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Session 2: Integrated Cardiovascular and
Mitochondrial Physiology.
II. Oxygen Delivery, Hypoxia, and
Altitude

2-01. Measuring and modelling the effects of altered
oxygen delivery on muscle metabolism.
Graham J Kemp
Div. Metabolic Cellular Medicine, Fac. Medicine, Univ. Liverpool,
Liverpool L69 3GA, UK. - gkemp@liv.ac.uk

I consider four main issues, based as far as possible on
quantitative analysis of published data in terms of models of mitochondrial function and
regulation in vivo.

(A) Methodological issues in measurement of O, delivery and O, usage in vivo: There
are several ways to study muscle 'metabolism (by which I mean ATP turnover in the
service of force generation) in vivo. First, for oxidative metabolism, there are whole body
Vo, measurements, and (less convenient) invasive arteriovenous difference (AVD)
measurements of muscle O, consumption [5]. Second, 3P magnetic resonance
spectroscopy (MRS) can measure ATP production by oxidative and nonoxidative means
(the latter including glycolysis to lactate and adjustments of transient ATP
demand/supply imbalance by changes in phosphocreatine (PCr) concentration) [1,10,11].
There is a tradition of assessing ‘mitochondrial capacity’ (inferred maximal rate of
oxidative ATP synthesis in vivo) by analysing relationships between oxidative ATP
synthesis rate and the concentrations of metabolites of presumed regulatory relevance
(e.g. ADP) or their correlates (e.g. PCr) [11,13,16]. Third, near-infrared spectroscopy
(NIRS) and *H MRS of deoxymyoglobin can be used to report tissue PO,. NIRS estimates
of muscle O, content can be used to measure rates of O, usage [22], and to make semi-
quantitative inferences about vascular O, supply abnormalities [11,12]. Recently NIRS
has been suggested as a measure of O, AVD, and in combination with Vo, has been used
to estimate the kinetics of blood flow [4]. (I argue that this is not a useful calculation, for
algebraic reasons, and because in the data analysed [4] blood flow is always tightly
coupled to O, use). Interpretation of NIRS data [12] is still hampered by disagreement
about whether the signal is mainly from capillary deoxyhaemoglobin or myocyte
deoxymyoglobin; if the latter [21], then like 'H MRS of deoxymyoglobin [19], NIRS
usefully reports po, in the vicinity of the mitochondrion (see (D) below). Fourth, *C MRS
labelling methods can be used to measure TCA cycle flux in vivo [9], although current
estimates of basal oxidative ATP synthesis by this method are substantially too high, for
technical reasons. The same is true of a fifth technique, *'P MR saturation transfer, which
can be used with 3C MRS to assess mitochondrial coupling in vivo [17].

(B) Understanding oxidative ATP synthesis rates in relation to metabolite
concentrations: None of these methods tell us all we want to know, but some key
measurements are available. I want to ask to what extent we understand these, a
question with several aspects. First, can we fit our measurements of rates and metabolite
concentrations into a model consistent with known biochemistry and physiology, both
classical, and the newer insights of Metabolic Control Analysis (MCA)? Probably yes, to
some extent. Secondly, how much explanatory power do such models have? Does e.g.
measured [ADP] predict the rate of mitochondrial O, consumption? In some
circumstances, yes e.g. within a single experiment. However, there is substantial
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variation between published human studies in inferred maximal rates and relationships
between ATP synthesis rates and e.g. [ADP]. Some of this is due to disagreement about
resting [PCr] measured by *'P MRS (necessary for calculation of [ADP]), and some is no
doubt methodological in other ways, but what remains might be interesting physiology.
In addition to longstanding disagreements about candidate force-flow relationships, it is
argued (in conformity with MCA [3]) that ‘parallel-activation’ or ‘feed-forward’ influences
are important in control of mitochondrial ATP synthesis in vivo [14], detectable in 3!P
MRS experiments as a lack of correlation between fluxes and concentrations, and in
particular as flux changes ‘too large’ for the changes in e.g. [ADP] [14]. This conclusion
can be avoided if one posits a higher-order force-flow relation [7], although whether this
corresponds to mitochondrial behaviour in vitro remains controversial. Recently attention
has been focussed [20] on the direct effects of PCr and free Cr on O, consumption in
vitro, independent of [ADP] [23]. Implications for mitochondrial regulation in vivo are
linked to mitochondrial creatine kinase [20], although no detailed predictions have been
made. While this is in theory a way in which a hyperbolic flux-ADP relationship in vitro
could appear in vivo as the sigmoid relationship [7] needed to explain the dynamic-range
problem without parallel activation, the required effect is much larger than has been
shown in vitro. However, our understanding of these mechanisms remains incomplete.

(C) Understanding oxidative ATP synthesis rates in relation to glycolysis: A third
question is, given some task-defined ATP demand, can we predict, nontrivially, how ATP
generation will be split between oxidative and glycolytic means? One approach is to use
the measurements we have (e.g. pH, PCr, ADP) to predict the oxidative ATP synthesis
rate, and then infer glycolytic ATP synthesis essentially by difference. As well as the
problems already mentioned, this is hampered by disagreement about how much the pH
change which accompanies lactate accumulation itself reduces mitochondrial capacity
[6,8]. Assessing this definitively requires agreement on the relevant flux-force
relationships, which, as we have seen, is lacking. A related approach, concentrating on
possible activators of glycolysis, is hampered by similar disagreement about whether
open- or closed-loop influences dominate [2,15], and if the latter, which metabolites
measurable in vivo are potential predictors of flux in vivo.

(D) Modelling the effect of impaired O, delivery on oxidative metabolism: This is
physiologically and pathologically important. There have been semi-quantitative
approaches. In vascular disease [11] and experimental hypoxia [18] the mitochondrial
capacity inferred from 3!P MRS measurements is reduced at low cell PO, inferred from
NIRS or 'H MRS (see (A) above), apparently consistent with the known dependence of
mitochondrial metabolism on the concentration of its substrate O, [10]. At present,
though, a rate of O, usage cannot be ‘read off’ from cell PO, and (say) [ADP], any more
than it can be from [ADP] and pH in exercise where [see (B) and (C) above], although
pH falls, po; is not ‘limiting’.
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2-02. Spatial profiles of mitochondrial oxygen consumption in
myocardium in situ during ischemia.
DIC Alders!, JABJ Groeneveld?!, Johannes HGM van Beek!*?
VU Univ. Medical Centre, Amsterdam; °Ctr. Medical Systems Biology,
Leiden/Amsterdam, The Netherlands. - hans.vanbeek@vumc.nl

In the normal heart myocardial blood flow and oxygen consumption are
both heterogeneous, but highly matched to each other. Myocardial ischemia
and infarction as a result of coronary stenosis are major causes of death in humans.
Myocardial infarction may show a patchy pattern. We investigated how oxygen delivery,
as reflected by coronary blood flow, matches to oxygen consumption at the local level
during increasing partial coronary stenosis of the left anterior descending (LAD) artery in
porcine left ventricle.

In in vitro and in vivo myocardium we have demonstrated that TCA cycle and other
metabolic fluxes can be quantitated from a single high-resolution carbon-13 NMR
spectrum in a small tissue sample, making it possible to assess spatial patterns of
oxygen consumption [1,2]. Heart muscle samples are taken exactly 5.5 min after the
start of infusion of 13-enriched acetate. A high-resolution NMR spectrum is obtained from
tissue sample extracts, showing single carbon NMR peaks, often split into multiplets due
to J-coupling between adjacent isotopes. The NMR free induction decays are analyzed in
the time domain and yield absolute line intensities. The multiplet intensities are analyzed
by a model for isotope traffic in the TCA cycle and communicating amino acid pools. The
160 differential equation model is integrated for each point on a trajectory in parameter
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space to find an optimal fit. Flux quantitation therefore depends on a pre-steady-state of
carbon-13 isotope enrichment in glutamate.

In small (<1 ml) tissue samples, blood flow was measured with radioactive
microspheres, and oxygen consumption in the same sample with the carbon-13 method.
In one group of animals LAD pressure was 65-70 mmHg downstream of the stenosis
(group I, n = 7), and in another group LAD pressure was 30-35 mmHg (group II, n = 7).
During normal perfusion, blood flow (~5 ml-mint-g™* dry mass) and oxygen consumption
(~19 pmol-mint-g* dry mass) are well correlated (r=0.85). In group I, blood flow
decreased by 31.9 % on average during stenosis, in group II by 40.9 %. The correlation
between blood flow and oxygen consumption on a local level decreased markedly with
decreasing blood flow and with decreasing LAD pressure downstream of the stenosis.

We conclude that during progressing partial coronary occlusion, in addition to the
global decrease of the oxygen supply-to-consumption ratio, oxygen delivery to oxygen
consumption matching is increasingly heterogeneous. This implies that local vasodilation
reserve is not uniformly matched to regional demand and that during stenosis some

areas are more affected by ischemia than others.
Supported by the Netherlands Heart Foundation, grant no. 96.127
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2-03. Oxygen- and flux-dependence of ROS-formation of lung
alveolar epithelial cells.
Heimo Mairbaurl, L Hotz, N Chaudhuri, P Bartsch

Medical Clinic VII, Sports Medicine, Univ. Heidelberg, Germany. -
heimo mairbaeurl@med.uni-heidelberg.de

ROS are produced in the cytoplasm and by mitochondria [3]. However,
results are divergent on changes in ROS production upon varying cellular
oxygen supply [1,2]. In the present study we measured ROS-formation during 15 min
(37 °C) exposure of lung alveolar A549 cells to hypoxia (2% 0,), normoxia (21 % O,)
and hyperoxia (35 % O;) by chemiluminescence (CL; 30 pM lucigenin) and ESR-
spectroscopy (CMH, CPH, ACP, PPH; 500 upM). Both, CL and ESR indicate the lowest
accumulation of ROS during exposure to hypoxia and an increase in ROS-formation with
increasing oxygenation. It has to be noted, however, that decreasing the concentration of
CMH also decreases the rate of ROS-formation in normoxic cells. In contrast to results
obtained by CL and ESR, DCF-fluorescence was increased in hypoxia. In all cases, return
to 21 % O, increased ROS-formation in hypoxic but decreased ROS in previously
hyperoxic cells. N-acetyl-cysteine decreased CL in all states of oxygenation but oxygen-
dependency of CL was still apparent. Decreased ROS-formation in hypoxia was
associated with slightly increased NADH, measured by fluorescence microscopy, and a
decrease in cellular oxygen consumption, measured by high-resolution respirometry
(OROBOROS Oxygraph). In intact cells, addition of rotenone and antimycin A increased
ROS-formation, whereas stimulation of complex I and II respiration by increasing ADP
decreased ROS measured by CL in digitonin-permeabilized cells. Both, in the non-
stimulated and ADP-stimulated state, ROS-formation was lower in hypoxia than
normoxia. Our results confirm apparent discrepancies on changes in ROS formation upon
changing oxygenation that can only be explained on the basis of different species of ROS
that are seen by different detection methods. It might also be, however, that different
ROS-indicators affect the rate of cellular ROS-formation in different ways, which needs
further exploration.
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2-04. The effect of hypoxia upon the expression pattern of
isoforms and the kinetics of cytochrome c oxidase in
astrocytes and neurons.

S Hartig, Susanne Arnold

Emmy Noether Research Group 'Brain Energy Metabolism’, Cellular

Neurosciences, Max Delbrueck Center Molecular Medicine, 13092 Berlin,

Germany. - arnold@mdc-berlin.de

The brain is the organ with the highest energy demand in mammalian organisms.
Neurons and astrocytes, two different brain cell types, are structurally, functionally, and
metabolically tightly coupled with astrocytes playing a central role in regulation of
cerebral energy metabolism in dependence on neuronal activity. Oxygen is, besides
glucose, the most important substrate to fulfil neuronal energetic requirements and also
the substrate of cytochrome c¢ oxidase (COX), the enzyme that is engaged in
mitochondrial oxidative energy metabolism. Mammalian COX is composed of three
catalytic, mitochondrially encoded and ten regulatory, nuclear encoded subunits. The
regulatory COX subunit IV plays an important role in adjusting energy production to
energetic requirements by binding of ATP to the N-terminus of subunit IV and thereby
causing an allosteric inhibition of COX activity at high energy level, i.e. high ATP/ADP
ratio [1]. It was found that this COX subunit is expressed in isoforms (IV-1 and IV-2).
While isoform IV-1 is ubiquitously transcribed in all adult mammalian tissues including
brain, isoform IV-2 showed so far high transcription levels only in the lung [2].

Besides the expression of COX IV-1 isoform in astrocytes and neurons from mouse
and rat brains, we detected also mRNA transcripts for the COX IV-2 isoform in neurons
pointing at a cell type specific expression of COX subunit IV isoforms in the brain. Under
conditions of oxygen deprivation mRNA transcription of COX IV-2 is induced in astrocytes
and upregulated in neurons. So far, yeast has been the only organism known to express
two isoforms (Va and Vb), homologous to the mammalian subunit IV, in dependence on
oxygen concentration [3]. The functional consequences of an increased expression of
COX 1IV-2 isoform, that structurally differs from COX IV-1 isoform in its N-terminus, are
reflected in the abolition of allosteric inhibition of COX by ATP at high ATP/ADP levels. We
conclude that the expression of COX IV-2 isoform under hypoxia suppresses the
sensitivity of COX to its allosteric regulator ATP and overrules the regulation of COX by

the cellular energy level.
Supported by Deutsche Forschungsgemeinschaft (Emmy Noether-Program to SA).
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2-05. How Epo-overexpressing mice adapt to chronic excessive
erythrocytosis.
Max Gassmann

Inst. Vet. Physiol., Vetsuisse Fac. Univ. Zurich, Switzerland. - maxg@access.unizh.ch

Excessive  erythrocytosis is usually associated with hypertension and
thromboembolism resulting in severe cardiovascular complications. The key player of
regulating red blood cell number is erythropoietin (Epo) that controls red blood cell
production in a HIF-1-dependent manner. To test the impact of hypoxia-independent
expression of Epo, we generated a transgenic (tg) mouse line termed tg6 that, due to
constitutive expression of human Epo, reached hematocrit values of 0.8 to 0.9 without
alteration of blood pressure, heart rate or cardiac output. In tg mice plasma volume was
not elevated whereas blood volume was 25 % of the body weight compared to 8 % in
wildtype (wt) siblings. While plasma viscosity did not differ between tg and wt, tg whole-
blood viscosity increased to a lower degree (4-fold) than expected. Apart from the nitric
oxide-mediated vasodilatation, adaptation to high hematocrit in tg mice involves
regulated elevation of blood viscosity by increasing erythrocyte flexibility.

Knowing that Epo exerts also non-erythropoietic but tissue-protective effects, we
tested the impact of several insults on our tg6b mice. We observed that elevated Epo
levels protected from light-induced (but not from inherited) retinal degeneration as well
as from experimentally induced myocardial infarction. Finally, we provide evidence that
upon exposure of tgb mice to 6 % oxygen, cerebral Epo regulated the hypoxic ventilatory
response.

2-06. Mitochondrial respiratory function in human
skeletal muscle fibers studied at high altitude.
Cynthia Wright-Paradis!, R Boushel®, JAL Calbet?,
C Lundby?, B Saltin3, E Gnaiger*
'Dept. Exercise Science, Concordia Univ., Montréal, Québec,
Canada; *Dept. Physical Education, Univ. Las Palmas, Gran
Canaria, Spain; >*Copenhagen Muscle Research Centre, Denmark; *D. Swarovski Research
Lab., Dept. Transplant  Surgery, Innsbruck  Medical Univ., Austria. -
cwright@alcor.concordia.ca

This study examined the effects of acclimization to hypoxia (4559 m) on mitochondrial
substrate utilization and respiratory function. The Bergstrom technique was used to
obtain muscle biopsies of the vastus lateralis from 10 healthy Danish male subjects (25+
2 yrs) at sea level and again after 6 to 9 days at high altitude. High-resolution
respirometry (OROBOROS Oxygraph-2k [1]) allowed quantification of mitochondrial
respiratory capacities from saponin-permeabilized skeletal muscle fibers (2-6 mg).

At sea level, state 3 respiration (in the presence of ADP) with parallel electron input
into respiratory complexes I+II (glutamate, malate and succinate) was 584 pmol-s
.mg?), 1.6-fold higher than with glutamate+malate or succinate+rotenone. Flux with
complex I+II substrates indicates the capacity of the phosphorylation system as shown
by the 1.5-fold higher respiration after uncoupling by FCCP. These findings obtained with
permeabilized muscle fibers agree with results on isolated mitochondria [2]. Respiratory
capacity with octanoylcarnitine+malate was 48 % of that with glutamate+malate.
Respiratory coupling was quantified through the stimulation by ADP or inhibition of ATP
synthase by oligomycin and subsequent uncoupling by FCCP. Respiratory control ratios
with succinate or octanoylcarnitine were 2.8. Compared to these results at sea level, 6 to
9 days of high altitude exposure did not induce a detectable change in any of the
respiratory capacities nor in coupling. These findings indicate that mitochondrial function
is not a limiting factor for Voomax during early acclimatization to high altitude,
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strengthening the concept of a dominant role for systemic oxygen delivery during intense

dynamic exercise [3].
Funded by Fonds de la Recherche en Sante Québec (FRSQ), Research Chair, The Natural Science and
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2-07. Different regimen of intermittent hypoxia training (IHT) as

modulators of heart mitochondrial membrane permeability transition.

Tatiana V Serebrovskaya, GL Vavilova, OV Rudyk, MV Belikova,

EE Kolesnikova, TV Kukoba, VF Sagach
Bogomoletz Inst. Physiology, Kiev 01024, Ukraine. - sereb@mail.kar.net

IHT is believed to induce myocardial protection. We hypothesized that inhibiting of

mitochondrial permeability transition pore (mPTP) opening by means of antioxidant
system promotion is one of the key elements of such protection, and mitochondrial
swelling rate depends on degree of hypoxic exposure. Four groups of male adult Wistar
rats participated in the study. Animals of Gr. 1 underwent daily sham IHT (control
group). Gr. 2-4 were exposed for 2 weeks to IHT in two regimen: R;- breathing in
normobaric chamber with 11 % O, gas mixture, 15-min sessions with 15 min rest
intervals, 5 times daily (Gr. 2); R, — breathing with 8 % 0,, 5-min sessions with 15 min
rest intervals, 5 times daily (Gr. 3-4). Gr. 1-3 were examined next day after IHT, Gr. 4 -
in 45 days after IHT stopping. Phenylarsineoxide (PAO)-induced mitochondrial swelling
rate was investigated spectrophotometrically (A = 520 nm) in isolated heart mitochondria
by a decrease in their optical density after 20 min of incubation with PAO. The intensity
of lipid peroxidation and antioxidant defense mechanisms in rat organism were estimated
before and after IHT by measuring of malon dialdehyde (MDA) content and the activity of
superoxide dismutase (SOD) and catalase (CAT) in blood and liver. It was shown that the
training with moderate hypoxia (R;) did not essentially influence mPTP opening nor free
radical production: The magnitude of mitochondrial swelling in Gr. 2 under incubation
with PAO in concentrations 10 and 10 mol/l was almost the same as in Gr. 1; MDA
content decreased by 10 and 20 % in blood and liver, respectively; a slight increase in
superoxide dismutase activity by 29 n 23%, a decrease in catalase activity by 9 % (ns)
and 21 %, respectively, was observed. The training with more severe hypoxia (R5)
provoked a two-fold decrease in PAO-induced mitochondrial swelling (Gr. 3 compared
with Gr. 1). And even in 45 days (Gr. 4) the protective effects of R, on mitochondria
were well-preserved. These effects were completely abolished in the presence of
cyclosporin A (107> mol/I), indicating that mitochondrial swelling was due to mitochondrial
permeability transition pore opening. Simultaneously, R, training caused pronounced
increases in MDA content both in blood and liver by 67 and 32 %, respectively, and
considerable augmentation in activities of SOD (49 and 32 %) and CAT (18 and 43 %).
Moreover, in 45 days the activity of SOD exceeded initial levels three-fold both in blood
and liver. Taken together, moderate intermittent hypoxia which provokes some inhibition
of lipid peroxidation with slight increase in antioxidant activity, does not influence PAO-
induced mitochondrial swelling. A more severe regime of IHT, stimulating both the
increase of lipid peroxidation and strongly pronounced augmentation of antioxidant
system, causes a stable increase in resistance of mitochondrial membrane to PAO.
Probably, intensified free radical production during more severe hypoxia could serve as a
trigger in signal transduction cascades and lead to increase in antioxidant defence and
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thus to mitochondria protection. IHT can be used as protective procedure preventing
mitochondria from damage.

2-08. Structure and function of muscle mitochondria at endurance training
connected with intermittent hypoxia.
Irina Mankovskaya, B Gavenauskas, V Nosar, K Rozova

Dept. Hypoxia, Bogomolets Inst. Physiol., Kiev, Ukraine. — mankovsk@serv.biph.kiev.ua

Endurance training (ET) induces muscle mitochondrial biogenesis and adaptations of
mitochondrial function [1]. ET in hypoxia is thought to modulate these effects [2].
Intermittent hypoxic training (IHT) has been recently shown to improve oxygen transport
to and within muscle cells [3]. But, the effects of this modality of hypoxia exposure on
muscle mitochondria structure and respiration at ET are poorly understood. The aim of
this study was to compare muscle mitochondrial adaptations induced by severe ET
combined with IHT to those occurring with ET only at the same relative workload.

Male adult Wistar rats were subjected to swimming training for 4 weeks (30 min daily,
the workload corresponded to 70-75 % Voomax). The IHT course was added in the last 2
weeks of ET; the rats underwent the IHT sessions: breathing with hypoxic mixture
containing 12 % O, for 15 min with 15-min rest intervals, 5 times daily. We found that
ET+IHT induced a greater increase in the numerical density, the volume density, and size
of mitochondria in the red gastrocnemius compared to the similar effects of ET. Whereas
ET without IHT stimulated preferential adaptation of the subsarcolemmal mitochondria,
ET+IHT affect both the subsarcolemmal and intermyofibrillar mitochondria. In case of
combined action of ET+IHT, the internal structure of mitochondria in terms of
compartmental spaces and membranes was well-preserved. ET+IHT led to a highly
expressed increase in the values of mitochondrial respiratory control (J3/J;) and ADP/O
ratio under a-ketoglutarate oxidation compared to values under succinate oxidation. The
combination of ET with IHT, therefore, was found to be the most productive model for
stimulating mitochondrial biogenesis and increasing of the NADH-dependent oxidation

pathway role in muscle energy production.
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2-09. Effects on gene regulation by reactive oxygen species during
intermittent hypoxic training.
Living Huang, W Lin, X Weng
Exercise Biochemistry Section Guangzhou, Inst. Physical Education, Guangzhou, China
510075. - hliving@sina.com

Genetic mechanism relevant to reactive oxygen species (ROS) during intermittent
hypoxic training were studied, so that the theory on exercise and hypoxic acclimatization
is provided.

One hundred and twenty male Sprague-Dawley rats were randomly divided into three
groups: normoxia group, acute hypoxia group and intermittent hypoxic group. Normoxia
group included normoxia control and normoxia training sub-groups; acute hypoxia group
included acute hypoxia control, acute hypoxia exercise and acute hypoxia training sub-
groups; intermittent hypoxic group included intermittent hypoxic control and intermittent
hypoxic training sub-groups. Therefore there are totally 12 sub-groups, each one with 10
rats. During the 4 weeks experimental period, we employed the 14.5 % and 12.6 %
concentrations of oxygen (equal to altitude 3000 m and 4000 m respectively) in the
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hypoxic chamber. The rats of acute hypoxia training were introduced to treadmill running
on an incline of 0 at 25 m/min for 1 h every day for 4 weeks. The rats of intermittent
hypoxic were exposed to hypoxia for 12 h every day for 4 weeks. In addition,
intermittent hypoxic training rats were kept running out of chamber with 1 h training
bouts at the speed of 25 m/min every day. Mitochondria ROS were assessed by methods
of DCFH-DA. The mRNA level of HIF-1a, VEGF, NF-«B (p65), c-fos, c-jun, MnSOD,

CuzZnSOD, GSH-Px in heart tissue and EPO in kidney tissue were investigated by RT-PCR.
The results show that ROS generation is required for the induction of HIF-1 mRNA.

During hypoxia, these findings reveal that mitochondria-derived ROS are both required
and sufficient to initiate HIF-lo stabilization during hypoxia. And hypoxia activated
transcription of EPO, VEGF-MnSOD, NF-xB, c-fos, c-Jun. We therefore conclude that ROS
participate in the signalling pathways involved in the activation of multiple transcription
factors. It is also indicated that there is a close relation between hypoxic acclimatization
and gene expression of HIF-1, EPO, VEGF, MnSOD, NF-xB, c-fos, c-Jun and hypoxic
acclimatization.

1. Sethi S, Singh MP, Dikshit M (2000) Mechanisms involved in the augmentation of arachidonic acid-induced
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2-10. Effect of muscle mitochondria heterogeneity on oxygen transport in
muscle fibers at rest and work.
Katherine Lyabakh

Glushkov Inst. Cybernetics, Kiev, Ucraine.- katya@public.icyb.kiev.ua

Muscle O, supply is very heterogeneously distributed with high values near capillary
and low ones at the lethal corner. Using the ideas concerning O, supply in some biological
objects we tried to examine the possible ways of pg, equalization in muscle fibers with
mitochondrial heterogeneity.

Contemporary literature is lacking a unified opinion as to physiological role of the two
mitochondrial populations - subsarcolemmal (SS) and intermyofibrillar (IMF) - in skeletal
and cardiac muscle which differ in their morphological and biochemical properties [1].
The aim of the study is to investigate the impact of heterogeneity of the mitochondria on
muscle O, supply by means of mathematical modeling [2]. We have calculated the pg»
distribution in myocytes under different values of the apparent Michaelis constant for SS
and IMF clusters, both varying within the range of 0.5 to 10 mmHg and mitochondria
oxygen capacities goz,ss and goz,me Varying within the range of 1 to 30 ml-mint-100 gt at
rest and work.

Our investigation at rest revealed that a 2-fold increase in oxygen consumption rate in
the SS mitochondria only with unchanged oxygen utilization rate in IMF mitochondria
may markedly displace the estimated po, histogram to the left. So we suggest that an
increased O, consumption in the SS mitochondrial cluster (for example, by partial
uncoupling of respiratory chain in mitochondria of SS cluster) allows to burn ‘extra’
oxygen, converting the energy to heat, which is readily eliminated by capillary blood flow
and by heat dissipation from the fiber surface near blood capillaries.

Investigation at work reveals that one of the approaches for equalizing po, distribution
and increasing po; at the lethal corner is to change the values of @ozss and Gozimr.
According to computations, a significant increase in go,,ss gives only a slight increase in
po2 at the lethal corner. In this case, a worthy strategy of fight for oxygen might be
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linked with the hyperplasia of the mitochondria that are located near capillaries and
densely packed under the sarcolemma. Another approach is to change the values of K,
for O, in mitochondrial SS and IMF. The calculations have demonstrated that a rise of
Km,ss by 6 to 8 times changes the O, gradients in the fiber, increases the po, value at the
lethal corner, reduces the percentage of tissue zones with low values po, and shifts the
Po> histogram to the right. Since SS-mitochondria take only small volume of muscle fiber,
they can, without noticeable damage to general energy production, increase oxygen flux
inside the fiber to IMF mitochondria thereby performing an important function of
equalizing the cell po,.. It contributes to the reduction of oxygen debt production and

weakens the local hypoxia in a working skeletal muscle.

1. Bizeau M, Willis W, Hazel JR (1998) Differential responses to endurance training in subsarcolemmal and
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