CCCP-uncoupled state (Figure 4; carbohydrates > lipids) and LEAK and OXPHOS respiration (Figure 1 and Figure 2; lipids > carbohydrates). CCCP-uncoupled respiration only reflects substrate oxidation, independent of complex V, whereas OXPHOS is further constrained by ATP turnover [27]. The contrasting fuel preferences between CCCP-uncoupled and OXPHOS respiration of the liver indicate that mitochondrial capacity for carbohydrate oxidation is limited by maximal complex V activity in this tissue. The higher reliance of white muscle on carbohydrates (Figure 1 and Figure 2) is further supported by the higher mitochondrial RCR of this tissue when oxidizing carbohydrates (Figure 3). Overall, mitochondria favor the use of carbohydrates in brain and white muscle, prefer lipids in liver, and rely equally on both fuels in heart and red muscle. These tissue-specific patterns of fuel selection are largely independent of environmental oxygen availability.




3.3. Chronic Hypoxia and Glycolysis


Acclimation to low oxygen downregulates liver PK and brain HK, but upregulates white muscle HK (Table 1). Therefore, glycolytic capacity may be decreased in liver and brain, but increased in white muscle of hypoxia-acclimated goldfish. These tissue-specific responses show that aerobic supply of pyruvate from glycolysis to the TCA cycle varies between tissues. This indicates an increased reliance of white muscle on carbohydrates during chronic hypoxia and is also supported by (i) higher mitochondrial OXPHOS respiration (Figure 2), and (ii) higher glycogen stores in white muscle (but not liver) of goldfish acclimated to hypoxia [28]. The lack of change in LDH activity in hypoxia-acclimated goldfish suggests that anaerobic supply of ATP is not enhanced. This makes sense because goldfish do not rely on anaerobic ATP production at this level of hypoxia that does not cause the conversion of lactate to ethanol [13,29].



The variable glycolytic responses observed in different goldfish tissues do not allow to characterize a consistent pattern and echo the wide range of effects previously reported for ectotherms. For example, chronic hypoxia downregulates HK in tench white muscle [30], upregulates it in killifish brain [5], but maintains it in goldfish white muscle [31]. Variable responses have also been reported for liver PK, which is upregulated in Nile tilapia [32], but maintained in killifish [5] and in goldfish [31]. These different responses may be associated with various experimental conditions (e.g., temperature and diet) used in specific experiments on these different fish species. Under standardized conditions, it would be useful to explore whether glycolysis responds differently in hypoxia-tolerant vs. hypoxia-sensitive species, but no comparable data can be obtained for sensitive species because they cannot survive equivalent levels of hypoxia. Unfortunately, a common glycolytic response of hypoxia-tolerant ectotherms cannot be inferred from the current information. Like other species examined to date, the goldfish regulates the aerobic supply of ATP through glycolysis in a tissue-specific manner to cope with chronic hypoxia.




3.4. β-Oxidation and TCA Cycle


Acclimation to low O2 causes no major changes in the capacity for β-oxidation and TCA cycle of goldfish tissues (Table 1). Aerobic supply of acetyl-CoA through these pathways is maintained during chronic hypoxia, even though demand is lowered by metabolic suppression [13]. This contrasts with previous studies on ectotherms that either downregulate [33,34,35] or upregulate [30,36] lipid catabolism and the TCA cycle. The only effects of chronic hypoxia on goldfish β-oxidation detected here were the downregulation of CPT and upregulation of HOAD in the brain (Table 1). The physiological implications of this contrasting brain response remain unclear, but results from brain mitochondria OXPHOS respiration (Figure 2) suggest an overall increase in β-oxidation capacity in this tissue during chronic hypoxia.




3.5. Downregulation of Na+/K+-ATPase in Goldfish Brain


The most striking physiological response to chronic hypoxia characterized here is a drastic downregulation of Na+/K+-ATPase in goldfish brain. The activity of this essential ion pump is decreased by 40% in the central nervous system, but remains unaffected in white muscle and liver (Figure 6). The same brain-specific response was previously reported in hypoxic naked mole-rats [37] and anoxic pond slider turtles [38]. However, it cannot be concluded that this physiological strategy is a required feature of the champions of hypoxia tolerance because crucian carp exposed to complete anoxia do not use it [38]. Most of the ATP consumed by the brain is used to maintain electrical activity by pumping ions [39]. Na+/K+-ATPase is arguably responsible for the majority of the brain ATP consumption and it is essential to maintain Na+ and K+ gradients, as well as to regulate Ca2+ and neurotransmitter transport [40]. Downregulating this pump will inevitably result in a decrease in O2 consumption. However, reducing Na+/K+-ATPase must occur concomitantly with a decrease in ion channel leak to maintain membrane gradients [41,42] and to protect against intracellular Ca2+ buildup that can lead to neuronal death [6]. A previous study shows that the anoxic goldfish brain downregulates Ca2+ channel activity together with Na+/K+-ATPase [43]. This suggests that channel arrest occurs when oxygen is absent, and determining whether it is also the case in chronic hypoxia will be a productive avenue for future research.





4. Methods


4.1. Animals


Adult common goldfish (Carassius auratus (Linnaeus 1758)) (N = 43, body mass 20.9 ± 0.2 g) were purchased from AQUAlity Tropical Fish Wholesale (Mississauga, ON, Canada) and held in a 1200 L flow-through holding tank in dechloraminated, well-oxygenated water, under a 12 h:12 h light:dark photoperiod, and were fed 3 mm floating fish pellets (Profishent; Martin Mills; Elmira, ON, Canada) once a day. They were randomly allocated to normoxia or hypoxia. All measurements were performed at 13 °C, and the fish were acclimated to this temperature for at least 2 weeks in the holding tank before starting experiments. Water was then made progressively hypoxic over 7 days by bubbling increasing amounts of N2 through a column filled with glass beads. Water PO2 was measured using galvanic oxygen probes (Loligo Systems, Tjele, Denmark). The probes were calibrated before each measurement using air-saturated water (20.9% O2). Oxygen availability went from 100% saturation on day 1 to 50, 40, 30, 20, 15, and finally 10% (or 2.1 kPa) on day 7. PO2 was maintained at that low level for a period of at least 4 weeks. This level of hypoxia was selected because it induces significant suppression of goldfish aerobic metabolism, but without causing any ATP synthesis from anaerobic ethanol production [13]. All procedures were approved by the Animal Care Committee of the University of Ottawa (protocol BL-1625) and adhered to the guidelines established by the Canadian Council on Animal Care for the use of animals in research.




4.2. Mitochondrial Respiration


After at least 4 weeks of acclimation to either normoxia or hypoxia, goldfish were quickly euthanized by cervical dislocation and brain, liver, white muscle, heart, and red muscle were carefully dissected. At least 150 mg of freshly collected brain, liver, and white muscle were quickly frozen in liquid N2 and stored at −80 °C for enzyme analyses. Approximately 30–50 mg of fresh brain, liver, white muscle, heart, and red muscle were placed in ice-cold BIOPS buffer (10 mM Ca-ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) buffer, 0.1 µM free calcium, 20 mM imidazole, 20 mM taurine, 50 mM 2-(N-Morpholino) ethanesulfonic acid potassium salt (K-MES), 0.5 mM 1,4-dithiothreitol (DTT), 6.56 mM MgCl2, 5.77 mM ATP, and 15 mM phosphocreatine, pH 7.1) for mitochondrial respiratory capacity measurements.



Tissues were prepared for mitochondrial respiration in two different ways. Brain, liver, and white muscle were prepared by relying on a shredding technique adapted from [44,45,46,47,48]. Briefly, tissues were cut in ice-cold MiR05 (0.5 mM EGTA, 3 mM MgCl2.6 H2O, 60 mM lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 20 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 110 mM D-sucrose, and 1 g L−1 fatty acid-free bovine serum albumin (BSA), pH 7.3) respirometry buffer using microdissecting scissors to obtain a small particulate solution (liver/white muscle) or by using a pestle for brain. The homogenization was completed by pipetting several times to obtain very small tissue pieces (tested by pipetting through a 1 mL tip for white muscle or 0.2 mL tip for brain and liver). The shredded homogenates were then diluted in MiR05 to obtain the desired final concentration (100 mg mL−1 for the liver, 60 mg mL–1 for the white muscle, and 5 mg mL−1 for brain). The entire procedure was carried out at 4 °C and completed within 20 min of the fish being euthanized. Red muscle and heart were used to prepare permeabilized muscle fiber bundles as previously described [49,50]. Briefly, a small piece of red muscle immersed in BIOPS was dissected to separate muscle fibers. Fiber bundles were transferred to BIOPS solution supplemented with saponin (50 μg mL−1) and mixed gently at 4 °C for 30 min. The permeabilized fibers were then gently washed once by mixing for 10 min at 4 °C in the Mir05 solution. Muscle fibers were then weighed, and their respiration was monitored with an Oroboros oxymeter at 13 °C in a hyperoxygenated respiratory buffer Mir05.



Mitochondrial respiration of all samples was measured at 13 °C using two Oxygraph-2k high-resolution respirometers (Oroboros Instruments, Innsbruck, Austria) running in parallel, each with a specific substrate protocol (carbohydrates or lipids). Oxygen concentration (pmol mL−1) was recorded using DatLab software (Oroboros Instruments). A two-point calibration of the oxygen electrodes was done daily: air saturation with the addition of oxygen and zero oxygen saturation with the addition of sodium dithionite. For the shredded preparation, homogenates were placed into the calibrated chamber with saponin (50 μg mL−1) for 15 min before starting any measurement. To avoid any limitation of oxygen diffusion to the cell, measurements were run under hyperoxygenated conditions (350–450 μmol L−1). Oxygen was added to the respirometry chambers at the beginning of the protocol. Mass-specific O2 consumption was expressed as pmol O2 s−1 mg−1 wet tissue. Two sequential substrate–uncoupler–inhibitor–titration (SUIT) protocols were run simultaneously for each tissue as follows:



For the carbohydrate protocol, substrates were added in the following order: 5 mM/2.5 mM pyruvate/malate (PM) to ensure electron entry to complex I of the ETC (nonphosphorylating/LEAK), followed by saturating concentrations of ADP (1 mM for brain and 0.5 mM for liver/white muscle) to obtain the phosphorylating respiration rate/to activate ATP synthesis (OXPHOS), 10 mM glutamate to estimate amino acid utilization, 10 mM succinate to fully activate the ETC and obtain the real OXPHOS state by supporting electron entry to complex I + II, and 10 µM cytochrome C to test for the integrity of the outer mitochondrial membrane (rate below 15% was considered acceptable) [44]. A titration of 2 µM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was used to obtain the CCCP-uncoupled respiration rate, 2.5 µM antimycin A to inhibit complex III and obtain a residual oxygen consumption that is not linked to mitochondria. Finally, 2.5 µM ascorbate and a titration of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD; final concentration = 2–2.5 mM TMPD) to measure complex IV state 3 respiration and obtain the maximal activity of cytochrome c oxidase (COX) as an estimate of mitochondrial density [51].



For the lipid protocol, substrates were added in the following order: 0.04 mM/2.5 mM palmitoylcarnitine/malate (PCM) to measure complex I + II respiration (nonphosphorylating/LEAK). At this concentration of malate, note that the exact contribution of complex II to the respiration rates measured is unclear. This is followed by the addition of a saturating concentration of ADP (as in the carbohydrate protocol), 10 µM cytochrome C, 2–4 µM CCCP, 2.5 µM antimycin A, 2.5 µM ascorbate, and finally, a titration of TMPD (final concentration = 2–2.5 mM; brain, liver, and white muscle only). Note that “carbohydrate protocol” and “lipid protocol” are so named to express what starting substrate is used in each procedure. COX activity was measured in both protocols in the presence of multiple substrates at the time antimycin A was added to the respirometer chamber.




4.3. Enzyme Assays


All enzyme activities were measured using a Spectra Max Plus384 Absorbance Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). To measure the activities of key enzymes involved in (i) glycolysis (hexokinase (HK), pyruvate kinase (PK), and lactate dehydrogenase (LDH)), (ii) β-oxidation (carnitine palmitoyl transferase (CPT) and 3-hydroxyacyl CoA dehydrogenase (HOAD)), and (iii) the tricarboxylic acid cycle (citrate synthase (CS)), ~50 mg of each frozen tissue was weighed and homogenized on ice in 19 volumes of extraction medium (25 mM Tris/HCl + 1 mM EDTA as well as 5 mM dithiothreitol and 0.05% (v/v) Triton X-100 that were added on the day of the experiment to complete the enzyme extraction). Homogenates were then centrifuged at 4 °C at 2400× g for 5 min, and the resulting supernatant was stored at −80 °C until analyses. All homogenates were subjected to one freeze/thaw cycle. Preliminary experiments were carried out to ensure that all substrate and cofactor concentrations were saturating but not inhibitory. Control reactions (containing no substrate) were run simultaneously for each enzyme to measure background activity, if present. All assays were run in triplicate.



Assay conditions were as follows: HK (A340; EC 2.7.1.1; [52]): 1 mM glucose, 5 mM MgCl2, 0.24 mM NADH, 2 mM phosphoenolpyruvate (PEP), 5 U/mL PK, 20 U/mL LDH, and 4 mM ATP (omitted from the control). PK: (A340; EC 2.7.1.40; [53]): 0.17 mM NADH, 5 mM ADP, 80 mM KCl, 10 mM MgCl2, 5 PEP (omitted from the control), and excess coupling enzyme (LDH) in 160 mM triethanolamine/HCl. LDH: (A340; EC; 1.1.1.27; [54]): 0.17 mM NADH, 1 mM KCN, and 2 mM pyruvate (omitted from the control) in 50 mM Tris/HCl. CS: (A412; EC 2.3.3.1; [55]): 0.2 mM 5,5′dithiobis(2-nitrobenzoic acid) (DTNB), 0.1 mM acetyl CoA, and 0.5 mM oxaloacetate (omitted from the control) in 50 mM Tris-HCl. CPT: (A412; EC 2.3.1.21; [56]): 0.15 mM DTNB, 0.035 mM palmitoyl CoA, carnitine (omitted from the control) in 50 mM Tris. HOAD: (A340; EC 1.1.1.35; [56]): 0.2 mM NADH, and 0.1 mM acetoacetyl CoA (omitted from the control) in 50 mM Imidazole + 1 mM EDTA.



We measured Na+/K+-ATPase activity (A340) by using a modified protocol from [57]. Frozen tissue was weighed (~100 mg) and homogenized on ice with a sonicator (Fisher Scientific Sonic Dismembrator model 100, San Diego, CA, USA) in a 4:1 SEI:SEID buffer (SEI: 250 mM sucrose, 10 mM EDTA, and 42 mM imidazole; SEID: 100 mL SEI + 0.5 g sodium deoxycholate). Homogenates were then centrifuged at 10,000× g for 5 min at 4 °C, and the resulting supernatant was directly used in the assay. The assay was performed as previously described [57] in quadruplicate (2 replicates contained 10 µL of homogenate + 200 µL of assay solution A (50 mM imidazole, 2.8 mM PEP, 0.7 mM ATP, 0.22 mM NADH, 5 mM PK, and 4 mM LDH) and 2 replicates contained 10 µL of homogenate + 200 µL of assay solution B (Solution A + 0.5 mM ouabain)). Ouabain was added to block Na+/K+-ATPase and measure any detectable ATP use not associated with this enzyme.




4.4. Calculations and Statistics


Antimycin A values were subtracted from PM/PCM, ADP, glutamate, succinate, and CCCP values to obtain all desired states (LEAK, OXPHOS, and CCCP-uncoupled). Ascorbate values were subtracted from TMPD values to calculate COX activity. Mitochondrial respiratory control ratio (RCR), an indicator of mitochondrial coupling, was calculated as a ratio between OXPHOS and LEAK (OXPHOS/LEAK). All respiratory states were normalized to COX activity to avoid any intrinsic variation in mitochondrial density/content. Statistical analyses were performed using SigmaPlot 12.5 (Systat, San Jose, CA, USA). Data were analyzed using a repeated-measures two-way analysis of variance (RM-ANOVA) for the mitochondrial respiration experiments to test for significant interactions between the two independent variables: (i) oxygen level (normoxia vs. hypoxia) and (ii) type of fuel (lipids vs. carbohydrates), followed by the Holm–Sidak post hoc test. A two-tailed t-test was used to analyze the effects of hypoxia on all enzyme activities. Normality was assessed using the Shapiro–Wilk test, and homoscedasticity by the Levene’s test. When the assumptions of normality or equality of variances were not met, the data were normalized by log10. If transformation was unsuccessful, nonparametric Mann–Whitney U test was performed. All values presented are means ± standard error of the mean (s.e.m), and a level of significance of p < 0.05 was used in all tests.





5. Conclusions


This study shows that acclimation to hypoxia causes significant changes in mitochondrial respiration of all goldfish tissues. However, these mitochondrial responses vary greatly between tissues and often depend on the substrate being oxidized. All the respiration parameters measured here are stimulated or reduced by hypoxia, at least for one of the metabolic fuels tested: LEAK (brain and liver), OXPHOS (brain), RCR (liver), CCP-uncoupled (brain, white muscle and heart), and COX (all tissues except heart). Therefore, hypoxia acclimation causes a rather complex array of mitochondrial responses because no consistent across-tissue pattern could be established except for a general decrease in COX respiration. This observed change in COX activity suggests that hypoxia causes an organism-wide reduction in mitochondrial density. Downregulating COX could aid in achieving hypometabolism by indirectly inhibiting complex V via a reduction in the proton gradient. Regardless of environmental oxygen conditions, goldfish mitochondria favor the use of carbohydrates in brain and white muscle, prefer lipids in liver, and rely equally on both in heart and red muscle. Hypoxia causes the goldfish brain to switch to oxidizing lipids rather than carbohydrates with no clear preference observed in other tissues. Results also demonstrate a strong hypoxia-driven downregulation of brain Na+/K+-ATPase that supports whole-animal metabolic suppression and suggests concomitant channel arrest. The brain is the organ most affected by chronically low oxygen because it shows important responses in mitochondrial respiration (increase in LEAK and OXPHOS when using lipids, decrease in CCCP-uncoupled respiration when using carbohydrates, and decrease in COX when using lipids), as well as changes in the activities of key enzymes (HK, CPT, HOAD, and Na+/K+-ATPase). Overall, hypoxia-acclimated goldfish mainly promote metabolic suppression by regulating the glycolytic supply of pyruvate, downregulating brain Na+/K+-ATPase, and most likely decreasing mitochondrial abundance.
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Figure 1. Mitochondrial oxidative fuel preference during nonphosphorylating respiration (LEAK) (pmol O2 sec−1 mg−1) normalized to cytochrome c oxidase (COX) respiration in the tissues of normoxic controls (N = 12) and hypoxia-acclimated goldfish (N = 11). LEAK represents mitochondrial respiration in the presence of pyruvate/malate for the carbohydrate protocol and palmitoylcarnitine/malate for the lipid protocol. Values are means ± standard error of the mean (s.e.m). Dots represent individual data points. Differences between fuels are indicated as F (p < 0.05) and FFF (p < 0.001). Differences between oxygen levels are indicated as H (p < 0.05) and HH (p < 0.01). Significant interaction between type of fuel and oxygen is indicated as I (p < 0.05). 
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Figure 2. Mitochondrial oxidative fuel preference during oxidative phosphorylation (OXPHOS) respiration (pmol O2 sec−1 mg−1) normalized to COX respiration in the tissues of normoxic controls (N = 12) and hypoxia-acclimated goldfish (N = 11). OXPHOS represents mitochondrial respiration following the addition of saturating concentrations of ADP in the presence of pyruvate/malate for the carbohydrate protocol and palmitoylcarnitine/malate for the lipid protocol. Values are means ± s.e.m. Dots represent individual data points. Differences between fuels are indicated as F (p < 0.05) and FFF (p < 0.001). Difference between oxygen levels is indicated as HH (p < 0.01). Significant interactions between type of fuel and oxygen are indicated as I (p < 0.05) and II (p < 0.01). 
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Figure 3. Respiratory control ratio (RCR) in the tissues of normoxic controls (N = 12) and hypoxia-acclimated goldfish (N = 11). RCR was calculated as the ratio between OXPHOS respiration and LEAK respiration (OXPHOS/LEAK). Values are means ± s.e.m. Dots represent individual data points. Differences between fuels are indicated as F (p < 0.05) and FF (p < 0.01). Difference between oxygen levels is indicated as H (p < 0.05). Significant interaction between type of fuel and oxygen is indicated as I (p < 0.05). 
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Figure 4. Mitochondrial oxidative fuel preference during the CCCP-uncoupled state (pmol O2 sec−1 mg–1) normalized to COX respiration in the tissues of normoxic controls (N = 12) and hypoxia-acclimated goldfish (N = 11). The CCCP-uncoupled state represents mitochondrial respiration following titration of carbonyl cyanide m-chlorophenyl hydrazone (CCCP) in the presence of pyruvate/malate + ADP + glutamate + succinate + cytochrome C for the carbohydrate protocol and palmitoylcarnitine/malate + ADP + cytochrome C for the lipid protocol. Values are means ± s.e.m. Dots represent individual data points. Differences between fuels are indicated as F (p < 0.05) and FFF (p < 0.001). Differences between oxygen levels are indicated as H (p < 0.05) and HH (p < 0.01). 
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Figure 5. Mitochondrial oxidative fuel preference of COX in brain, liver, and white muscle of normoxic controls (N = 12) and hypoxia-acclimated goldfish (N = 11). COX respiration represents mitochondrial respiration following addition of ascorbate and a titration of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) in the presence of pyruvate/malate + ADP + glutamate + succinate + cytochrome c + CCCP + antimycin A for the carbohydrate protocol and palmitoylcarnitine/malate + ADP + cytochrome c + CCCP + antimycin A for the lipid protocol. Values are means ± s.e.m. Dots represent individual data points. Differences between fuels are indicated as FF (p < 0.01) and FFF (p < 0.001). Differences between oxygen levels are indicated as H (p < 0.05), HH (p < 0.01), and HHH (p < 0.001). Significant interactions between type of fuel and oxygen are indicated as II (p < 0.01) and III (p < 0.001). 
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Figure 6. Effects of chronic hypoxia on Na+/K+-ATPase activity in the brain, liver, and white muscle of normoxic controls (N = 10) and hypoxia-acclimated goldfish (N = 10). Values are means ± s.e.m. Dots represent individual data points. Significant effect of hypoxia is indicated as HHH (p < 0.001). 
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Table 1. Effects of chronic hypoxia on the activities of key enzymes of glycolysis, β-oxidation and tricarboxylic acid (TCA) cycle in goldfish brain, liver, and white muscle (N = 10 for each treatment group). All values are given in µmol g−1 min−1 and presented as means ± s.e.m.
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Hexokinase

	
Pyruvate Kinase

	
Lactate Dehydrogenase

	
Carnitine Palmitoyl Transferase

	
3-Hydroxyacyl CoA Dehydrogenase

	
Citrate Synthase




	
Normoxia

	
Hypoxia

	
Normoxia

	
Hypoxia

	
Normoxia

	
Hypoxia

	
Normoxia

	
Hypoxia

	
Normoxia

	
Hypoxia

	
Normoxia

	
Hypoxia






	
Brain

	
16.64 ± 0.68

	
14.58 * ± 0.37

	
39.42 ± 3.06

	
37.75 ± 3.65

	
212.5 ± 13.23

	
204.12 ± 14.15

	
0.17 ± 0.01

	
0.14 * ± 0.04

	
0.1 ± 0.01

	
0.17 * ± 0.03

	
0.81 ± 0.24

	
0.57 ± 0.35




	
Liver

	
2.19 ± 0.23

	
1.89 ± 0.17

	
124.03 ± 20.95

	
65.15 * ± 14.38

	
344.89 ± 45.04

	
388.96 ± 43.38

	
10.34 ± 1.05

	
10.35 ± 1.04

	
0.29 ± 0.029

	
0.3 ± 0.03

	
2.09 ± 0.19

	
2.83 ± 0.42




	
White muscle

	
1.48 ± 0.11

	
2.69 ** ± 0.29

	
109.53 ± 5.2

	
96.63 ± 6.58

	
96.86 ± 13.51

	
118.53 ± 20.51

	
14.31 ± 1.67

	
11.73 ± 1.39

	
0.29 ± 0.05

	
0.46 ± 0.13

	
5.06 ± 0.31

	
4.71 ± 0.34








Differences between oxygen levels are indicated as * (p < 0.05) and ** (p < 0.01). Values in color show how hypoxia affects enzyme activity: green for activation and red for inhibition.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Respiration rate (OXPHOS/COX)

0.4
. FFF
0.3- HH 0 I

E °3° 880 %o
027 @ pos 87 poe
: > ® ¢ o :
0.1 ﬁ o
0.0- , |
] Liver
0.204
. F
0154 ° e o ®
1 o0 %
0.10-] @ i O Ao
. o
- Y o) ®
0059 |° ST | o
0.00- , ,
_ _ |
1 White muscle ©
0.25-] FFF
] oge
0.20- ;;F
0.15- g | %
. ® .C
: ° | X
010—: Oo o2 ° Lo
] o
0054 S| p°
0.00- I I
Lipids Carbohydrates

o Normoxia

e Hypoxia
067 Heart

- (o]
0.4-

] o .

1l g g °®
02__ (0) (o) ._:_:

i o °

J o© °
0.0- ,

] Red muscle
0.2 o

] $

: (o) 8 ;?;
0.14 %5

. g0

1 |oo0 -3

0.0 ,
Carbohydrates





nav.xhtml


  metabolites-11-00187


  
    		
      metabolites-11-00187
    


  




  





media/file2.png
Respiration rate (LEAK/COX)

Brain

0.05
: HH
0.04 .
] |
0.03 . o E
7 o ® o o
0024 o, ~I& o
- o o0 o
- o
0.01 5 o (@)
i c)oo ‘ : \
0.00-18-4 Ol eed
] Liver
0.20
. 1 o H
157 F oo
1 o é__ o .
0.10- >
i Eﬁ .’: OCo ._.Fl
- ¢
1 poo
0.054 [ o7 29 |ee
i o
0.00- | |
1 White muscle
0.25- F
FFF o
o
o0
o
2&? Do
8 o
O ®
go

I
Carbohydrates

o Normoxia
e Hypoxia
1Heart
0.015
0.010- °
i o °
- o
0.005
] T
0.000—-—ﬁ—,—m—
0.04- Red muscle
E ®e
0.03-
i o
0.02— _,lf2
_ O :;:
- (@)
001—_ O
- °
- ®
0.00 ol | o
Carbohydrates





media/file5.jpg
Respiratory control ratio (OXPHOS/LEAK)

200 Brain | White muscle \
150 4 F
100 FPE .
o s
Ba ME P
o1 # gl i~ I i
Liver 100] Red muscle
i o
¥ FF
o
s H
5o
ol - .
W
Lipids  Carbohydrates Lipids  Carbohydrates

©  Normoxia
* Hypoxia





media/file3.jpg
0.4 Brain ©  Normoxia
« Hypoxia
03
02
o1
ool r
Liver 067 Heart
020 o
0.15- 04+
0.10- F:1i:] il
02] [oo
0.05- -
o0
ool T 00 T
o
225 White muscle o oo Red muscle
0204 FFF*3 024 .
i s
0154
. 8 og A
010 & ofe 01]
i of |88
0054 o
000 00

Lipids  Carbohydrates Carbohydrates.





media/file1.jpg
Respiration rate (LEAK/COX)

© Nomoxia
HH  Hypoxia
0044 . R
St
002 H
001] e
0.00 2l 3
Heart
020] oois]
F e 0010 o
° o
0.005- M
0054 | o o]
oood L, L oo %ﬁ_
White muscle 004 Red muscle
025 E
FFF o ° .
00 F o] o
0.15. ° $2
0] T
0104 o= o %
vood NN RE

Lipids

Carbohydrates

Carbohydrates.





media/file7.jpg
Respiration rate (CCCP-uncoupled/COX)

08 Brain

©  Normoxia
ad FEF * Hypoxia
04]
029
o0
03] %1 Heart
. HH
063 e
0.2 °
i o
or] ool Y
029 [£o9
8
o0 r . 00 v
H
04]Whitemuscle g 04]Red muscle
FEF N
03] ° 03] |
oo § E
" o [
RIL ALF
00 : 00

Lipids.

Carbohydrates Carbohydrates





media/file10.png
Respiration rate (pmol O, sec’ mg™)

-
o

o

W
o

N
o

-
o

o

Brain o

] Normoxia

. O

] ° e Hypoxia

i o FFF Il

_ ﬁ HHH FFF

7 o

1 Poq e é% .&

10| p%a

: I I

1 Liver {Heart

1 o 150~ o

i - o®

: HH 1.

1ps ., 82 s ) o T

: F.. © .o“ : _é‘_o 3.:.

- o (o) ® L @) - @) O

5 ° 50— |00

- | | 0 |

] White muscle ] Red muscle

- 150

p FF ) 1 ° H

- o -

1 ° H o° ° . 8 °

— (é:g_g ., o .. 100—_ g_l\— ®

] Po | ®%ee 3¢ . o)

] ooo » e O%E XX i OOO ":::z'

— o0 50_ o

. ] o

: I I 0 - I
Lipids Carbohydrates Carbohydrates





media/file12.png
Na*/K* ATPase activity

(umol ADP g™ hr-1)

4000
3000 — °
i o L J
2000 _ HAH i _:[_
& 2 .
1000 - o
i © ﬁ 8C Py
] (]
0 | i@T‘ |
Brain Liver White

muscle

0]

Normoxia
Hypoxia





media/file9.jpg
g
g
£
Kl
g
5

0]

60

409

209

FFF I
FFF

% M

309

20]

104

X0 IR

o

1509

100]

50

Normoxia
Hypoxia

309

20]

104

White muscle

FF
° H ® .
"
g8 o 2
| 5 =§:

150

1004

504

Red muscle
e H
o
° .
%o

Lipids.

Carbohydrates.

Carbohydrates





media/file0.png





media/file8.png
Respiration rate (CCCP-uncoupled/COX)

o o o =
N N » 00

o o
w O

O
N

O
—

o O O o ©
- N w O

O
o

- Brain

i FFF

_' @)

i ] H

i o .

_: o0 0-8- oe®

g AR

_Z % g. © °

: | |

-+ Liver F F

] o :

1 ° o°

1 000 o 17

1 &% [ [

118]°

: | I

-~ White muscle i

: FFF

. FFF

— o .

E oXo, :

—: 00 °

: »OC Cla

_ & .. o®

TalaB;
Liplids Carbohlydrates

o Normoxia
e Hypoxia
0.8-—
{Heart
- HH
- O
0.6- o
: @
042 oTe
i o®
1 & | ¢
0.2 © o O
i 0
| O
0.0- ,
0.4- Red muscle
: o
_ ®
0.3 : o ..o
: A S
0'2__ :I; [ X J
. 8
014 | | |*°
0.0-

|
Carbohydrates





media/file11.jpg
> 4000 o Normoxia
2 T *  Hypoxia
8 £ 3000
3o
o
&5 2000
<
‘x [=}
= g 1000
2






media/file6.png
Respiratory control ratio (OXPHOS/LEAK)

—

)

4 Brain .| White muscle

0 i |

- ] F

g 6— .

_: ° 4—5 o

E © E ° o

| il

lebooin Bim 1171 [

Liver 100__ Red muscle

- FF 1 °

] o ]

1 | i

: T 5

E o0 o % o* - :

1 B8 3 Cag :

1 , s &
Lipids Carbohydrates Lipids Carbohydrates

o Normoxia

e Hypoxia





