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ABSTRACT Addition of insulin or a physiological
ratio of ketone bodies to buffer with 10 mM glucose in-
creased efficiency (hydraulic work/energy from O, con-
sumed) of working rat heart by 25%, and the two in com-
bination increased efficiency by 36%. These additions
increased the content of acetyl CoA by 9- to 18-fold, in-
creased the contents of metabolites of the first third of the
tricarboxylic acid (TCA) cycle 2- to 5-fold, and decreased
succinate, oxaloacetate, and aspartate 2- to 3-fold. Suc-
cinyl CoA, fumarate, and malate were essentially un-
changed. The changes in content of TCA metabolites
resulted from a reduction of the free mitochondrial NAD
couple by 2- to 10-fold and oxidation of the mitochon-
drial coenzyme Q couple by 2- to 4-fold. Cytosolic pH,
measured using *'P-NMR spectra, was invariant at about
7.0. The total intracellular bicarbonate indicated an in-
crease in mitochondrial pH from 7.1 with glucose to 7.2,
7.5, and 7.4 with insulin, ketones, and the combination,
respectively. The decrease in Eh’ of the mitochondrial
NAD couple, Ehfapnapn, from -280 to -300 mV and
the increase in Eh’ of the coenzyme Q couple, Eh)/omH,,
from -4 to +12 mV was equivalent to an increase from
-53 kJ to —60 kJ/2 mol e in the reaction catalyzed by the
mitochondrial NADH dehydrogenase multienzyme com-
plex (EC 1.6.5.3). The increase in the redox energy of the
mitochondrial cofactor couples paralleled the increase in
the free energy of cytosolic ATP hydrolysis, AGarp. The
potential of the mitochondrial relative to the cytosolic
phases, Ejio/yi0r calculated from AGarp and ApH on the
assumption of a 4 H* transfer for each ATP synthesized,
was —143 mV during perfusion with glucose or glucose
plus insulin, and decreased to -120 mV on addition of
ketones. Viewed in this light, the moderate ketosis
characteristic of prolonged fasting or type II diabetes ap-
pears to be an elegant compensation for the defects in
mitochondrial energy transduction associated with acute
insulin deficiency or mitochondrial senescence.— Sato,
K., Kashiwaya, Y., Keon, C. A., Tsuchiya, N., King,
M. T., Radda, G. K., Chance, B., Clarke, K., Veech, R. L.
Insulin, ketone bodies, and mitochondrial energy trans-

duction. FASEB J. 9, 651-658 (1995)
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ON THE PRESUMPTION THAT THE intracellular glucose concen-
tration is vanishingly small during insulin deficiency in mus-
cle and adipose tissue, explanations of insulin’s acute effects
have focused on its ability to move the Glut 4 glucose trans-

porter (1) from endoplasmic reticulum to the plasma mem-
brane where it catalyzes the movement of glucose across
plasma membrane. However, recently it has become clear
that in working heart perfused with 10 mM glucose without
insulin, intracellular [glucose] is 1.9 mM, above the appar-
ent K, of about 0.07 mM of hexokinase (EC 2.7.1.1). Even
under these conditions where insulin was absent, glucose
transport is not the sole rate-determining step for glucose
utilization (2). More recently, interest in insulin action has
been directed to unraveling the complex signaling role of
protein kinases (3-6) in the growth responses of tissue to in-
sulin. However, these advances in our understanding of insu-
lin’s role as a growth factor so far have left unexplained the
acute effects of insulin on mitochondrial (7, 8) energy trans-
duction.

We have therefore studied the acute effects of insulin on
mitochondrial energy transduction by determining the
physiological performance of the working heart perfused
with 10 mM glucose and comparing that to performance
during perfusion in the presence of maximal insulin stimula-
tion, a ratio of 4 mM D-B-hydroxybutyrate to 1 mM aceto-
acetate or the combination. In addition, we determined the
changes in the tissue content of all components of the tri-
carboxylic acid (TCA)? cycle and their transaminase cosub-
strates, the gradient of proton between cytosol and mito-
chondria, ApH, the free energy of cytosolic ATP hydrolysis,
AGurp, and the potential between cytosolic and mitochon-
drial phases, Ep/, in the same tissue under identical ex-
perimental conditions using a combination of techniques.
This allowed us for the first time to obtain in one tissue an
integrated picture of the acute effects of insulin on mitochon-
drial energy transduction and physiological performance.

MATERIALS AND METHODS

Hearts from 400 to 450 g fed male rats were perfused in the working mode
(9) with modified Krebs-Henseleit buffer containing 10 mM glucose, to
which was added 100 nM insulin or 4 mM D-B-hydroxybutyrate and 1 mMm
acetoacetate, or both, in a manner previously described (2). The hearts were
freeze-clamped, excess perfusate was removed under liquid Nj, and the
frozen tissue was deproteinized with cold HCIO, (2). The tissue contents
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2Abbreviations: Eh, redox potential of a half-reaction; E,.ie
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hydrolysis; TCA, tricarboxylic acid.
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of glucose, pyruvate, L-lactate, citrate, L,-isocitrate, c-ketoglutarate, L-
glutamate, fumarate, L-malate, and L-aspartate were then measured using
standard techniques of enzymatic analysis (10) with enzymes purchased
from Boehringer Mannhein Co. (Indianapolis, Ind.). Total tissue bicar-
bonate plus CO, content was estimated using phosphoenolpyruvate car-
boxylase (EC 4.1.1.31) (11). Total tissue NH,* plus NH; after charcoal treat-
ment of the perchloric acid samples using glutamate dehydrogenase
(EC 1.4.1.3) was measured enzymatically (12) and total P; was measured
using the method of Cornell et al. (13). Succinate was measured with
succinate-CoA ligase (EC 6.2.1.4), purchased from Sigma Chemical Co.
(St. Louis Mo.), pyruvate kinase (EC 2.7.1.40), and L-lactate de-
hydrogenase (EC 1.1.1.27) as listed above (14). Acetyl CoA, malonyl CoA,
succinyl CoA, and CoA were measured by HPLC (15). Cytosolic ATP, PCr,
and Pi, and pH were determined by 3'P-NMR spectroscopic methods (16)
whereas total tissue contents creatine, ATP, ADP, AMP, PCr, and P; were
measured enzymatically as previously described (17). The [P;] observed by
31P-NMR was extramitochondrial because phosphorus nuclei present
within mitochondrial are not NMR-visible (18). The monocarboxylic anions
lactate”, pyruvate™ acetoacetate”, and D-B-hydroxybutyrate™ were all taken
to distribute equally between mitochondrial and cytosolic phases in confor-
mity with the [H*] gradient as dictated by the monocarboxylate-proton
cotransporter (19). The concentration of malate?” was taken to be equal in
both cytosolic and mitochondrial phases due to rapid malate* /malate®” ex-
change. Because of active malate? /dicarboxylate?” exchangers (20), the con-
centrations of the other dicarboxylates within mitochondrial phase—
H-citrate?”, Hiso-citrate?”, a-ketoglutarate?”, succinate?”, and fumarate? —
were taken to be equal to measured total tissue contents.

Physiological measurements

The pO,, pCO,, and pH were determined in the arterial perfusate and the
coronary venous effluent was measured potentiometrically (Corning Gas
Analyzer, Corning, N.Y.). The afterload was set at 80 mmHg. Aortic and
coronary outflow were measured volumetrically. Systolic, diastolic, mean
aortic pressure (Spectramed P23X1, Oxnard, Calif.), heart rate, and dP/dt
(Gould G4615-71, Valley View, Ohio) were measured as previously
described (17).
Hydraulic work was calculated from:

Cardiac hydraulic work (J*min™- g™ =

(aortic + coronary flow (ml/min)x10°® (m*ml)x average systolic pressure (mmHg) .

heart wet weight (g)
101,325 (Nm™%)

760 (mmHg)

(Eq. 1)

where 1 atm = 760, mmHg = 101,325 newton/m? (Nm™).
O, consumption was calculated from the measured decrease in pO; in the
inflow and coronary venous outflow according to:

O, consumption pmol * min™! - g7 =
(Pa,, — Pv,) x coronary flow (ml/min) x ¢,
Pyo) x V,,

% 10° (Eq. 2)

heart weight (g) x (P -

where Pag, and Pvg, are the partial pressure of oxygen in the aorta and
coronary vein, respectively (mmHg); Py,o, the partial pressure of water, is
47.1 mmHg at 38°C; P,,,, the atmospheric pressure, is 760 mmHg. ap, is
the solubility of O,, taken to be 0.0212 ml Oy/ml human plasma at 38°C
(21-24). Vo, is the mole volume of oxygen gas, taken to be 25.5 1 Oy/mol
corrected to 38°C.

Cardiac efficiency was calculated, using a slight modification of the
method of Neely et al. (25), as the ratio of hydraulic work/redox energy
available from mitochondrial NADH + H* combining with 1/2 O,, ex-
pressed as percent:

Cardiac efficiency (%) =

hydraulic work (J - min™ - g™%)

O, consumption (umol - min™ - g)* x respiratory chain energy (J/pmol)
x 100 (Eq. 3)

Respiratory chain energy is that energy derived from the transfer of 2 elec-
trons from mitochondrial NADH to O, as described below (Eq. 21).

Tissue water distribution

Total H,O, determined by drying to a constant weight, was 0.853 ml/g wet

Intracellular HoO distribution was estimated in hearts (perfused under

the four conditions tested) that were rapidly frozen, cryosectioned, left un-
stained, and dehydrated at —80°C (26). In livers treated in this manner,
22.0% of the morphometric volume was mitochondria that contained only
11.8% of intracellular potassium, where the nonmitochondrial morpho-
metric volume of 78.0% contained 88.2% of intracellular potassium as
determined by X-ray microanalysis (Veech et al., unpublished results).
Morphometric volume of mitochondria in the perfused hearts did not differ
significantly between the four groups studied, from about 34% of the intra-
cellular area compared with an area of 35% in hearts frozen in situ. Taking
the ratio of the morphometric volume of mitochondria to the mitochondrial
free H,O volume to be the same as that for liver, then the 34% of the total
intracellular morphometric volume composing mitochondria contained
(11.8%/22.0%) x 34% or 18.2% of intracellular H;O, whereas the non-
mitochondrial phase contained 81.8% of water. This finding is consistent
with many earlier reports suggesting that a much greater percentage of
mitochondrial volume is occupied by protein and inner membrane than is
occupied by protein and membranes in the cytosol, endoplasmic reticulum,
and nucleus (27). Using this water distribution between mitochondrial and
nonmitochondrial phases, and naming all nonmitochondrial water cytosolic,
the measured total metabolite (umol/ml intracellular H,O) was distributed
between compartments by:
[EPilw = Vigw X [EPilye + Ve X [EPi]mie (Eq. 4)
where V,, is the fractional HyO volume of cytosol and Vj,, is that of
mitochondria. Mitochondrial [EP;] can be calculated from Eq. 4 using
total [ZP;] measured enzymatically, and cytosolic [EP;] taken to be equal to
the 3!P-NMR visible P; and reported as pmol/ml cytosolic H,O.

Compartment pH and HCO;~ distribution

Cytosolic pH was measured by the chemical shift of P; relative to PCr in
31P-NMR spectra. It was assumed that the {[CO,] was the same in both the
mitochondrial and cytosolic phases and equivalent to the coronary venous
[COy]. Knowing cytosolic pH from NMR measurements and [CO,] from
measurements of coronary effluent, cytosolic [HCOj"] was calculated using
the Henderson-Hasselbalch equation:

[HCO3]

pH = 6.1 x log ———
[COy]

(Eq. 5)

The total [HCOj;"] measured enzymatically was apportioned between the
mitochondrial and nonmitochondrial phases according to:

[HCO3}i = ([HCO3)uw = Vi X [HCO3],0) Vimico (Eq. 6)

Mitochondrial pH was then estimated by inserting the calculated
[HCO:3],.4 into Eq. 5.

Free energy of cytosolic ATP hydrolysis, AGrp, and potential
between cytosolic and mitochondrial phases, Eqito/cyto

The AG,p was calculated according to the statements:

[EATP] [EPCr]

= x K'ex (Eq. 7)
[ZADP] [Zcreatine]
Lcreatine][ZP;],,,
AGyp = AGYyp + RTIn Lﬁ@f‘l[_]: (Eq. 8)
K' o[ ZPCr] g

where R, the gas constant, is 8:3145 x 1073 k] - mol™* - K%; 7] the absolute
temperature, is 311.15 K. Taking [ZATP] from the 3P visible NMR spectra,
the free cytosolic [EADP] was calculated from the creatine kinase reaction
(EC 2.7.3.2) (17). K'¢x and AGYyp were corrected (28) for the cytosolic pH
determined by 3'P-NMR and free [Mg?] estimated from the measured
[Ecitrate}/[Zisocitrate] (29). Free [ZPi],, and [EPCr],,, were taken to be
equal to the 3'P-NMR visible P; and PCr. [ECreatine] was determined en-
zymatically and cytosolic [H*] was determined using 3'P-NMR as described
above.

Estimation of the E,;,, was made using the stoichiometry of 4 H*
(30-32) moved from mitochondrial to cytosolic phases by NADH de-
hydrogenase and QH,™ cytochrome ¢ oxidoreductase (EG 110.2.2). Because
4 H* reenter the mitochondria (33) through the ATP synthase (34) and
H*/P, cotransporter (35) for each ATP molecule synthesized in the
mitochondrion and translocated to the cytosol (36), then the concentration
and electric work of the proton may be represented as:

weight. Intracellular and extracellular H,O spaces were measured using éﬁ’ ~ RTIn [71:1“]1, + FE,, (Eq. 9)
3H,0 and [“C]mannitol as previously described (17). Extracellular H,O 4 [H*].

comprised 0.593 ml/ml total H,O and intracellular HyO comprised

0.407 ml/ml total H,O. where E the Faraday constant, is 96.485 kJ - mol™ - V71,
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Cytosolic redox state

Cytosolic [NAD*]/[NADH] was estimated from the measured components
of the lactate dehydrogenase reaction (EC 1.1.1.27) (37):
[NAD"],,  [pyruvate],u[H ] N 1

- (Eq. 10)
[NADH],, 111x10711 M

[L-lactate™] .,

Mitochondrial redox state and estimation of oxaloacetate

The distribution of the measured tissue NH,* between the cytosolic and
mitochondrial phases was calculated, assuming that NHj is permeant across
the mitochondrial membrane, solving the following equations simultane-
ously:

[NHilow = Vige X [NHil40 + Vi x [NHilie (Eq. 11)
[INHi Lo [H i
[NH3 i [H l 0

=1 (Eq. 12)

The free mitochondrial [NAD*}/[NADH] was estimated from the mea-
sured components of the glutamate dehydrogenase reaction (EC 1.4.1.2)
taking K' at pH 0 from Engel and Dalziel (38) by:

[NAD"),., lo — ketoglutarate?™],,,[NHZ],..o[ H ] nio

- » (Eq. 13)
[NADH] [L-glutamate™]

mito

1
3.87 x 10713 M2
When ketones were added, mitochondrial [NAD*]/[NADH] was also calcu-
lated from the D-B-hydroxybutyrate dehydrogenase reaction (EC 1.1.1.30)
taking K' from Williamson et al. (37) according to:
[NAD*].i
[NADH],.;,

[acetoace':ate_]wlal[Hf]mn‘u 1
493 x 107 M

(Eq. 14)

[D-B-hydroxybutyrate™],,.,

Mitochondrial [oxaloacetate] was calculated from malate dehydrogenase
reaction (EC 1.1.1.37), taking XK' from Guynn et al. (39), and mitochondrial
[NAD*)/[NADH], assuming equal distribution of malate?” between
mitochondrial and cytosolic phases:

[L-malate®],,,[NAD],,;,
[NADH],,0[H ]t

[oxaloacetate?-|mito = x 2.86 x 102 (Eq. 15)

The potential of the half-reaction of mitochondrial NAD* couple at pH 7,
Ehfispnapu, was calculated from the mitochondrial [NAD*}/[NADH]:
RT  [NAD'],. 107
n X

o (Eq. 16)
nF [NADH],, [H]

7 -
Eh NADYNADH = E K’A DYNADH F

mito
where n = 2 and Efyponapy at pH 7.0 is -0.32 V (40).

Free energy of respiratory chain, AGggay

The reaction transferring 2 electrons from NADH to oxygen is expressed as:

NADH,,, + H;,, + 1/2 O, respiratory chain NAD?,, + H,0O (Eq. 17)

—_— .
The free energy of the respiratory chain can be estimated by combining the
half-reactions at pH 7, Eh} 50 (41) and Ehyponapn:

Eh o = +0.814 V (Eq. 18)

AGepun = '"f(Ehéz/H,O = Ehfupnape) (Eq. 19)

where n = 2.

Relationship between free mitochondrial [Q)/[QH,] and
[NAD*)/[NADH] couples

The Ek’ of the mitochondrial coenzyme Q couple, Eh /g, Was estimated
from the measured [fumarate?}/[succinate?’] ratio, taking the reversible
(42) succinate dehydrogenase reaction (EC 1.3.5.1):

Succinate?” +

coenzyme Q) succinate dehydrogenase fumarate?” + coenzyme QH, (Eq. 20)

to be in near-equilibrium with its diffusible cofactor, coenzyme Q. At
equilibrium:

Ehlon, = EMnsuce (Eq. 21)
then:
RT fi te?”
Ehygp, = Bl + o I L0227 (Eq. 22)
nF [succinate?”)
where ER,,.,. is +0.031 V (43) and n = 2.

The free energy of the reaction catalyzed by the mitochondrial NADH
dehydrogenase multienzyme complex was calculated from the relationship:

NADH,,;, + Hyi + Q.. complex I NADY,, + QH, L0 (Eq. 23)
AGopnap = ~nF(Ehyon, ~ Ehyapnapn) (Eq. 24)

where n = 2.

RESULTS

The heart rate was between 290 and 300 min™ in all groups
tested. The peak systolic pressure was 90.5 mmHg in hearts
perfused with glucose alone and increased to 96, 98, and
94 mmHg on addition of insulin, ketones, and the combina-
tion, respectively. Mean systolic pressure was 81 mmHg,
which increased to 83 mmHg with insulin. Cardiac output
(Table 1) was 25 ml-min™!- g wet weight™ and increased to
28 after addition of insulin. Hydraulic work (Eq. 1) was 0.30
J-min™!- g wet weight heart™ and increased to 0.34 and 0.37
J-min™!. g wet weight™ on insulin and ketones, respectively.
O, consumption (Eq. 2 and refs 17-19) was 6.5 pmol-
min~'-g wet weight™! and decreased to 5.6, 5.9, and 5.4
pmol - min~!- g wet weight™ after addition of insulin, ketones,
and the combination, respectively. The efliciency of cardiac
hydraulic work (Eq. 3) was 10.5% in hearts perfused with
glucose alone, and increased to 28% with insulin, to 24%
with ketones, and to 36% on addition of the combination.

Addition of insulin to the perfusion buffer containing
10 mM glucose increased the intracellular glucose concen-
trations from 1.9 to about 10 mM (2), but increased
[pyruvate™] only from 0.05 to 0.08 pmol/ml intracellular
H,0O. Addition of insulin, ketones, or the combination al-

TABLE 1. Effect of insulin and/or ketones on physiological parameters and efficiency of the working rat heart®

Control, n = 8

Insulin,b n =25 Ketones, ' n = 5 Ketones and insulin, n = 5

Cardiac output, ml-min™-g wet wt™! 249 + 0.6
Hydraulic work, J-min™-g wet wt™! 0.30 + 0.01
O, consumption, pmol-min™!-g wet wt™! 6.5 + 0.1
Cardiac efficiency, % 10.5 + 0.3

26.7 + 0.9 28.3 + 0.97 25.8 + 0.7
0.34 + 0.01¢ 0.37 + 0.01¢ 0.32 + 0.01
5.6 + 0.1¢ 6.0 + 0.2 54 + 0.47
13.4 + 0.6 13.0 + 0.2 14.3 + 1.3¢

“Data are means + SE. Control = 10 mM glucose perfusion.
acetoacetate.

*Insulin: 100 nM.
P < 0.05 compared to control, determined using the Mann-Whitney U test.

“Ketone bodies: 4 mM D-B-hydroxybutyrate + 1 mM

MITOCHONDRIAL ENERGY TRANSDUCTION
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Figure 1. The mitochondrial TCA cycle in the working rat heart showing the proportional changes (bar graphs), relative to the glucose-
perfused rat heart, that occur with the addition of insulin and/or ketone bodies. (Experimental value/control values)”: where n = 1 when
the experimental value > control, and n = -1 when experimental value < control. Component concentrations and ratios in the glucose-
perfused hearts are shown below the headings. Symbols are: ICW, intracellular HyO; G, glucose alone in the perfusate; GI, glucose plus
100 nM insulin; GK, glucose plus 4 mM D-B3-hydroxybutyrate 1 mM acetoacetate; GIK, glucose plus ketone bodies and insulin.
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tered the levels of TCA cycle components in the working rat
heart. Addition of insulin, ketones, and the combination in-
creased acetyl CoA 9-fold, 15-fold, and 18-fold, respectively,
with corresponding decreases in CoA (Fig. 1). Malonyl CoA
was increased from 0.14 nmol/ml intracellular H,O in the
groups perfused with glucose alone to 5 on addition of insu-
lin, 3 on addition of ketones, and 6 nmol/ml intracellular
H,O with the combination. In the first third of the TCA cy-
cle, citrate increased 2- to 4-fold, isocitrate from 3- to 5-fold,
and a-ketoglutarate 1.5- to 2-fold.

The cytosolic pH was not changed from 7.05 by.any of the
perfusion conditions (Table 2, Fig. 2). The cytosolic
[HCO;3] (Eq. 5) was about 14 pmol/ml intracellular HyO in
hearts perfused with or without insulin and decreased to
about 12 on addition of ketones. The difference between the
total measured intracellular [HCOj3] measured enzymati-
cally and the cytosolic [HCOj3] showed that the mitochon-
drial [HCO;3] (Eq. 6), and with it mitochondrial pH, in-
creased from 7.09 during perfusion with glucose alone to
7.21, 7.52, and 7.42 on addition of insulin, ketones, and the
combination.

The cytosolic [P;] determined from the 3'P-NMR visible
spectra was 6.9 pmol/ml intracellular H,O or 8.4 pmol/ml
cytosolic HyO in glucose perfused hearts, and was not sig-
nificantly changed by any treatment (Table 2). In contrast,
the enzymatically measured [P;] was about 12 pmol/ml in-
tracellular H,O in control hearts, but decreased to 8-
9 pmol/ml intracellular HyO after addition of insulin or
ketones and to 7 pmol/ml intracellular H,O in hearts per-
fused with the combination. The mitochondrial [P;] (Eq. 4),
deduced from the difference between the 3'P-NMR visible
[Pi] and the enzymatic measurements, was estimated to be
28 pmol/ml mitochondrial HyO in glucose perfused hearts;
it decreased to 17 on addition of insulin, to 6 on addition of
ketones, and to 3 on addition of the combination (Table 2).
Mitochondrial [P;] varied inversely with the mitochondrial
[HCOj37], conforming to the requirement for electroneutral-
ity in a system in which a process of net H*-P;~ cotransport
or OH7/P; exchange was operating.

There was a 5-fold increase in tissue glutamate content
with all additions that, with the decreased [NH,*] (Eq. 11
and Eq. 12) resulting from the alkalinization of the mito-
chondria, reflected a 3- to 11-fold decrease in the free mito-
chondrial [NAD*)/[NADH] (Fig. 1) from the control value
of 16. This ratio was decreased to 1.51 and 2.04 on addition
of ketones or ketones plus insulin, respectively. Because in
these conditions the hearts were being perfused with 4 mM
D-B-hydroxybutyrate™ and 1 mM acetoacetate”, the free
mitochondrial [NAD*}/[NADH] calculated from the @8-
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hydroxybutyrate dehydrogenase reaction (Eq. 14) was 1.54
and 1.93, respectively, which agrees remarkably well with the
ratio calculated from the reactants of the glutamate de-
hydrogenase reaction. As glutamate dehydrogenase (Eq. 13)
is located within mitochondrial matrix and D-B-hydroxy-
butyrate dehydrogenase (Eq. 14) is located in mitochondrial
inner membrane, this agreement demonstrates that both
matrix and mitochondrial membrane enzymes share a com-
mon pool of pyridine nucleotides in heart, as has been previ-
ously demonstrated in liver (37). The Eh? of the mitochon-
drial NAD couple, Eifyp/napu (Eq. 16), was —280 mV and
decreased to about —300 mV on addition of insulin, ketones,
and the combination.

In contrast to the increased tissue contents of the initial
components of the TCA cycle, the [succinyl CoA~] was
33.5 nmol/ml intracellular H;O and was essentially invari-
ant, showing only a 10% drop on addition of ketones (Fig. 1).
Unexpectedly, [succinate?”] decreased 1.5- to 3-fold, whereas
[fumarate?’] and [L-malate?"] increased slightly on addition
of the combination of ketones and insulin, and [L-aspartate”]
and calculated [oxaloacetate?™] decreased 2- to 4-fold on the
addition of insulin and/or ketones (Fig. 1). The ratio
[fumarate? }/[succinate?”] increased about 1.5-fold on addi-
tion of insulin, about 2.5-fold on addition of ketones, and
about 4-fold on addition of the combination (Fig. 1). Taking
this change to indicate the redox state of the [Q]/[QH,]
couple, which is the cofactor for the succinate dehydrogenase
(EC 1.3.5.1) reaction, the observed increase in [fumarate?”]/
[succinate?”] indicates a 1.5- to 4-fold oxidation of mitochon-
drial [Q]/[QH,] on addition of insulin, ketones, or the com-
bination. The Ehpp,, calculated from the succinate de-
hydrogenase reaction (Eqs. 20-22, Fig. 2), increased
progressively from -4 mV during perfusion with glucose
alone to +15 mV on the addition of insulin and ketones.
When the oxidation of the mitochondrial () couple was com-
bined with the reduction of the mitochondrial NAD couple

-resulting from these additions to the glucose perfused hearts,
the estimated energy available in the transfer of 2 e from the
mitochondrial NAD to the Q couple (Eq. 23 and Eq. 24)
catalyzed by the NADH dehydrogenase multienzyme com-
plex, AGoy,nap+, increased from -53 kJ/2 mol e during
perfusion with glucose alone to —60 kJ/ 2 mol e with addi-
tion of insulin and ketones. This increase was paralleled by
an increase in the cytosolic free energy of ATP hydrolysis,
AGgrp (Eq. 7 and Eq. 8), determined independently using
NMR spectroscopy, which increased from -56 kJ/mol in
control hearts to about ~-59 kJ/mol on addition of insulin or
insulin plus ketones (Table 3, Fig. 2). The potential between
mitochondrial and cytosolic phases, Eninie (Eq. 9, Fig. 2,

TABLE 2. Effect of insulin and/or ketones on biochemical parameters of the working rat heart”

Control, n = 8 Insulin,’ n = 5 Ketones, n = 5 Ketones and insulin, n = 5

Cytosolic pH 7.06 + 0.01 7.05 + 0.01 7.04 + 0.01 7.02 + 0.00
Mitochondrial pH 7.09 + 0.02  7.21 + 0.02 7.52 1+ 0.02¢ 7.42 + 0.00
Coronary venous COy, gmol/ml intracellular H,O 1.58 + 0.02 1.60 + 0.06 1.37 + 0.05° 1.39 + 0.02¢
Total [HCO;™}], pmol/ml intracellular H,O 14.6 + 0.9 15.7 + 1.2 16.3 + 1.3 14.9 + 1.8

Cytosolic [HCO;7], pmol/ml cytosolic H,O 14.3 + 0.2 14.4 + 0.3 12.1 + 0.3 11.5 + 0.1¢
Mitochondrial [HCOj;"], gmol/ml mitochondrial H,O 156 + 0.7 209 + 1.1¢  36.1 + 1.5 29.9 + 0.3
Total [P;], pmol/ml intracellular HyO 11.8 + 0.9 8.25 + 0.887 8.83 + 0.70¢ 6.93 + 0.64¢
Cytosolic [P;], pmol/ml cytosolic H,O 8.38 + 0.68 6.08 + 0.48 9.50 + 0.61 7.99 + 1.60
Mitochondrial [P;], pmol/ml mitochondrial H,O 28.2 + 3.3 171 + 1.¢¥ 5.71 + 2.81¢ 2.62 + 6.51¢

“Data are means + SE. Control = 10 mM glucose perfusion.
acetoacetate.

*Insulin: 100 nMm.
P < 0.05 compared to control, determined using the Mann-Whitney U test.

‘Ketone bodies: 4 mM D-B-hydroxybutyrate + 1 mMm
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Table 3), was —143 mV in hearts perfused with glucose alone
and unchanged on the addition of insulin but decreased to
—120 mV on addition of ketones or —130 mV on addition of
the combination.

DISCUSSION

Addition of insulin, with or without the addition of ketones,
decreased O, consumption by about 14% (Table 1). The free
cytosolic ADP, [EADP],, was calculated from the mea-
sured components of the creatine kinase reaction (Eq. 7),
and the free cytosolic inorganic phosphate, [EPi],n, was
taken directly from the 3'P-NMR spectra. The K,4pp for
the ADP/ATP translocator is known to be about 20 uM (44),
and the K,p; of the H-P; cotransporter about 1 mM (45). We
determined the V,,, of this perfused heart system for O,
consumption to be 24 pmol « mint-ml™! intracellular H,O.
Using a simple initial Michaelis-Menten rate equation (46),

Vo, = Vinax
' { 4+ _ Enaop Kinp, (Eq. 25)
[EADP],,, [EPi] g0

4H

one may then calculate a predicted rate of Oy consumption.
The predicted values (see line on bar graph, Fig. 2) cor-
related extremely well with the measured values (see bar
graph, Fig. 2). However, the [EADP],,, was 0.14 pmol/ml
intracellular HyO in hearts perfused with glucose alone,
which decreased to 0.08 with insulin and about to 0.06 with
ketones or the combination; [XP;],, was 6 pmol/ml intracel-
lular H,O in all groups (Table 2). Because both [EADP],,,
and [ZPi],, were so much greater than their respective K,s
for the adenine nucleotide translocator and the H*/P;
cotransporter, the availability of these substrates is unlikely
to determine the rate of O, consumption in the working rat
heart.

Addition of insulin increased the efliciency of hydraulic
work per mole of O, consumed in heart 28% by decreasing
O, consumption by 14% and increasing cardiac work 13%
(Table 1). Addition of ketones, on the other hand, increased
the efficiency mainly by increasing hydraulic work, at the
same time decreasing O, consumption by only a small per-
centage. From the energy of ATP hydrolysis measured in-
dependently with 3'P-NMR spectroscopy and the ApH
(Eq. 9), the calculated potential of the mitochondrial phase
relative to the cytosolic phase was —143 mV in hearts per-

G GI* GK* GKI*

AcAcCoA  AcAc

" EhCyt aa3 Ox/Red

G GI* GK* GKI*

Figure 2. A representation of the mitochondrion showing the TCA cycle, oxidative phosphorylation, and various transport processes in
the working rat heart. Changes in calculated mitochondrial and cytosolic parameters under different perfusion conditions are indicated

on the bar graphs.
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TABLE 3. Effect of insulin and/or ketones on mitochondrial energy parameters’

Control, n = 8 Insulin,b n =5 Ketones,’ n = 5 Ketones and insulin, n = 5
ER7 of mitochondrial [NAD'}//[NADH], mV ~280 + -293 + 27 -299 + (¢ -298 + 1¢
Eh7 of mitochondrial [Q)/[QH,], mV -4.1 + 1.6 3.6 + 2.3 7.8 + 4.3¢ 148 + 2.6
AG of mitochondrial NAD to Q couple, kJ/2 mole ~ -53.4 + 0.5 —57.8 + 0.5° -59.1 + 0.87 -60.3 + 0‘3fj
AG of cytosolic ATP hydrolysis, k]J/mol -56.6 + 0.2 -589 + 0.17 -57.6 + 0.2/ -58.9 & 0.4
Emim/()vlw mV - 143 + - 143 + 2 _120 * 2d - 128 + 1
“Data are means + SE. Control = 10 mM glucose perfusion. YInsulin: 100 nm. ‘Ketone bodies: 4 mM D f-hydroxybutyrate + 1 mMm

acetoacetate.

fused with or without insulin, but decreased to —120 mV on
addition of ketones and -128 mV with addition of the com-
bination (Fig. 2, Table 3). The increase in efficiency caused
by ketones therefore was compatible with a decrease in pro-
ton leakage across mitochondrial membrane due simply to a
decrease in potential (47), as has been previously suggested.
The increase in efficiency associated with insulin administra-
tion is not readily explained by such a straightforward
mechanism; other factors, such as reduction of the mito-
chondrial NAD couple or specific effects like covalent
modification of mitochondrial membrane protein, will have
to be considered as possible factors altering efficiency of ATP
synthesis.

Clearly, the administration of insulin increased the
cardiac content of acetyl CoA almost 10-fold whereas
[pyruvate™] increased less than twofold, confirming previous
inferences that insulin activates the pyruvate dehydrogenase
multienzyme complex. This stimulation was independent of
changes in total calcium and altered the activity of the a-
ketoglutarate dehydrogenase multienzyme complex (8), as
indicated by the observation that succinyl CoA content was
unaltered by addition of insulin (Fig. 1). Also, insulin was
able to alter the pattern of TCA cycle metabolites by a simul-
taneous reduction of the mitochondrial NAD couple and an
oxidation of the mitochondrial coenzyme Q couple. A phys-
iological ratio of ketone bodies at a total concentration of
only 5 mM thus was able to duplicate most of the acute
effects of insulin by providing increased amounts of acetyl
CoA by a mechanism not involving activation of pyruvate
dehydrogenase multienzyme complex (Fig. 1), and at the
same time induce similar changes in the contents of TCA
cycle metabolites and mitochondrial redox couples. This
suggests that the major acute effect of insulin results simply
by increasing the supply of mitochondrial acetyl CoA in a
manner not dependent on insulin’s ability to activate the
pyruvate dehydrogenase multienzyme complex. Provision of
acetyl moieties within mitochondria has been suggested to
reverse many age-related defects in mitochondrial ATP syn-
thesis (48). Use of ketones may therefore provide unexpected
benéfits in the treatment of elderly patients or others suffer-
ing from oxidative damage to mitochondria.

Because the estimation of redox potential of the Q) couple
was done by using only the fumarate?/succinate?” couple,
and because the equilibrium constant of the succinate de-
hydrogenase reaction has not been measured under ap-
propriate physiological condition (43), some uncertainty as
to the precise potential of Q/QH, must remain. However,
taking the values available from this study, there appeared to
be an inverse correlation between O, consumption and oxi-
dized/reduced aas (Fig. 2). The aa; redox couple was calcu-
lated assuming an equal free energy for each proton export-
ing site (49), because all sites are related to each other
through the NAD, Q, and cytochrome ¢ redox cofactors
present in mitochondria in excess relative to the other com-

P < 0.05 compared to control, determined using the Mann-Whitney U test.

ponents of the respiratory chain (50). The ratio of oxidized/
reduced cytochrome ¢ was on the order of 10:1, yet that of ox-
idized/reduced cytochrome aa; was 1-4 x 10%:1, indicating
that dominant control is exerted at cytochrome aas. Thus, it
would appear that changes in O, consumption respond to
changes in mitochondrial redox couples. The significant in-
crease in the energy available in redox span between mito-
chondrial complexes I and II and the similar significant in-
crease in the energy of ATP hydrolysis suggest that the redox
energy in the NADH dehydrogenase reaction is the major
determinant of the free energy of ATP hydrolysis in cytosol
in this relatively intact preparation.

The close similarities in the functional and energetic
effects of insulin and ketone bodies may have important clini-
cal consequences. Elevation of blood ketones to levels that
are observed after a 48 h fast (51) almost completely reverses
the mitochondrial abnormalities associated with insulin
deficiency. As such, mild ketosis should be viewed as a
beneficial compensation for insulin deficiency and perhaps
also for geriatric patients or others with peroxidative damage
to the processes of mitochondrial energy transduction.

This work was partially funded by the British Heart Foundation
and by the Medical Research Council of Great Britain.

REFERENCES

1. Simpson, I. A., and Cushman, S. W. (1986) Hormonal regulation of
mammalian glucose transport. Annu. Rev. Biochem. 55, 1059-1089
2. Kashiwaya, Y., Sato, K., Tsuchiya, N., Thomas, S., Fell, D. A., Veech,
R. L., and Passonneau, J. V. (1994) Control of glucose utilization in
working perfused rat heart. J. Biol. Chem. 269, 25502-25514
3. Dent, P, Lavoinne, A., Nakielny, S., Caudwell, F. B., Watt, P, and
Cohen, P. (1990) The molecular mechanism by which insulin stimulates
glycogen synthesis in mammalian skeletal muscle. Nature 348, 302-308
4. White, M. F,, and Kahn, R. C. (1994) The insulin signaling system.
J. Biol. Chem. 269, 1-4
5. Lin, T. A, Kong, X., Haystead, T. A. J., Pause, A., Belsham, G.,
Sonenberg, N., and Lawrence, J. C., Jr. (1994) PHAS-I as a link be-
tween mitogen-activated protein kinase and translation initiation [see
comments]. Science 266, 653-656
6. Pause, A., Belsham, G. J., Girard, J., Donze, O., Lin, T.-A., Lawrence,
J. C, Jr, and Soneberg, N. (1994) Insulin-dependent stimulation of
protein synthesis by phosphorylation of a regulator of 5'-cap function.
Nature 371, 762-767
7. Davis, R. J., Brand, M. D., and Martin, B. R. (1981) The effect of insu-
lin on plasma-membrane and mitochondrial-membrane potentials in
isolated fat-cells. Biochem. J. 196, 133-147
8. Denton, R. M., McCormack, J. G., Midgley, P. J., and Rutter, G. A.
(1987) Hormonal regulation of fluxes through pyruvate dehydrogenase
and the citric acid cycle in mammalian tissues. Biochem. Soc. Symp. 54,
127-143
9. Neely, J. R., Liebermeister, H., Battersby, E. J., and Morgan, H. E.
(1967) Effect of pressure development on oxygen consumption by iso-
lated rat heart. Am. J. Physiol. 212, 804-814
10. Passonneau, J. V., and Lowry, O. H. (1993) In Enzymatic Analysis: A Prac-
tical Guide, 2nd Ed, Humana Press, Totowa, N.J.
11. Dobson, G. P., Veech, R. L., Hoeger, U,, and Passonneau, J. V. (1991)
Enzymatic determination of total CO; in freeze-clamped animal tissues
and plasma. Anal. Biochem. 195, 232-237

MITOCHONDRIAL ENERGY TRANSDUCTION

657



RESEARCH COMMUNICATION

12,

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Folbergrova, J., Passonneau, J. V., Lowry, O. H., and Schulz, D. W.
(1969) Glycogen, ammonia and related metabolities in the brain during
seizures evoked by methionine sulphoximine. J. Neurochem. 16, 191-203
Cornell, N. W, Leadbetter, M. G., and Veech, R. L. (1979) Modifica-
tions in the enzymatic assay for inorganic phosphate. Anal. Biochem. 95,
524-526

Goldberg, N. D., Passonneau, J. V., and Lowry, O. H. (1966) Effects of
changes in brain metabolism on the levels of citric acid cycle intermedi-
ates. J. Biol. Chem. 241, 3997-4003

King, M. T, Reiss, P. D,, and Cornell, N. W. (1988) Determination of
short-chain coenzyme A compounds by reversed-phase high perfor-
mance liquid chromatography. In Methods in Enzymology (Harris, R. A.,
ed) Vol. 166, pp. 70-79, Academic Press, New York

Clarke, K., O’Connor, A. J., and Willis, R. J. (1987) Temporal relation
between energy metabolism and myocardial function during ischemia
and reperfusion. dm. J. Physiol. 253, H412-H421

Masuda, T., Dobson, G. P, and Veech, R. L. (1990) The Gibbs-Donnan
near-equilibrium system of heart. /. Biol Chem. 265, 20321-20334
Veech, R. L., Gitomer, W. L., King, M. T., Balaban, R. S., Costa,
J- L., and Eanes, E. D. (1986) In Myocardial and skeletal muscle bioenergetics
(Brautbar, N., ed) pp. 617-646, Plenum, New York

. Halestrap, A. P. (1975) The mitochondrial pyruvate carrier. Kinetics

and specificity for substrates and inhibitors. Biockem. J. 148, 85-96
Slater, E. C., Quagliarello, E., Papa, S., and Tager, J. M. (1969) In-
troduction. In The Energy Level and Metabolic Control in Mitochondria
(Tager, J. M., Quagliarello, E., and Slater, E. C., eds) pp. 1-12, Adriat-
ica Editrice, Bari, ltaly

Altman, P. L., and Dittmer, D. S. (1971) Solubility coefficients of gases.
In Respiration and Circulation (Altman, P. L., and Dittmer, D. S., eds) pp.
16-20, FASEB, Bethesda, Maryland

Christoforides, C., Laasberg, L. H., and Hedley-Whyte, J. (1969) Effect
of temperature on solubility of O, in human plasma. J. Appl. Physiol. 26,
56-60

Sendroy, J., Jr., Dillon, R. T., and Van Slyke, D. D. (1934) Studies of
gas and electrolyte equilibria in blood: XIX. The solubility and physical
stae of uncombined oxygen in blood. J. Biol Chem. 105, 597-632
Umbreit, W. W,, Burris, R. H., and Stauffer, J. F. (1972) In Manometric
and Biochemical Téchmiques, 5th Ed, pp. 6-7, Burgess Publishing,
Minneapolis, Minnesota

Neely, J. R., Liebermeister, H., and Morgan, H. E. (1967) Effect of
pressure development on membrane transport of glucose in isolated rat
heart. Am. J. Physiol. 212, 815-822

Hagler, H. K., and Buja, L. M. (1986) Effect of specimen preparation
and section transfer techniques on the preservation of ultrastructure,
lipids and elements in cryosections. J. Microsc. 141, 311-317

Srere, P. A. (1981) Protein crystals as a model for mitochondrial matrix
proteins. Trends Biochem. Sci. 6, 4-6

Veech, R. L., Gates, D. N., Crutchfield, C. W., Gitomer, W. L.,
Kashiwaya, Y., King, M. T., and Wondergem, R. (1994) Metabolic
hyperpolarization of liver by ethanol: The importance of Mg?* and H*
in determining impermeant intracellular anionic charge and energy of
metabolic reactions. Alcokol. Clin. Exp. Res. 18, 1040-1056

Veloso, D., Guynn, R. W., Oskarsson, M., and Veech, R. L. (1973) The
concentrations of free and bound magnesium in rat tissues. Relative
constancy of free Mg?* concentrations. J. Biol. Chem. 248, 4811-4819
Alexandre, A., Reynafarje, B., and Lehninger, A. L. (1978) Stoichiome-
try of vectorial H* movements coupled to electron transport and to ATP
synthesis in mitochondria. Proc. Natl. Acad. Sci. USA 75, 5296-5300
Babcock, G. T., and Wikstrom, M. (1992) Oxygen activation and the
conservation of energy in cell respiration. Nature 356, 301-309
Walker, J. E. (1992) The NADH:ubiquinone oxidoreductase (com-
plex I) of respiratory chains. Q, Rev. Biophys. 25, 253-324

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

Reynafarje, B., and Lehninger, A. L. (1978) An alternative membrane
transport pathway for phosphate and adenine nucleotides in mitochon-
dria and its possible function. Proc. Natl. Acad. Sci. USA 75, 4788-4792
Pedersen, P. L., and Amzel, L. M. (1993) ATP synthases. Structure,
reaction center, mechanism, and regulation of one of nature’s most

unique machines. /. Biol. Chem. 268, 9937-9940

. Wehrle, J. P, and Pedersen, P. L. (1989) Phosphate transport processes

in eukaryotic cells. J. Membr. Biol. 111, 199-213

Mitchell, P. (1966) Chemiosmotic coupling in oxidative and photosyn-
thetic phosphorylation. Biol. Rev. Camb. Philos. Soc. 41, 445-502
Williamson, D. H., Lund, P., and Krebs, H. A. (1967) The redox state
of free nicotinamide-adenine dinucleotide in the cytoplasm and
mitochondria of rat liver. Biochem. J. 103, 514-527

Engel, P. C., and Dalziel, K. (1969) Kinetic studies of glutamate de-
hydrogenase with glutamate and norvaline as substrates. Coenzyme ac-
tivation and negative homotropic interactions in allosteric enzymes.
Brockem. J. 115, 621-631

Guynn, R. W, Gelberg, H. J., and Veech, R. L. (1973) Equilibrium
constants of the malate dehydrogenase, citrate synthase, citrate lyase,
and acetyl coenzyme A hydrolysis reactions under physiological condi-
tions. J. Biwl. Chem. 248, 6957-6965

Burton, K., and Wilson, T. H. (1953) The free-energy changes for the
reduction of diphosphopyridine nucleotide and the dehydrogenation of
L-malate and L-glycerol 1-phosphate. Biochem. J. 54, 86-94

Clark, W. M. (1960) Notes on miscellaneous topics. In Oxidation-
Reduction Polentials of Organic Systems, pp. 349, Williams and Wilkins,
Baltimore

Chance, B., and Hollunger, G. (1961) The interaction of energy and
electron transfer reactions in mitochondria: V1. The efficiency of the
reaction. J. Biol. Chem. 236, 1577-1584

Burton, K., and Krebs, H. A. (1953) The free-energy changes as-
sociated with the individual steps of the tricarboxylic acid cycle, glycoly-
sis and alcoholic fermentation and with the hydrolysis of the
pyrophosphate groups of adenosinetriphosphate. Biochem. J. 54, 94-107
Klingenberg, M. (1970) Metabolite transport in mitochondria: an ex-
ample for intracellular membrane function. Essaps Biockem. 6, 119-159
Coty, W. A,, and Pedersen, P. L. (1974) Phosphate transport in rat liver
mitochondria. Kinetics and energy requirements. J. Biol. Chem. 249,
2593-2598

Chance, B., Leigh, J. S. J,, Kent, J.,, McCully, K., Nioka, S., Clark,
B. J., Maris, J. M., and Graham, T. (1986) Multiple controls of oxida-
tive metabolism in living tissues as studied by phosphorus magnetic
resonance. Proc. Natl. Acad Sci. USA 83, 9458-9462

Brand, M. D,, Chien, L. F,, and Diolez, P. (1994) Experimental dis-
crimination between proton leak and redox slip during mitochondrial
electron transport. Biochem. J. 297, 27-29

Shigenaga, M. K., Hagen, T. M., and Ames, B. N. (1994) Oxidative
damage and mitochondrial decay in aging. Proc. Natl. Acad. Sci. USA 91,
10771-10778

Groen, A. K., Wanders, R. J., Westerhoff, H. V., Van der Meer, R., and
Tager, J. M. (1982) Quantification of the contribution of various steps
to the control of mitochondrial respiration. [ Biol Chem. 257,
2754-2757

Pette, D., Klingenberg, M., and Bucher, T. (1962) Comparable and
specific proportions in the mitochondrial enzyme activity pattern.
Biochem. Biophys. Res. Commun. 7, 425-429

Cahill, G. F, Jr. (1970) Starvation in man. N. Engl ] Med 282,
668-675

Received for publication January 16, 1995.
Accepted for publication February 2, 1995,

658

Vol. 9 May 1995

The FASEB journal

SATO ET AL.



