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Calorimetric and respirometric studies of cultured cells show that both neoplastic and non-neoplastic cell types maintain
an anaerobic contribution to their total heat flux. In many mammalian cells this can be explained quantitatively by
lactate production observed under fully aerobic conditions. Uncoupling and enhanced futile substrate cycling increase
the ratio of heat flux to oxygen flux, the calorimetric-respirometric (CR) ratio. The interpretation of calorimetric and
respirometric measurements requires an energy balance approach in which experimentally measured CR ratios are
compared with thermochemically derived oxycaloric equivalents. The oxycaloric equivalent is the enthalpy change per
mole of oxygen consumed, and equals —470 kJ /mol O, in the aerobic catabolism of glucose, assuming that catabolism
is 100% dissipative (the net efficiency of metabolic heat transformation is zero). CR ratios more negative than —-470
kJ /mol O, have been reported in well-oxygenated cell cultures and are discussed in terms of integrated aerobic and

anaerobic metabolism.

Introduction

Futile substrate cycling is one of the mechanisms
regulating metabolic flux [1,2]. Futile cycling decouples
substrate level phosphorylation. For example, in the
glucose /glucose 6-phosphate cycle, ATP is consumed in
the phosphorylation of sugar, but ATP is not regener-
ated in the dephosphorylation step which completes the
futile cycle. The quantitative significance of decoupling
in ATP turnover still requires resolution. Uncoupling is
a different control mechanism to decoupling, because
uncoupling of electron transport decreases the forma-
tion of ATP. Uncoupling is responsible for enhanced
oxygen uptake in brown adipose tissue, which results in
a calorigenic response [3-5].

It is frequently observed that both decoupling and
uncoupling not only elevate oxygen flux but dispro-
portionately increase heat flux [6-9], resulting in an
increased ratio of calorimetric heat flux to respirometric
oxygen flux (CR ratio) [10,11]. It has been argued that
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the higher heat loss per unit oxygen uptake reflects the
lower efficiency of ATP production associated with the
wasteful operation of futile cycles (e.g., Ref. 7). By
reducing the catabolic ATP output, more energy is lost
as heat. This intriguing hypothesis demands a more

List of symbols

Symbol Unit Meaning

CR ratio kJ/mol O, calorimetric-respirometric ratio,
heat flux divided by oxygen flux

Jo, mol O,-s7 g~ oxygen flux, per unit biomass

Lac/0, mol-mol ! lactate/oxygen ratio

Ay Hg, kI/mol O, oxycaloric equivalent, catabolic
enthalpy change per mol O,

AyHy kJ/mol Lac catabolic enthalpy change per mol
lactate

4,00, kJ/mol O, heat change per mol O, calculated
for simultaneous aerobic and ana-
erobic catabolism

A0 J total observed heat change over a
period of time, At

subscript k catabolic, half cycle reaction ex-
cluding net ATP production

subscript t total, experimentally observed
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detailed thermodynamic analysis of coupled, decoupled
and uncoupled metabolism. This analysis indicates that
such highly negative CR ratios are the result of anaerobic
processes and are not related to un- or decoupling as
such. Emphasis is placed on the integration of respira-
tion and glycolysis in isolated and cultured cells. Im-
portantly, aerobic glycolysis is not restricted to specific
cell types such as tumour cells [11]. Aerobic lactate
production explains CR ratios more negative than —470
kJ - mol ™! in several isolated mammalian, including hu-
man, cells.

Thermochemical calculations

From the principle of the First Law of Thermody-
namics, the energy (enthalpy) balance method is used to
interpret simultaneous measurements of biochemical
processes and heat changes occurring in living systems.
The energy balance method has been rigorously em-
ployed in studies of muscle energetics [12,13], and inves-
tigations of aerobic and anoxic metabolism of whole
animals [14] and microorganisms [15]. At constant baro-
metric pressure, the total heat change, 4,0, observed
over a period of time Az, equals the enthalpy change of
a closed system, minus the total work performed by the
system. In calorimetric studies of cellular suspensions
[16,17], instrumental design allows no exchange of en-
ergy other than heat through the walls of the experimen-
tal chamber. Therefore, the heat change equals the
enthalpy change of all the metabolic reactions occurring
in the chamber of the calorimeter.

In the following section we illustrate the energy
balance approach by analyzing the enthalpy changes
associated with the catabolism of glucose under condi-
tions in vivo. Enthalpy changes of biochemical reactions
are calculated on the basis of balanced reaction stoi-

TABLE 1

Enthalpies of formation for calculating the enthalpy changes in catabo-
lism of glucose

ArH (kJ-mol™") at 25°C (see Ref.; 4.184 J/cal) and 37°C [17]. g
and aq refer to the gaseous and aqueous state; eq,b refers to the
aqueous state of a dissociated substance in equilibrium at pH 7 [19].

Substance Formula State 25°C 37°C Ref.

Oxygen 0, g 0.0 0.0 def.
aq -121 -96 44

Hydrogen ion H* aq 0.0 0.0 def.

Water H,0 1 —285.8 —2855 19

Carbon dioxide CO, g =3935 =3935 20
aq —413.3 -4111 20
eq,b —405.8

Carbonicacid  H,CO,  ag 6991 —6965 20
egb  —6916

Bicarbonate ion HCO; aq —689.9 -691.9 20

a,fD-Glucose CgH,0, aq  —12638 —12639 19

Lactate ion C,H,0; ag -6866 —6863 19
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chiometries and enthalpies of formation for compounds
in dilute aqueous solution at 25°C (Table I). General
thermodynamic symbols conform with IUPAC recom-
mendations [18]. Negative signs denote energy losses
from the system. Subscripts preceding the symbol for a
thermodynamic quantity (Q, H, etc.) denote the pro-
cess, trailing subscripts refer to the substance under
consideration.

Standard reaction enthalpies refer to reactions
buffered at pH 7.0 without any change in pH [19]. The
enthalpy of neutralization of the bicarbonate buffer is
—9 and —5 kJ/mol H* at 25°C [20] and 37°C [21].
The enthalpies of neutralization (binding of protons) of
the imidazole groups of intracellular buffers are —30
kJ/mol H™ [22]. Since bicarbonate and phosphate
groups contribute to intracellular buffering capacity, the
enthalpy of neutralization of the intracellular buffer
system is estimated at —25 kJ/mol H* [14].

Oxycaloric equivalents and calorimefric-respirometric
ratios

The calorimetric-respirometric ratio (CR ratio,
kJ/mol O,) is obtained from the experimental measure-
ment of the total heat flux and oxygen flux. The theo-
retical counterpart of the CR ratio is the ‘oxycaloric
equivalent’, that is, the calculated enthalpy change of
respiratory oxygen uptake, expressed per unit amount
of oxygen [23]. For example, the oxycaloric equivalent
for the catabolism of glucose can be calculated from

Eqn. 1,
k:0=(—1/6 Gle—0, +HCO; +H*),, (1)

The symbol k (catabolic) refers to the catabolic half
cycle which accounts for the stoichiometric conversion
of reduced organic substrates to endproducts (e.g., glu-
cose to HCO; + H*). The oxycaloric equivalent,
Ay Hy, is the enthalpy change of the catabolic half-cycle
reaction, and does not include any coupled process such
as ATP production, anabolism or mechanical work
[14,23).

The enthalpy change of the catabolic reaction shown
in Eqn. 1 is —467 and —472 kJ/mol O, at 25 and
37°C, respectively (from Table I). Since carbonic acid
is not fully dissociated at pH 7, the standard oxycaloric
equivalent, A, HS,, for glucose at 25°C is —469 instead
of —467 kJ/mol O,. If the reaction is buffered at an
enthalpy of neutralization of —9 kJ/mol HY, the
oxycaloric equivalent, 4,H}, for glucose is —476
kJ/mol O, (Table II). In media containing buffer sys-
tems with a high enthalpy of neutralization, —25 kJ /mol
H*, the oxycaloric equivalent changes by less than 3%
to —489 kJ/mol O,.

If O, and CO, are exchanged with the gas phase,
A Hg, is —469 kJ.mol ™! (Table II), which differs from
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TABLE II

Oxycaloric equivalents of aerobic respiration of various substrates in
agqueous solution at pH 7

A HS, and A HY, (kJ/mol O,) are calculated with enthalpies of
neutralization of 0 and —9 kJ/mol H”, respectively, and with all
reactants dissolved in water. 4, Hg, refers to the same conditions as
ApHg,, except that O, and CO, are exchanged with the gas phase.
The CO, /0, ratio is the molar gas ratio or i v
quotient. Values for triacylglycerols, (Cyg5H;50,)5, and protein,
(Cs70H 7507 49N, 3480 032) s are calculated from average fatty acid
and amino-acid compositi

of organi with urea or
ion as nitrogenous end-product [23,45]).
Substrate €0, /0, a.H& Ay HYS,  AyHg,
Glucose 1.0 —469 —476 —469
Glycogen 1.0 —469 —477 —469
Palmitic acid 0.70 —431 —435 —434
Triacyglycerols 0.72 —439 —444 —442
Protein — urea 0.84 —436 —442 —438
Protein - NH{ 0.97 —443 —450 —443

the combustion equivalent of oxygen, —467 kJ /mol O,,
due only to the enthalpies of solution, dilution and
mutarotation of glucose. A change of aqueous CO, at
pH 7 to gaseous CO, (Table I; eq,b to g) is accompa-
nied by an enthalpy change of 12.3 kJ-mol ™!, and the
enthalpy change of oxygen from the gaseous to the
aqueous state is —12.1 kJ - mol~! (Table I). Therefore,
to obtain the standard oxycaloric equivalent in solution

-1200-

-8004
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Fig. 1. Calorimetric-respirometric ratio, CR ratio, as a function of the
molar lactate,/0, ratio in cul d or isolated lian cells.
Hamster brown adipocytes { ) [37), zero lactate production assumed;
mouse macrophage hybridoma 2C11-12 (¢) [46]; human neutrophils,
activated for oxidative burst (@) and resting (o) [30); human T-
lymphoma cells, CCRF-CEM, during growth, untreated, average
lactate flux during the first hour (=) [47]; LS-L929 fibroblasts (a)
[46]; human T-lymphoma cells, CCRF-CEM, under non-growing con-
ditions (O0) [17). The full line is the theoretical relation, 4,0, (Eqn.
2), with glucose as a substrate and the gases exchanged with the gas
phase. The intercept with the X-axis is the oxycaloric equivalent,
Ay Hg, = —469 k] /mol Oy; the slope is the catabolic enthalpy change
per mol lactate, 4, H, . = — 63 kI /mol lactate.

when O, and CO, are exchanged with the gas phase,
(123 CO,/0, - 12.1) kI/mol O, is added to A, Hg,
(Table II). CO,/0, is the molar amount of CO, pro-
duced per unit oxygen consumed, which is 1.0 for the
respiration of carbohydrate. Therefore, the opposite en-
thalpies cancel out when oxygen and carbon dioxide are
exchanged with the gas phase.

For a variety of substrates and conditions the theo-
retical oxycaloric equivalents range from —430 to —480
kJ/mol O,; A Hp = —450 kJ - mol~! + 5% (Table II).
Even without detailed information about external or
internal catabolic substrates, simultaneous calorimetry
and respirometry (calorespirometry) provides an accu-
rate method for studies of aerobic heat and enthalpy
balance. Recently determined CR ratios are —460 + 13
kJ-mol~! for various aquatic animals [24], —448 to
—468 kJ-mol ™! for muscle tissue without net perfor-
mance of work [25-27], —450 + 13 kJ - mol ™! for brown
adipose tissue [25,26], and —440 + 33 kJ-mol™! for
aerobic microbial growth [28]. Such agreement of the
experimental CR ratios and the oxycaloric equivalent
indicates a balanced aerobic energy (enthalpy) budget.
In contrast, most CR ratios obtained with isolated or
cultured mammalian cells are in the range of —490 to
— 800 kJ/mol O, (Fig. 1). The metabolic basis for this
discrepancy is addressed below, by a discussion of
simultaneous aerobic and anaerobic catabolism.

Simultaneous aerobic and anaerobic catabolism

The involvement of glycolytic reactions under aerobic
conditions, with accumulation or excretion of anaerobic
endproducts, is well documented for such cells as sperm
[29], hepatocytes after addition of fructose [7], neu-
trophils [30], T-lymphoma cells [17] and L-929 cells [31]
(for a review on aerobic glycolysis of cancer cells see
Ref. 32). The most common anaerobic end-product in
mammalian cells is lactate.

Net production of lactate from glucose is accompa-
nied by a dissipative catabolic enthalpy change, A, H, ..,
of —80 kJ/mol Lac when the acid is buffered intra-
cellularly, and —63 kJ-mol ™! if it is excreted into a
bicarbonate buffer [14]. Total molar heat changes in
living cells are —64 kJ /mol Lac measured in anaerobic
bacteria [33], and —70 kJ/mol Lac in erythrocytes [34]).

Comparable to the respiratory quotient (CO,/0,
ratio [35]), the molar amount of lactate produced per
unit amount of oxygen consumed (Lac,/0, ratio) indi-
cates the relative extent of aerobic glycolysis. This ratio
is constant for hours in some aerobic cultures of
cardiomyocytes [36]. The catabolic (k, as opposed to
total measured) heat change per mol O;, 4,0y, is then
calculated as (full line in Fig. 1),

8,Q0,=AHo, + Lac/0, X A Hy,, (2)



The least negative CR ratio observed in isolated mam-
malian cells is —490 kJ-mol~! [37], indicating fully
aerobic metabolism. CR ratios ranging from —550 to
—1100 kJ/mol O, are explained by observed Lac/0,
ratios ranging from 1 to 10 (Fig. 1; Eqgn. 2). One point
seems to be off the line (open circle). However, the CR
ratio of —1130 kJ/mol O,, and Lac/0O, ratio of 14 in
resting neutrophils are thermochemically consistent
within experimental error [30]. During oxidative bursts
at high oxygen and heat flux, the CR ratio is —590
kJ/mol O, and the Lac/O, ratio decreases consistently
to 1.7 (Fig. 1). CR ratios significantly more negative
than —500 kJ-mol~! indicate metabolic states with
intensive participation of anaerobic processes. Some-
times this may be due to crowding and poor oxygena-
tion of the medium [11,38].

Lac/0, ratios may be too low to account completely
for high CR ratios (7). This may be due to the formation
of other glycolytic endproducts, such as pyruvate,
acetate or succinate [14]. However, low efficiency of net
ATP production (see Introduction) cannot explain CR
ratios more negative than —470 kJ/mol O,. Im-
portantly, for a thermodynamic interpretation of CR
ratios, futile cycling is not different from any other
dissipative maintenance process with a net efficiency of
zero. The increase in CR ratios from — 550 in untreated
cells to more exothermic values than —600 kJ/mol O,
observed after uncoupling or decoupling [7,9,39] are due
to an induction of anaerobic catabolism. After uncou-
pling the respiratory chain, anaerobic metabolism com-
pensates for a low ATP /O, ratio by generating ATP by
substrate-level phosphorylation [40]. Similarly, when de-
coupling is induced by the addition of fructose to
isolated rat hepatocytes [7], integrated aerobic and
anaerobic processes must be considered.

At high fructose concentrations, respiration is in-
hibited, while glycolytic end-products accumulate, a
phenomenon known as the Crabtree effect. It is com-
monly believed that this effect is restricted to microbial
and tumour cells with uniquely high glycolytic capaci-
ties [41]. However, inhibition of respiration and increase
of lactate production are observed under aerobic condi-
tions in beating rat heart cell cultures [42] and in
isolated rat lung cells [43]. Thus, the same general
mechanisms responsible for the integration of respira-
tion and glycolysis in tumour cells [41] appear to be
operating to some extent in several isolated mammalian
cells.

It is concluded that low efficiency cannot cause per
se an increase of the ratio of heat and oxygen flux (CR
ratio) above the theoretical enthalpy equivalent of
oxygen consumption. Anaerobic mechanisms explain
disproportionately increased heat changes. Simulta-
neous calorimetry and respirometry, in conjuction with
a thermodynamic interpretation of experimental CR
ratios, provide a unique method to quantify oxidative
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and anaerobic components of complex metabolic sys-
tems.
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