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      Abstract


      Thermogenesis in the appendix of Sauromatum venosum inflorescence can be induced by aspirin, salicylic acid, and 2-6-dihydroxybenzoic acid. The contribution of mitochondrial F0F1 ATP synthase, adenine nucleotide translocator, and alternative oxidase to induced thermogenesis in various light and dark regimes was studied. Sections of the appendix of the Sauromatum appendix were incubated with each of three inducers under a series of different photoperiods ranging from 6-48 h of dark or light regimes. The effect of mitochondrial inhibitors, oligomycin (F0F1 ATP synthase inhibitor), carboxyatractyloside (adenine nucleotide translocator inhibitor), and SHAM (alternative oxidase inhibitor) were used to demonstrate F0F1 ATP synthase, adenine nucleotide translocator, and alternative oxidase contribution to temperature rise. Under night/light conditions temperature rose 3 h since light onset and 12 h since darkness onset under various dark to light regimes. Temperature rise was suppressed by 40 µM oligomycin and 40 µM carboxyatractylosid in dark/light and light/dark regimes. Combination of the two inhibitors and an inducer completely suppressed temperature rise. When the appendix sections were treated with 2 mM salicylhydroxamic acid, temperature rise was significantly suppressed only under prolonged light conditions, more than 20 h of light.


      Keywords


      Adenine nucleotide Translocator, Aspirin, 2,6-dihydroxybenzoic acid, F0F1-ATP synthase, Induced thermogenesis, Salicylic acid


      Abbreviations


      ANT: Adenine nucleotide translocator; AOX: Alternative oxidase; ASA: Aspirin; CV: mitochondrial complex V (F0F1 ATP synthase); D/L: Dark/light; 2,6-DHBA: 2,6-dihydroxybenzoic acid; L/D: Light/dark; OM: Oligomycin; OXPHOS: Oxidative phosphorylation; PTP: Permeability transition pore; SA: Salicylic acid; SHAM: Salicylhydroxamic acid


      Introduction


      Aspirin (ASA), SA, and 2,6-DHBA induce thermogenesis in tissue slices of the Sauromatum appendix over a wide range of concentrations [1]. Recently, it has been shown that mitochondrial OXPHOS activity is a prerequisite for this inducible thermogenesis [2]. Suppression of induced thermogenesis was observed when Sauromatum appendix tissue slices were treated with a diverse set of inhibitors of the mitochondrial electron transport chain under constant light. Unexpectedly, treatment with 2 mM SHAM did not completely suppress temperature rise. On the other hand, OM (a CV inhibitor) and CATR (an ANT inhibitor) suppressed temperature rise. One possible explanation for the unexpected results is that thermogenesis in the Sauromatum appendix is a sum of three heat sources. One source is AOX and two other likely additional heat sources are CV and ANT. The inhibitors affect only mitochondrial functions in the Sauromatum appendix tissue because the tissue lacks chloroplasts [3].


      F0F1-ATP synthase is abundant and organized in two subcomplexes in plant mitochondrial like in other eukaryotes [4,5]. The F0 subcomplex is composed of several proteins including various copies of subunit c (c ring) and subunit b (peripheral stalk). The F1 subcomplex is composed of three αβ dimers (catalytic site) and a central stalk. The oligomycin sensitivity conferral protein (OSCP) connects the peripheral stalk to the catalytic site [6]. OSCP is necessary for coupling proton translocation to ATP synthesis [7,8].


      Plant mitochondrial ANT is one of the most abundant proteins in the inner membrane and it mediates the exchange of mitochondrial ATP4- for cytosolic ADP3-  [9,10]. Carboxyatractyloside is a specific inhibitor of plant [11] and human ANT [12]. It blocks ATP transport into mitochondria. ANT mediates proton leak induced by fatty acid in brown-fat mitochondria [12].


      F0F1-ATP synthase can form various macromolecular complexes. For example, ATP synthasome constitutes ANT, CV, and the phosphate carrier [13,14]. In a different arrangement, ANT, CV, and voltage-dependent anion channel (VDAC) can form a PTP complex [15,16].


      In non-thermogenic plants the activity of mitochondrial AOX is high when carbohydrate level is high [17]. Light/dark transitions result in an increase in both dark respiration and AOX activity because of carbohydrates accumulation during photosynthesis [18]. However, under prolong light conditions respiration rate varies among plant species; in some species it can be inhibited and in others stimulated or unchanged [19,20].


      The present paper provides evidence that ANT, CV and AOX generate heat in the Sauromatum appendix in the presence of the three inducers. Switching between light and darkness changed the intensity of the heat sources and their timing. The D/L regimes generated a temperature peak 3 h since light onset and L/D regimes generated a temperature peak 12 h since light offset. Under various D/L regimes CV and ANT activities generated most of the heat. Under various L/D regimes AOX, CV and ANT contribute to thermogenesis. Only under prolonged light regimes AOX was the major contributor of heat.


      Materials and Methods


      Materials and chemicals


      Antimycin A, carboxyatractyloside, oligomycin, and SHAM were purchased from Sigma Aldrich and dissolved either in ethanol or in DMSO. ASA, SA, and 2,6-DHBA were purchased from Fisher Scientific and dissolved in distilled water to make 2 mM stock solutions.


      Plant material


      Corms of Sauromatum vensosum were kept at 4 ℃ and the inflorescences were allowed to develop under A normal 15/9 L/D cycle at ambient. When the inflorescence matures the base of the spathe becomes swollen and its color changes to burgundy [21]. These characteristics appear ~3 d prior to thermogenesis (pre D-day stage). At this stage, application of an inducer triggers thermogenesis.


      Induction of a thermogenic response


      Pre D-day appendices of the Sauromatum inflorescences were cut transversely into equal length sections (1-2 cm) and immediately immersed in different concentrations of an inducer solution or in a control solution (buffer solution with no inducer) in a 96 well plate in an environmental chamber (SANYO) under different light and dark regimes at ~20 ℃. The inducer solution contained one of the following compounds, SA, ASA, or 2,6-DHBA, and 0.5% Teeen-20 in 20 mM HEPES buffer, pH 7.0 [1].


      Treatments under different photoperiods were as follows: 6L:42D, 9L/39D, 12L:36D, 15L/33D, 20L: 28D, 24L:24:D, and 48L:0D. In another set of experiments sections were incubated under different darkness periods:  6D:42L, 9D/38L, 12D:32L, 15D:33L, 20D:28L, 24D:24L and 48D:0L. Each set of experiments was performed with sections from one appendix. Appendix sections were immersed in the solution throughout the experimental period. Data collection started as soon as the appendix sections were placed in a solution. 


      Temperature data collection


      Precision thermocouples (copper/constantan, Omega Engineering, Stamford, CT) were inserted into the appendix sections and the temperature was recorded by a data logger (OMB- DAQ-56, Omega) every 2 min. There were 720 consecutive readings per 24 h. The effect of a treatment on the temperature rise was calculated as the difference in temperature between an inducer and a buffer treated section. Temperature rate was defined as Δ℃/h and was calculated by subtracting the first reading (the first 2 min) from of the first hour (62 min) and dividing by time (60 min). The moving average of temperature rate data was created using Excel software.


      Results


      Induced thermogenesis response to dark/light transitions in the appendix of the Sauromatum inflorescence


      Figure 1 shows the timing of induced thermogenesis as a response to the duration of the dark phase in the presence of ASA, SA, and 2,6-DHBA. When the dark phase preceded light onset by 6 h the temperature rose ~23-25 h since darkness onset (the beginning of the experiment) or 17-19 h since light onset (Figure 1, row 1). Two weak temperature peaks were observed after 9-12 h of darkness in the presence of SA and 2,6-DHBA (row 2-3). One peak occurred ~3 h since light onset and a second peak ~26-29 h since darkness onset. The time interval between the peaks was ~12-13h. The weak thermogenic response to inducers under 9 to 12 h of darkness seems to coincide with a shift in the timing of induced thermogenesis. It resembles a phase shift in a rhythm of a circadian clock.


      Prolong darkness, more than 12 h, initiated a temperature rise ~3 h since light onset regardless of darkness duration (row 4-5). Under 24 h of darkness, thermogenesis appeared prior to the light onset and therefore the effect of temperature change in environmental chamber on the tissue slices seemed minimal (row 6). It may suggest that the thermogenic rhythm shifted under prolong darkness (24 h of darkness). Interestingly, when the environmental chamber light was turned on and the temperature increased (row 8), the temperature of the control tissue slices (untreated) decreased. The temperature of the treated tissue sliced fluctuated either it dropped or went up and in some tissue slices it stayed unchanged. Under constant darkness thermogenesis appeared ~25-27 h since darkness onset (row 7). It may suggest that under constant darkness with no light cue thermogenesis occurred later than 24 h because of a change in a putative circadian clock.


      Induced thermogenesis response to light/dark transitions in the appendix of the Sauromatum  inflorescence


      Light/dark transitions caused to lengthen the time to reach a temperature maximum rate, which appeared 12 h since light offset over a wide range of inducer concentrations (Figure 2). As the light phase advanced, the temperature rise appeared 3 h later (row 1 vs. row 2-3). At 20L/28D, temperature rise was low (row 5) and later at 24L/24D it rose again (row 6). Thermogenesis at 20L/28D seems to correspond to a phase shift in a rhythm of a circadian clock under these L/D conditions.


      Under 24 h of light, thermogenesis appeared at the end of the dark phase and therefore the effect of temperature change in environmental chamber on the tissue slices was minimal (row 6). It may suggest that the thermogenic rhythm shifted under a 24 h light phase. Under constant light thermogenesis appears ~22-23 h since light onset (row 7). It may suggest that under constant light, thermogenesis occurred earlier than 24 h because of a change in a putative circadian clock.


      Effect of SHAM, oligomycin, and carboxyatractyloside on induced thermogenesis at dark/light regimes in the appendix of the Sauromatum inflorescence


      Treatment of tissue slices with 2 mM SHAM at three different D/L regimes did not suppress temperature rise in the presence of ASA, SA and 2,6-DHBA (Figure 3, row 1-3). Also, it seems that the temperature rose at darkness prior to light onset in the presence of SHAM suggesting that AOX activity is required for the timing of thermogenesis. In SA-treated tissue slices (row 2) the temperature maximum rate split into 3 peaks because of the change in environmental chamber temperature. In tissue slices treated with1 µM 2,6-DHBA plus SHAM, thermogenesis started at ~9 h since the onset of darkness (row 2). The fact that at 1 µM 2,6-DHBA the temperature rise appeared prior to the temperature rise at higher concentrations may suggest that different heat sources respond differently to 2,6-DHBA. At 1 µM the heat sources appeared in sequence and at higher concentrations the sources were superimposed at the same time.


      The effect of OM and CATR on induced thermogenesis was studied at 15D/33L. Oligomycin suppressed some of the temperature rise in the presence of ASA and SA (row 4 vs. row1-3). The timing of temperature rate maximum remained unchanged (3 h since light onset). Induced thermogenesis was completely suppressed in the presence of 2,6-DHBA and OM suggesting that thermogenesis induces by 2,6-DHBA mostly originates from CV. Combination of OM and SHAM did not have any additive effect in the presence of inducers (row 5).


      The effect of OM on induced thermogenesis raised the question whether ANT, which can form a complex with CV contributes to thermogenesis in the Sauromatum appendix. Treatment with CATR, an ANT inhibitor, also suppressed induced thermogenesis to some degree at unchanged timing (row 6 vs. rows 1-3). It may suggest that the heat comes in equal amounts from two additional sources: genera CV and ANT. Treatment with a combination of SHAM and CATR further suppressed induced thermogenesis at the light phase (row 7 vs. row 6). Temperature rise in the presence of 2,6-DHBA occurred at the end of the dark phase, earlier than in the presence of ASA and SA. It seems that inhibition of ANT increased the activity of AOX in the presence of the three inducers. Treatment with a combination of OM and CATR completely suppressed induced thermogenesis in the presence of the three inducers (row 8). It strongly suggests that CV and ANT generated most of the heat observed under dark/light regimes and AOX was active only when thermogenesis generated by ANT was suppressed. The heat from AOX, CV, and ANT were superimposed upon each other making their detection difficult.


      Effect of SHAM, oligomycin, and carboxyatractyloside on induced thermogenesis at light/dark regimes in the appendix of the Sauromatum venosum inflorescence


      Treatment of tissue slices with 2 mM SHAM at two different L/D regimes did not suppress temperature rise in the presence of ASA, SA and 2,6-DHBA (Figure 4, row 1-2). Treatment with a combination of AA and SHAM in the presence of an inducer suppressed induced thermogenesis (row 3). It strongly suggests that in vivo SHAM ineffectiveness is not due to a permeability barrier. Treatment with AA alone did not suppress induced thermogenesis suggesting that AOX is inactive under 15L/28D (row 3 vs. row 4). When AOX activity was low, at 15L/28D, OM (row 7) and CATR (row 8) suppressed induced thermogenesis. SHAM at 2 mM suppressed induced thermogenesis only under 15L/28D suggesting that prolonged light phase activates AOX (rows 5-6). ASA seems to be less effective in activation of AOX under 24L/24D (row 6).


      Discussion


      This is the first study that shows the involvement of CV and ANT in the thermogenic response to inducers in the Sauromatum appendix. It also shows that AOX, CV and ANT activities are under and D/L control. Further studies are required for providing more detail information on the control mechanism. 
	  


      Mitochondrial alternative oxidase


      The results of this study suggest that AOX that is abundant in the mitochondria of the Sauromatum appendix [22] is not fully active under various darkness and light regimes. Furthermore, AOX is not the only source of heat and mitochondrial CV and ANT also contribute to temperature rise in this appendix. The mechanism that control AOX activity under light and darkness in the absence of chloroplasts is unclear. One possible explanation is that the dimerization of AOX under different L/D regimes controls its activity [18,23].


      Proton leakage through mitochondrial F0F1 ATP synthase


      In humans, CV can leak via the c-ring that is made up of 8-15 c subunits and it serves as a carrier of protons [24]. Mutation in an arginine moiety in the c-ring leads to proton leakage and decreases ATP synthesis [25]. F1Fo ATP synthase can also be involved in PTP activity that leads to inner membrane depolarization [15]. This leakage can be transformed into an energy-dissipating process. In plants the presence of the c-ring and PTP activity has been described [26]. In the Sauromatum appendix tissue the ratio of ATP/ADP is low (~1.5) during thermogenesis and it is possible that CV leakage in addition to AOX activity makes ATP production inefficient [27]. The activity and properties of CV in the Sauromatum appendix and in other thermogenic plants have not been studied.


      It has been suggested that plant mitochondria can regulate their CV under different L/D transitions [28]. 14-3-3 protein that down regulates chloroplast ATP synthase during dark adaption was found in the mitochondrial inner membrane. It has to be determined whether this protein is involved in the regulation of CV under different L/D and D/L regimes in the Sauromatum appendix.


      Proton leakage through mitochondrial adenine nucleotide translocator


      In humans, adenine nucleotide translocator has uncoupling properties that can account for up to 50% of basal mitochondrial membrane proton conductance [29,30]. It has been suggested that leakage through ANT can be activated by fatty acids [31,32]. This uncoupling can be transformed into an energy-dissipating process and it also can decrease the efficiency of ATP synthesis. In plants, ANT is present several subcellular organelles, e.g., chloroplast, peroxisomes, and mitochondria [9,33]. It has been isolated and characterized [34] but its involvement in thermogenicity has not been examined. The activity and properties of ANT in the Sauromatum appendix and in other thermogenic plants have not been studied.


      Coupling between thermogenesis and a putative clock(s)


      The data in the present article suggest that L/D and D/L transitions are coupled to a timing mechanism. The timing of thermogenesis varies between light and dark onset in the presence of ASA, SA, and 2,6-DHBA. The timing of thermogenesis is ~3h after the darkness onset and ~12 h after light onset. It is known that circadian system is temperature resistant and maintains approximately 24 h mechanism it has also been shown despite ambient temperature changes [35]. However, it has been shown that mammalian body temperature can have a weak synchronization effect on the circadian system [36-38]. Whether the mitochondria possess a clock activity is still an open question in mammals [39] as well as in plants and especially in thermogenic plants.


      It has well established that mitochondrial network oscillates [40-42]. Mitochondrial fission-fusion display diurnal changes aligned to L/D cycles [43]. Mitochondrial fusion and fission contribute to maintenance of mitochondrial function [44,45]. In the Sauromatum appendix tissue the mitochondria are fusing and divided during thermogenesis [3] and it raises the question whether the morphological changes are the reason for heat production by AOX, CV and ANT.


      Conclusions


      1) Existence of three, superimposed up on each other, components of induced thermogenesis in the appendix of the Sauromatum venosum inflorescence: alternative oxidse, F0F1 ATP synthase, and adenine nucleotide translocator.


      2) Alternative oxidase activity is high only under prolong light conditions.


      3) Induced thermogenesis is low during a shift in timing.


      4) Contribution of F0F1 ATP synthase, adenine nucleotide translocator to temperature rise was higher under dark/light regimes than under light/dark regimes.


      5) A time-keeping system is involved in induced thermogenesis and is dependent on the duration of darkness and light.
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        Figure 1: Effect of D/L transitions on induced thermogenesis in the appendix of the Sauromatum inflorescence. Each column depicts tissue temperature in the present of one of the inducers (ASA, SA, or 2,6-DHBA) at increasing concentrations (1-70 µM). Data are expressed as temperature values above chamber temperature (dashed lines, right vertical axis) and corresponding temperature rates (solid lines, left vertical axis). The time to reach temperature maximum rate was determined from the start of the experiment. The gray and white areas represent the dark and light phases, respectively. Star symbol depicts the change in temperature due to increase in the environmental chamber temperature when light was switched on.  Dark/light transitions depict on the first left column. The spike in temperature at the first h is temperature equilibration in the environmental chamber. Untreated control dash and straight lines (yellow). Each treatment (one row) was carried out with two pre D-day appendices. View Figure 1

      


      
        Figure 2: Effect of L/D transitions on induced thermogenesis in the appendix of the Sauromatum inflorescence. Legend as described in the legend of Figure 1. Star symbol depicts the change in temperature of tissue slices because of switching off the lights. View Figure 2

      


      
        Figure 3: Effect of mitochondrial inhibitors on induced thermogenesis during D/L in the appendix of the Sauromatum inflorescence. Legend as described in the legend of Figure 1. View Figure 3

      


      
        Figure 4: Effect of mitochondrial inhibitors on induced thermogenesis during L/D transitions in the appendix of the Sauromatum inflorescence. Legend as described in the legend of Figure 2. View Figure 4
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