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The calorigenic effect of fatty acids on the intact myocardium was investigated in isolated rat hearts perfused with a 
phosphate-free bicarbonate buffer. 31P-NMR spectra were accumulated in a Fourier transform high-field spectrometer 
during titration of the heart with varying concentrations of hexanoate. Oxygen consumption, coronary flow, left 
ventricular pressure development, heart rate and tissue surface fluorescence of nicotinamide-adenine nucleotides were 
monitored simultaneously. It was found that hexanoate within a range of 40 to 800 p M increased the reduction of 
N A D H / N A D ,  increased oxygen consumption and increased the phosphocreatine/inorganic phosphate ratio in a 
concentration-dependent manner. The results suggest that the fatty acid-induced increase in oxygen consumption is not 
due to a primary effect on the cellular energy state resulting from a decrease in the P~ 0 ratio or uncoupling of the 
mitochondria but due to an increase in the thermodynamic driving force. 

Introduction 

Fatty acids are the main fuel for the heart muscle in 
vivo [1], and it has been repeatedly observed that they 
increase the myocardial  oxygen consumption as com- 
pared to carbohydrate oxidation [2]. This effect is of 
clinical importance for the myocardium when jeopar-  
dised due to underperfusion and hypoxia as a conse- 
quence of ischaemic heart disease. This fatty acid effect 
is not fully understood. It  has been suggested that the 
increase in oxygen consumption may be due to the 
inherently lower P / O  ratio for fatty acid oxidation. 
Oxygen consumption is 0.200 to 0.167 mol of 0 2 per 
mol of ATP produced during the oxidation of fatty 
acids with chain lengths of C 2 to C16, as contrasted to 
0.158 mol O2/mol  ATP during the oxidation of glucose 
to CO 2. Fatty acids, particularly those with a long chain 
length also uncouple oxidative phosphorylation, but the 
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mechanism of this effect is in dispute. It has been 
observed that this occurs in isolated mitochondria 
without any significant dissipation of the electrochem- 
ical potential difference of protons (A/2H+) across the 
inner membrane  [3] under certain conditions, whereas 
under other conditions the membrane potential is de- 
creased concomitantly with oxygen uptake stimulation 
in an oligomycin-sensitive manner  [4]. Some results also 
point to intramitochondrial hydrolysis of fatty acyl-CoA, 
a reaction which in combination with the fatty acyl-CoA 
ligase constitutes an ATP-consuming cycle [4]. A frac- 
tion of the oxygen wasting effect of fatty acids on the 
myocardium remains during inhibition of their oxida- 
tion at the carnitine acyltransferase or thiolase steps [5], 
indicating that part  of the effect is extramitochondrial 
or is not linked to fl-oxidation. 

If the pr imary effect of fatty acids on oxygen con- 
sumption were at the level of the cellular energy state, 
i.e. uncoupling, this could be detectable by measuring 
the phosphorylat ion state of the adenylates by 31p_ 
NMR.  This method allows monitoring of consecutive 
periods of metabolic steady states in the same heart and 
can be combined with other non-invasive methods. 

Materials and Methods 

Chemicals. Hexanoic acid (grade puriss.) was ob- 
tained from Fluka AG, Buchs, Switzerland. The chem- 
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icals for the perfusion buffers were obtained from Sigma 
Chemical Co., St. Louis, MO. 

Animals and perfusion method. Male Sprague-Dawley 
rats weighing 355 + 47 g (mean + S.D.) were anaesthe- 
tised with intraperitoneal pentobarbital (100 m g /k g  
body weight), the heart was isolated and aortic perfu- 
sion by the Langendorff procedure installed. The perfu- 
sion fluid was a phosphate-free Krebs-Henseleit bi- 
carbonate buffer [6] containing 10 mM glucose and in 
equilibrium with O J C O  2 (19 : 1). The pulmonary artery 
was cannulated and samples taken constantly by suc- 
tion in order to prevent exposure of the effluent fluid to 
air. The aortic pressure was adjusted to 60 mmHg with 
an overflow head. Stock solutions of sodium hexanoate 
were injected at varying rates into the constant main 
flow of perfusate with an adjustable precision syringe 
pump. The tubings connecting the heart to the suppor- 
tive perfusion equipment were thermostated to 37°C 
with a water mantle covering their whole length of 5 m. 

Left ventricular pressure was monitored by a pres- 
sure transducer (Gould, Inc., Cupertino, CA) connected 
to a transmural Teflon catheter. Oxygen concentrations 
in the aortic and pulmonary arterial perfusate were 
monitored by miniature Clark electrodes (MI-730, Mi- 
croelectrodes, Inc., Londonderry, NH) connected to a 
dual oxygen monitor (University of Pennsylvania Bio- 
medical Instrumentation Group, Philadelphia, PA.). 
Coronary flow was measured by collecting the com- 
bined effluents from the pulmonary artery drain and 
the NMR tube outflow. 

Optical methods. NADH (+  NADPH) fluorescence 
of the heart muscle was monitored with a surface fluo- 
rometer [7], the optical connection being made by means 
of a bifurcated fiber-optic light guide 5 m in length and 
2.5 mm in diameter. A corrected fluorescence signal was 
obtained by subtracting from the actual fluorescence 
signal an appropriate fraction of the 366 nm excitation 
light reflected from the tissue, in this case in a 1 : 1 ratio 
[8]. The light guide was inserted into the left ventricle 
through the atrium and the endocardial fluorescence 
measured. 

The experimental setup allowed calibration of the 
NADH fluorescence changes by reference to the basal 
level during glucose oxidation and to the anoxia achieved 
by global ischaemia imposed by stopping the aortic 
perfusion. For transforming the data to a form more 
suitable for quantitative evaluation, the fluorescence 
changes were converted to a free mitochondrial 
N A D H / N A D  ratio. For this purpose the principles 
first analysed by Biicher and co-workers [11] for the 
case of the cytosolic N A D H / N A D  ratio were used. 
Briefly, the NADH (and flavin) fluorescence changes 
(A F )  in the myocardium have been previously demon- 
strated to correlate with changes in the mitochondrial 
(but not cytosolic) free N A D H / N A D  ratio, and that 
the correlation can be linearised by a plot of 1 / A F  

versus 1 /A( [NADH]f / [NAD]f )  [12]. This plot was con- 
structed from the published fluorescence and mitochon- 
drial [NADH]f / [NAD]f  values for rat hearts perfused 
under similar conditions in the presence of glucose and 
hexanoate [10,12]. The plot was used to transform the 
present data of fluorescence changes to mitochondrial 
free N A D H / N A D  ratios. For further evaluation, the 
N A D H / N A D  ratio was converted to the redox poten- 
tial of the NAD(H)  couple (EhNAD) and to the free 
energy change in the reduction of oxygen by NADH 
(AGor). EmT.4 values of - 3 3 6  mV for NAD(H) at 37 ° 
[13] and + 805 mV for 02 (at 0.2 atm) [14] were used in 
the calculations according to Eqns. 1 and 2: 

E h N A D  = Era7.4 + ( R T / 2  F )" In { [ N A D ] f / [ N A D H ] f )  (1) 

and 

AGor = - 2 F '  (EhO 2 -- E h N A D  ) (2) 

Nuclear magnetic resonance. The 31p-NMR spectra 
were recorded on a Bruker 500 pulsed Fourier trans- 
form N M R  spectrometer equipped with a supercon- 
ducting magnet having a field strength of 11.8 T (phos- 
phorus frequency 202.46 MHz). The heart was placed in 
a 16 mm diameter N M R  sample tube which was in- 
serted into a laboratory-built phosphorus probe desig- 
ned for small, isolated tissue volumes. The field was 
shimmed by using a phantom of the approximate di- 
mensions of a rat heart and containing phosphate solu- 
tion in water. A 0.03-ppm line width of the water 
proton resonance peak was obtained. 

The spectra were accumulated using a pulse width of 
40/~s, resulting in a 60 ° tilting angle, a pulse interval of 
3.6 s and an acquisition time of 0.2 s. A line broadening 
of 40 Hz was imposed. The saturation factor was de- 
termined by measuring control spectra at 10-s pulse 
intervals and the same pulse width of 40/~s. No satura- 
tion was observed with the 3.6 s repetition rate. Two 
8-min sets of 128 spectra were collected for each meta- 
bolic steady state of 16 min. The results were presented 
as averages of 128 spectra. 

Statistical treatment of the data. Student's t-test for 
paired data was used to compare the mean values. 
Multiple regression analysis of all data points was used 
for the evaluation of correlations by implementing the 
Statgraphics program package (STSC, Inc., Rockville, 
MD) which also uses the t-test for evaluating the statis- 
tical significance of the regression coefficients obtained. 

Results and Discussion 

Oxygen consumption 
Oxygen consumption increased in a concentration 

dependent manner when the hexanoate concentration 
was increased from zero to 2 mM. The increase in 



MVO 2 at the highest concentration used amounted to 
34%. Since the theoretical oxygen consumption during 
hexanoate oxidation is 0.182 mol 02 per mol ATP 
obtained, which is only 15% higher than during glucose 
oxidation (0.158), the oxygen consumption observed 
here cannot be explained solely by the increase in this 
O2/ATP ratio. 

Cellular redox state 
Cellular redox state changes were monitored by 

NAD(P)H fluorometry of the intact tissue. Although 
nicotinamide nucleotides occur in most intracellular 
compartments, it has been shown that the reduced 
nicotinamide nucleotide fluorescence in the myocardium 
originates from the mitochondria and reflects the redox 
state of the free N A D H  pool of the mitochondrial 
matrix [9,10]. The fluorescence data were converted to 
the mitochondrial free N A D H / N A D  ratio as described 
in the Materials and Methods section. A summary of 
the redox state data is presented in Table I which shows 
that hexanoate caused mitochondrial NAD reduction in 
a concentration-dependent manner. 

Cellular energy state 

As shown by Chance and co-workers [15], the C r P / P  i 
ratio measured by 3aP-NMR can be used as a conveni- 
ent signal of the cellular energy state. The ATP + ADP 
concentration in physiological metabolic states is ap- 
proximately constant and because of the near equi- 
librium of the creatine kinase reaction in the 
myocardium [16], the CrP + Pi concentration is con- 
stant. 

One way of estimating the [ATP] f/[ADP]f • [Pi]f ratio 
is to combine the N M R  data with biochemical de- 
terminations. This is needed because creatine is not 
visible in 3~p-NMR. The CrP + Cr concentration in the 
cytosol was here taken to be 20.1 mM [17, 18]. The area 
under the NMR  peaks of CrP and P~ were converted to 
cytosolic concentrations by reference to the fl-phos- 
phorus peak of ATP, cytosolic concentration of which 
was taken to be 5.55 mM. These data can be inserted to 
Eqn. 3: 

[ATP]r / [ADP]f .  [Pi ]f = Keq" [CrP]. [H + ] 

/ ( ( [ C r T ]  -- [CrP])- [Pi] ) (3) 

where the subscripts f and T refer to free and total 
concentrations, respectively, and Keq is the equilibrium 
constant of the creatine kinase reaction (2 • 10  9 M q at a 
[ M g 2 + ] f  o f  1.5 mM) [19]. Cytosolic [H +] was calculated 
from the equation: 

[ H  + ] = 10"{6 77 + Iogl(SP~ 3.29)/(5.68 - 8P i )]} M (4) 

where 8P i is the chemical shift (in ppm) of inorganic 
phosphate by reference to CrP [20]. The free energy 
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Fig. 1. 3]P-NMR spectra of an isolated rat heart perfused (A) under 
basal conditions (10 mM glucose as the only exogenous fuel) and (B) 
in the presence of 200 ~tM hexanoate. Each spectrum is constructed 
from the average of 128 free induction decays. 40-Hz line broadening 
was used. The peak assignments are: Pi, 5.0 ppm; CrP, 0 ppm: ~--ATP, 

- 2.4 ppm; a-ATP, - 7.4 ppm; fl-ATP, - 16.1 ppm. 

change involved in ATP hydrolysis was further calcu- 
lated from the equation: 

AG°AT P = AGAT P d- RT" In{[ADP]f-  [Pi]f/[ATPlf ) (5) 

where AG°ATP = -31 .9  kJ /mol  under physiological 
conditions [21]. 

An alternative procedure avoids recourse to parame- 
ters not measurable by 3]p-NMR by taking P~/CrP as 
an indicator of [ADP]f (for the derivation of this princi- 
ple, see ref. 15). This leads to the approximation that 
[ATP]f / [ADP]r - [P i ]  f is proportional to [ATP]f .  
[CrP]f/[Pi] z, and although Pi /CrP is not a linear func- 
tion of [ADP]f, the relation can be expected to hold 
within the range encountered physiologically. The data 
are shown in Table I. 

Typical 31P-NMR spectra under basal conditions and 
during the infusion of 200/ tM hexanoate are presented 
in Fig. 1. The noise level permits reasonably accurate 
determination of P~, which decreases to very low levels 
during fatty acid oxidation. The saturation error in CrP 
determination was below the level of detectability at the 
pulse repetition rate used. 

As shown in Table I, the CrP/P~ ratio increased 
stepwise upon a corresponding increase of the perfusate 
hexanoate concentration to 0.8 mM. The change is 
equivalent to a doubling of the [ATP]/[ADP]- [P~] ratio 
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TABLE I 

Effect of hexanoate infusion on oxygen consumption, work output, free [NADH] / [NAD], [CrP] / [P,], [A TP] / [ADP]. [Pi] and [A TP]. [CrP] / [Pi] 2 
ratios and the free energy change involved in the mitochondrial NADH oxidation by oxygen and the cytosolic hydrolysis of A TP in the isolated perfused 
rat heart a 

Parameter Hexanoate concentration (#M) 

0 80 200 400 800 2000 0 
(control) (recovery) 
(n=8) b (n=6) (n=7)  (n=6)  (n=5)  (n=2)  (n=7)  

MVO 2 
(%initial) 100 5:1 108 5: 3* 121 5:4** 122 5: 5** 127 + 4** 

[NADH] 1.805:0.00 1.935: 0.02* 2.295:0.05 ** 2.55+ 0.14"* 2.48+ 0.08*** 
[NAD l 

[Cra] 
[Pi] 
(% initial) 100 5:4 120 5:13 151 5:26 * 132 +14 151 5:15 * 

e 

[ATP] 
[ADP]. [Pi ] 

(103M -1) f 48.6 5:3.8 57.3 5:10.3 77.8 5:15.1 64.6 _+11.0 90.6 5:16.0" 
[ATP]. [CrP] 

[p~]2 

(% of initial) 100 5:9 146 _+32 256 J:97 184 5:47 199 5:35 * 
AGor g (kJ/2e-) -224.085:0.0 -224.235:0.04 -224.675:0.08 *** -224.945:0.16 *** -224.875:0.10 
AGAT P (kJ/mol) -59.655:0.21 -59.945:0.45 -60.705:0.41 -60.305:0.38 -61.175: 0.43* 
Rate. pressure 

product 
(% of initial) 100 5:2 102 5 :6  100 5 :6  86 5 :6  90 +13 

134 5 :4  106 5 :3  

2.49 5:0.00 1.81 5:0.00 

132 +11 ** 83 + 8 

83.6 5:7.0 * 40.8 5:4.6 

162 +28 * 69 +13 
-224.91+0.00 -224.195:0.10 
-61.115:0.22 -59.175:0.29 

55 + 0 97 :h 9 

a Means +S.E. 
h Number of 8-min observation periods with 128 free induction decays in each. Data were accumulated from four hearts. 
c Calculated from the NADH fluorescence change as described under Materials and Methods. 
0 The initial NMR peak area ratio was 3.8 + 0.3. 
e Calculated from the chemically determined tissue ATP and creatine concentrations and the CrP, Pi and fl-ATP resonance peak areas in the NMR 

spectrum as described under Materials and Methods. 
f The initial NMR peak area ratio was 12.2-I-1.4. 
g AG of oxidation of NADH by oxygen. 
* P < 0.05, ** P < 0.01 and *** P < 0.005 as compared to controls. 

or a 3% enhancemen t  of the free energy change involved 

in ATP  hydrolysis. It is significant that  there was a 
lowering of the cellular energy state below the ini t ial  

level after cessation of the fatty acid infusion,  the rea- 
son for which could be a delay in the in i t ia t ion  of 
carbohydrate  oxidation,  which is almost  completely 
suppressed dur ing  hexanoate  oxidat ion [22] so that  a 
temporary oxidat ion of the mi tochondr ia l  f luorescent 

flavins beyond  the basal  value is observed [23]. Oxida- 
t ion was not  so apparen t  in the present  experiments.  

It is noteworthy that the fatty acids did no t  apprecia- 
bly affect the mechanical  work output  of the heart  as 
evaluated from the peak in t raventr icular  pressure-heart  

rate product  (Table  I). 

Model l ing  and  Stat is t ics  
Several theoretical frameworks have been proposed 

in the l i terature for describing quant i ta t ively  the regu- 
la t ion of cellular respiration. At  least four approaches 
have been described: 1) classical enzyme kinetics [15], 2) 
the control  theory of Kacser and  Burns  [24,25,26], 3) 

irreversible the rmodynamics  [27] and  4) the near-equi-  

l ib r ium hypothesis  of Wilson and  his co-workers [28,29]. 
Michae l i s -Menten  hyperbol ic  enzyme kinetics has 

been  successfully applied recently to the quant i ta t ive  
descr ipt ion of in vivo 31p-NMR data  from skeletal 

muscle [15, 30]. 
The hyperbol ic  kinetics of the mul t i subst ra te  net  

react ion of oxidative phosphoryla t ion  (omit t ing the pro- 

tons), 

NADH 2 + 3 ADP + 3 Pi + ½02 ~ NAD + 3 ATP + 4 H20, 

should obey the relation: 

V/Vma x = 1/(1 + (KJINADH2]) + (K2/tADPI) 

+ ( K3/tP', l) + (/('4/[021) ), (6) 

in which the constants  K 1 to K4 are the apparen t  
Michaelis cons tan ts  of the enzyme system for the sub- 
strates indica ted  in the same terms. 

In  the well oxygenated myocard ium the O 2 con- 
cent ra t ion  is kept  almost  cons tant  due to coronary 
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Fig. 2. Myocardial oxygen consumption as a function of the redox 
potential of the mitochondrial free NAD(H) system and the G of 
ATP hydrolysis in the cytosol. The experimental data and the re- 
sponse surface of a least squares fit of the data to a linear model are 
shown. The regression equation was MVO 2 +2 .91 .EhNAD+5.43 .  
GAT e --1273.7. The experimental points are marked as: 0, zero con- 
trois; 2, 80 #M; 3, 200 /~M; 4, 400 /LM; 5, 800 #M, 6, 2000 /LM 

hexanoate; R, return to zero. 

autoregulation [31] and can be eliminated from the 
equation. To solve Eqn. 6 for the constants K 1 to K 3 
by conventional regression analysis of the experimental 
data one has to obtain an estimate for Vma x. This can be 
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Fig. 3. Hanes plot of the myocardial oxygen consumption and the 
mitochondrial free N A D H  system. [NADH]f / [NAD]f  was used as 
the parameter reflecting [NADH]f. The free N A D H / N A D  ratio was 
estimated as described under Materials and Methods.The least squares 

regression line is shown. 
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approximated from a linearization of a one-substrate 
Michaelis-Menten equation [15], e.g. the Hanes plot: 
[S]/v versus IS], which yields Vma x as the inverse of 
slope and - K  m as the [S] axis intercept [32]. A Hanes' 
plot of ([NADH]/[NAD])/Mf¢O 2 versus [NADH]/  
[NAD] for the data from the present isolated perfused 
heart gives a Vma . value of 2.03 times the initial figure 
(Fig. 3). One should note that the plot is only used as a 
means of linearizing the data to provide an approxima- 
tion for M~rO2(max), and not necessarily to describe the 
in vivo substrate affinity of NADH : ubiquinone oxido- 
reductase. 

Once an estimate exists for Vma x, the other constants 
of Eqn. 6 can be obtained by multiple regression of a 
set of data points, provided that there is not too much 
colinearity between the variables [33]. 

When the 31p-NMR and redox data for hexanoate 
oxidation are fitted to Eqn. 6 using [NADH]/[NAD] to 
reflect [NADH]f and [Pi]/[CrP] as an approximate 
indicator of [ADP]f [15], the equation takes the form: 

M£O2 = 203.2/{ 1 + 1 .79 / ( [NADH] / [NAD])  

- 0.0048/( [Pi ]/[CrP]) + 0.46/[P i ] } 

where M~rO2, [Pi]/[CrP] and [Pi] are expressed as % of 
initial values and the MVO2m~x (203.2) is taken from the 
Hanes plot of Fig. 3. 

Using these values for the proportionality constants 
as a starting point, the experimental data were fitted to 
the same equation by using an iterative nonlinear proce- 
dure employing the Marquardt algorithm [35]. This 
optimization gave Eqn 6. the form of 

MVO 2 = 183.2/{ 1 + 1 .43 / ( [NADH] / [NAD]  

- 0.0043/([P i ] / [CrP])  + 0 .40/[P i ] } 

with a correlation coefficient of 0.73. The further ad- 
justments were rather small, indicating that the ap- 
proximate Vma x obtained from the Hanes plot is satis- 
factory. 

Elimination of the negative term (K2) and refeeding 
of the data points into the regression algorithm gives a 
negative value for the apparent K m for Pi (K3)- Thus, 
stepwise selection of constants with positive values 
leaves only [NADH]/[NAD] in the model which takes 
the form 

MxlO 2 = 183.2/(1 + 1 .32 / ( [NADH] / [NAD]) ) ,  (7) 

upon which the fit to the model has a significance level 
of P < 0.0001. 

The evident problem is that the redox state of the 
matrix free N A D H / N A D  couple shows the strongest 
controlling power in the case of fatty acid oxidation. 
Moreover, the fit to the Hanes plot (Fig. 3) deteriorates 
and gives a negative slope when the expression 
( N A D H / N A D ) / ( 1  + N A D H / N A D )  which has a lin- 
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ear relationship to [NADH]f is used as [S] in the Hanes 
plot. This means that the dependence of M~'O 2 on 
[NADH]f is too strong for a Michaelis-Menten relation- 
ship alone. Although the [NADH]f / [NAD]f  for the 
cytosol and mitochondrial matrix can be evaluated by 
means of appropriate indicator metabolites [10], the 
absolute free N A D H  concentration is difficult to esti- 
mate. It has been pointed out by Nioka and co-workers 
[36], however, that the physiological level of [NADH]f 
in the mitochondrial matrix is probably too high for any 
regulation of NADH:ub iqu inone  oxidoreductase by 
substrate availability. 

In vitro experiments with mitochondria have yielded 
a Km/ap p of 20/~M for ADP [34] and this value together 
with the equilibrium constant of the creatine kinase 
reaction allow a Km/ap p of 0.6 to be estimated for 
Pi/CrP. This fits in with data from the skeletal muscle 
tested using an exercise protocol, i.e. by changing the 
energy consumption [30]. If this value is inserted into a 
Michaelis-Menten equation containing terms for Pi /CrP 
and N A D H / N A D ,  the Km/ap p for N A D H / N A D  be- 
comes 15, to fit with the mean values for these parame- 
ters under control conditions and during oxidation of 
800/zM hexanoate (Table I). This is difficult to explain 
in terms of the in vitro properties of mitochondrial 
NADH:ubiquinone oxidoreductase, which has a K m 
value of 15-133 /~M for NADH, depending on the 
preparation and conditions [37], see also ref. 36. 

One should also note that we are dealing with a 
special case of oxidation of a substrate with extraor- 
dinary reducing power, a fatty acid. Its reducing power 
on the myocardium can be demonstrated by the exten- 
sive reduction of flavoproteins, to almost the same 
degree as in anoxia [17]. The use of flavin fluorescence 
may not be straightforward in the case of fatty acids, 
however, because of the fluorescence of the flavins in 
the fl-oxidation chain. The correlation between flavo- 
protein and N A D H  + N A D P H  fluorescence and the 
mitochondrial free N A D H / N A D  ratio in the isolated 
perfused heart was tested by Nuutinen and co-workers 
[12], who observed that 2 mM hexanoate + 10 mM 
glucose caused a 78% reduction of the flavins and a 38% 
reduction of NAD compared with a substrate-free per- 
fusion, detectable by surface fluorometry, when the 
response to anoxia was taken as 100%. This occurred 
concomitantly with an increase in the [NADHm]f /  
[NADm] f ratio from 0.82 to 4.1, as compared with 11.8 
in anoxia [12]. 

The thermodynamic framework or oxygen concentra- 
tion regulation involves the driving forces for the reac- 
tions. In non-equilibrium thermodynamics the reaction 
rate of oxidative phosphorylation is a linear function of 
the forces as in Eqn. 8: 

Jot = - ( Lor 'AGor  + L r A T p ' A G A T P )  (8) 

where Lot is the straight coefficient for the redox reac- 

tion, L rAT P is the cross coefficient for phosphorylation 
and Jor is the flux of the redox reaction. 

According to the near-equilibrium hypothesis, a de- 
rivation based more on details of the reaction provides 
an oxygen consumption rate dependent on the mito- 
chondrial [NADH]/[NAD] and [ATP] / [ADP] .  [Pi] 
ratios [38]. 

When the data points are inserted into a linear 
equation: 

M'~O 2 = a . X + b . Z + c ,  

in which X and Z are functions of the redox state of 
the N A D H / N A D  system and the cellular energy state, 
respectively, a good fit with the model is obtained when 
they are presented in terms of -AGor and --AGAT P 
(Table II and Fig. 2) or [NADH]/ [NAD]  and 
[ATP]f/[ADP]f.  [Pill calculated by means of Eqn. 3. 
(Table II.). Qualitatively similar results were obtained 
when [ATP]. [CrP]/[Pi] 2 was used as an indicator of 
[ATP] f / [ADP]f"  [Vi]f, although the maximum value for 
the energy state parameter shifted from that obtained at 
2 mM to that at 200 /~M hexanoate (Table I). This is 
probably due to the property of the [ATP]. [CrP]/[Pi] 2 
being more strongly dependent on [Pi]- 

The findings are difficult to interpret in quantitative 
mechanistic terms because of the sign of the propor- 
tionality constant of the energy state parameter. The 
most probable explanation is that the primary determi- 
nant of oxygen consumption during fatty acid oxidation 
is the redox state of NAD(H) in the mitochondrial 
matrix. A shift in this parameter towards reduction 
increases the driving force of oxidative phosphorylation 
so that the ATP system becomes energised. This can 
also be anticipated on the basis of the near-equilibria at 
two of the energy conservation sites in the respiratory 
chain [28] which has been observed in the myocardium 
[17]. Regulation by the adenylate system may therefore 
be overridden by the driving force of the reaction. The 
present results clearly demonstrate that two separate 
but interconnected mechanisms of regulation of oxygen 
consumption operate in living cells, one based on cellu- 
lar energy expenditure and the other on fuel availability 
and selection. 

One should also note that under most physiological 
conditions, the redox potential of the substrate end of 
the respiratory chain is well regulated at a steady level 
and shows surprisingly small fluctuations during carbo- 
hydrate oxidation upon changes in cellular energy con- 
sumption, for example [17]. This is necessary for en- 
ergy-linked regulation and is effected by the tightly 
regulated non-equilibrium reactions of carbohydrate 
metabolism, i.e. the phosphofructokinase and pyruvate 
dehydrogenase reactions [39]. It is significant that 
supranormal concentrations of pyruvate cause reduction 
of the mitochondrial NAD and a concomitant increase 
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TABLE II 

Dependence of oxygen consumption on the redox state of mitochondrial free NAD(H) and the energization state of the adenylate system in the isolated 
perfused rat heart 

Multiple linear regression analysis was performed by using data sets from 41 individual experimental points. Significance levels are given in 
parentheses. 

Independent variable Proportionality coefficient 

regression equation with constant a regression equation through origo b 

[NADHm]J[NADm]  r 17.5 (P  = 0.0004) 47.5 (P  < 0.0001) 
[ATP] f / [ADP] f" [P, ] f 0.0002 ( P  = 0.0005) 0.000174 (P  = 0.0375) 
Constant 64.3 (P  < 0.0001) - 

- AGor 15.3 ( P  = 0.0005) - 1.6 (P  = 0.0006) 
- AGAT P 7.9 (P  = 0.00008) 8.0 (P  < 0.0001) 
Constant - 3604.3 (P  < 0.0001) - 

[NADHm]J[NADm]  r 21.7 (P  < 0.001) 52.2 (P  < 0.0001) 
[ATP]" [CrP]/[E] 2 1.95 (P  = 0.148) 0.63 (P  = 0.734) 
Constant 64.6 ( P < 0.0001) - 

Regression equation was of the general form of y = a - x  + b . z  + c, where x, y and z stand for the redox, oxygen consumption and energy-state 
parameter, respectively. 

h Regression equation was of the general form of y = a .x  + b.z, where x, y and z stand for the redox, oxygen consumption and energy-state 
parameter, respectively. 

in oxygen consumption in isolated mitochondria [40]. 
The pyruvate effect on energy metabolism has recently 
been confirmed by using microcalorimetry of perifused 
papillary muscle by Daut and Elzinga [41], who attri- 
bute the effect to a decrease in inorganic phosphate, 
which is an inhibitor of the force production of the 
actomyosin ATPase. A Pi decrease was observed by 
Koretsky and Balaban [40] during pyruvate oxidation, 
and a similar change was found in the present experi- 
ments with hexanoate. No significant changes were ob- 
served in the mechanical work output in the present 
case, and also the direction of the change in the 
[ATP]/[ADP]. [Pi] ratio argues against the possibility 
that the fatty acid effect on oxygen consumption may 
be due to changes in contractile function. Fatty acids 
have been observed to increase oxygen consumption in 
other tissues such as the liver, but the direction and 
extent of the change in the ATP/ADP ratio is depen- 
dent on the presence of albumin [42], so that uncou- 
pling may be one factor in these tissues. 

The increasing driving force and the subsequent en- 
ergization during fatty acid oxidation may be advanta- 
geous for the situations in which fatty acid mobilization 
usually occurs, typified by the release of alarm 
hormones. Under such conditions the metabolism of the 
heart muscle becomes regulated by peripheral tissues, 
namely by lipolysis. 

The present data do not lend support to the view that 
uncoupling plays an important part in the "oxygen 
wasting" effect of fatty acids in intact tissues. 
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