CMLS, Cell. Mol. Life Sci. 58 (2001) 815-822
1420-682X/01/060815-08 $ 1.50 + 0.20/0
© Birkhduser Verlag, Basel, 2001

Review

ICM LS cellular and Molecular Life Sciences

Allometry of mammalian cellular oxygen consumption

R. K. Porter

Department of Biochemistry, Trinity College Dublin, Dublin 2, Ireland (United Kingdom), Fax +353 1 677 2400,

e-mail: rkporter@mail.tcd.ie

Received 31 May 2000; received after revision 2 October 2000; accepted 14 November 2000

Abstract. In the 1930s, Max Kleiber and Samuel Brody
established that the interspecies correlation between
mammalian body mass and metabolic rate (aM’7) can-
not be explained (solely) by whole body surface area
(M%) to volume ratios. Metabolic considerations must
also be taken into account. Decreases in the proportion of
visceral organ mass to whole body mass can account for
some of the whole body metabolic differences. However,
superimposed upon these anatomical differences, the
metabolism of tissues and cells has been demonstrated to
decrease with increasing body mass. These decreases in
oxygen consumption rates (with increasing body mass) in

cells and tissues can be explained by a decrease in ATP
turnover and mitochondrial density and an increase in
mitochondrial functional efficiency (decrease in proton
leak). The majority of the proton leak differences reflect
differences in mitochondrial inner membrane surface
area. Indeed, liver metabolism correlates directly with
liver mitochondrial inner membrane surface area. Apart
from being a significant contributor (~25%) to basal
metabolism, mitochondrial proton leak is a major factor
determining the differences in basal metabolism between
mammals of different body mass.
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Introduction

The first whole animal calorimetry experiments were
conducted by Antoine Lavoisier and his collaborator
Pierre Laplace in 1783 [reviewed in refs 1, 2]. A guinea
pig (named Gina) was placed in an ice machine (designed
by Laplace and built by Lavoisier) and for various period
over 24 h, the heat produced was determined by measur-
ing the amount of ice that had melted. During the latter
part of the 18th century, Lavoisier and Laplace were able
to combine direct (heat loss) and indirect (gas exchange)
calorimetry to demonstrate that the quantity of heat pro-
duced was directly proportional to the amount of oxygen
consumed. Lavoisier also looked at allometric relation-
ships. He was able to demonstrate that the heat produced
by large animals was greater than that produced by smal-
ler animals and, within a given species, oxygen consump-
tion was proportional to body size. Since then, scientists

have been endeavouring to account for the unique rela-
tionship that exists between body mass and metabolic
rate. The literature in this area is fascinating and includes
some excellent books [1, 3—6] and monographs [7-9]. In
this review, the focus is on tissue, cellular and subcellular
allometry and the fundamental role played by mitochon-
dria and, in particular, a phenomenon known as mito-
chondrial proton leak in deterrnining the differences in
the standard metabolic rate of mammals of different body
mass. Aspects of the topic have been reviewed elsewhere
[1,4-6, 10, 11]

Allometry of the whole animal
Basal metabolism can be measured in mammals using

calorimetry (heat production), protein turnover rate and,
quite accurately, using oxygen consumption rate [1, 6,
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12]. Basal metabolism is usually defined as the steady-
state rate of heat production by a whole organism under a
set of standard conditions (standard metabolic rate). In
mammals, these conditions are that the individual is an
adult, resting but not asleep, stress free, postabsorptive
and maintained at a temperature that elicits no thermoreg-
ulatory effects on heat production [1]. The resulting basal
energy expenditure can be divided into two main cata-
gories: (i) heat produced from ‘service functions’, that is
to say, energy expenditure required for the organism as a
whole, as exemplified by the operating heart and lungs in
bringing oxygen and carbon dioxide to and from the body
and (ii) heat produced from ‘cellular maintenance func-
tions’, an umbrella term, which includes maintenance of
ion gradients and turnover of protein, lipids and other cel-
lular components [13].

As mentioned in the introduction, since the late 18th cen-
tury larger mammals have been known to produce more
heat and consume more oxygen than smaller mammals
and that per unit body mass, small mammals consume
more oxygen (and produce more heat) than larger mam-
mals. To explain these differences, early researchers fo-
cused their experimental approaches on animal surface
area (to volume ratio). The first systematic experimental
approach of this type is accredited to Rubner [14]. He was
able to demonstrate that the fasting metabolic rate, per
unit body surface area, of seven dogs, ranging in body
mass from 3.2 to 31.2 kg, was approximately constant.
The logic of a decreased whole body surface area to vol-
ume ratio to explain differences in metabolic rate be-
tween mammals of different body mass seems perfectly
plausible even today. However, as techniques for measur-
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ing metabolic rate and animal surface area improved, it
became clear to Brody and Kleiber, in 1932 [reviewed in
refs. 3, 4], that whole body surface area alone could not
explain the differences in basal metabolism. Cumulative
evidence has shown that the relationship between basal
(standard) metabolic rate (E/t, heat production per unit
time) and body mass (M) in an interspecies comparison
of eutherian mammals is given by the following equation:
E/t = aM%7, where a is the elevation constant and has a
value of 293 when units of kilojoules per day are used.
Whole body surface area is proportional to aM®¢7. Thus
a 200-kg horse has a metabolic rate ~1000 times that of a
20-g mouse. When metabolic rate is expressed per unit
body mass, resting oxygen consumption is aM°2% and
therefore 20-g mice have ~ 10 times the mass-specific
metabolic rate of the 200-kg horses (fig. 1).

The basis of the 0.75 relationship (exponent 0.75) be-
tween body mass and metabolic rate is still a matter of in-
vestigation. However, allometric differences in internal
organ size can account for some of the differences.

Allometry of metabolic organs

Many excellent studies have focused on the anatomy and
physiology of oxygen delivery to tissues, cells and mito-
chondria at an appropriate rate to fuel basal and maximal
metabolic rate [1, 6]. Animals with higher mass-specific
rates have faster oxygen delivery systems [15, 16]. In ad-
dition, differences in the proportion of highly metabolic
visceral organs to whole body mass can account for some
of the differences in whole animal metabolic rate allo-
metry [17, 18]. The liver, for example, accounts for ap-
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Figure 1. Log-log plot of basal metabolic rate and mass-specific metabolic rate as a function of body weight, for animals and birds. Cu-
mulative evidence has resulted in the modification of the exponent from 0.734 (shown here) to 0.75. Reproduced from Brody [3].



CMLS, Cell. Mol. Life Sci.  Vol. 58, 2001

proximately 4% of the body mass of a rat but 20% of
its metabolic rate [19]. However, one can calculate
that the liver comprises 5.5% of the body mass of the
20-g mouse, whereas it comprises only 0.5% of the
body mass of a 200-kg pony [17, 18]. Therefore,
assuming (incorrectly) that the metabolic activity of
a given mass of liver is the same for mammals of dif-
ferent body mass, the proportion of the whole body
mass that is liver (or other organs) can explain some of
the difference in whole body metabolic rate as a function
of body mass.

Allometry of tissue and cell oxygen consumption

Superimposed upon the decrease in the proportion of
highly metabolic organs (with increasing body mass) are
differences in the metabolic activity of the tissues. Krebs
[20] was able to demonstrate that the oxygen consump-
tion rate of liver slices from mice was ~ 7.4 times greater
than that of liver slices from horses. The increase in oxy-
gen consumption rate in tissues slices from smaller ani-
mals is also reflected at the cell level. Total oxygen con-
sumption was shown to be greater in hepatocytes from
small mammals over a range of body masses from 20 g
mice to 200 kg horses [21] (table 1, fig. 2). To quote the
extremes, hepatocytes from mice consume oxygen at
~5.5 times the rate of hepatocytes from horses. The allo-
metric relationship for hepatocyte oxygen consumption
rate was calculated as aM~*!3 (per unit mass or number of
cells). This exponent is similar to the value for liver slices
obtained by Couture and Hulbert [22] of —0.21 and prac-
tically identical to the exponent of —0.17 obtained when
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Figure 2. Log-log plot of hepatocyte oxygen consumption rates as
a function of body mass. Data are taken from table 1 [21]. The line
through the points was fitted by linear regression. The slope of the
line is —0.18 (p < 0.01). Reproduced with permission from the
American Physiology Society.

plotting log of oxygen consumption rate for liver slices
against log of body mass from the data in table 7 of Krebs
[20]. Therefore, most if not all the decrease in oxygen
consumption rate in the liver is due to the decrease in cel-
lular activity with increasing body mass. A similar rela-
tionship between tissue slice oxygen consumption and
body mass has been demonstrated by Krebs [20] and
Couture and Hulbert [22] for kidney cortex (—0.11 to
—0.07), brain (—0.07), spleen —0.14) and lung (-0.10).

Table 1. Mammalian hepatocyte oxygen consumption rates and volumes.

Mouse Rat Ferret Rabbit Dog Sheep Pig Pig Horse
Gender females mixture mixture males males females females females females
Body mass (kg)* 0.02+0.00 0.27+£0.02 1.2+0.1 25+£0.1 30+4 33.8+04 37+3 160" 250"
(11) (4) (10) @) ) (5) N 3) (3)
Calculate standard 16 110 336 583 3756 4107 4397 13,181 18,421
metabolic rate
[293.M%73] (kJ day ')
Calculated mass- 779 406 280 233 125 122 118 82 74
specific metabolic rate
293 M0:25]
(kJ day ' kg™)
Hepatocyte oxygen 18+3 84+06 7.8+10 23+03 52+03 40+06 35+03 38+15 21+0.5
consumption rates 4) 4) (10) (7) 2) 5) 7) 3) 3)
(nmol O, min! mg")
dry mass of cells)*
Hepatocyte volume 1.9+05 12+02 15+02 13+02 22+01 14+03 19+03 1.0+04 15+04
(pl mg™ dry mass “) “) (10) @) ) (5) @) 3) 3)

of cells)*

* Values are expressed as mean + SE (numer of mammals). Hepatocyte oxygen consumption rates and volumes were measured at least

in duplicate for each animal.
* Approximate values.
Reproduced with permission from the American Physiology Society.
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Table 2. Allometric exponents for mammalian liver
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Liver mass [17]
(XMO'82

Oxygen consumption per unit mass
of liver cells [21]
aMO.XZ

Liver mass [17]
(XM0'82

of liver cells [40]
aM 0.09

Inner membrane surface area per
unit volume of mitochondria [40]

aM—O.lO

Derived liver oxygen consumption
aMO64 membrane surface area

aM0-63

Mitochondrial density per unit mass

Derived liver mitochondrial inner

Liver mass [17]
aM().SZ

Mitochondrial density per unit mass
of liver cells [40]
(XM 0.09

Mitochondrial proton leak rate per
unit volume of mitochondria [49]
aM*O.l}

Derived liver mitochondrial proton
leak rate
aMO.()()

Since relative mass of the liver scales aM®%? [17], then,
based on the above hepatocyte data, the metabolic ac-
tivity of the liver can be derived as aM®% (table 2). This
value is clearly dissimilar to the whole body metabolism
(aM®7). Presumably, variations in the allometric rela-
tionships of metabolism in the other organs counter-
balance the equation. Interestingly, cells from a given tis-
sue from mammals of different body mass would appear
to be of similar size [5, 6], with liver cells being no ex-
ception (table 1) [21]. Clearly, an explanation for differ-
ences in tissue and cellular oxygen consumption rates
must centre on the quantity of mitochondria in those
cells, the efficiency of the oxidative and phosphorylating
functions of mitochondria in those cells, and ATP de-
mand of those cells.

Oxidative phosphorylation

The consensus of opinion in the literature is that oxidative
phosphorylation is correctly described by the chemios-
motic theory of Mitchell [23; reviewed in ref. 24] Reduc-
ing equivalents such as NADH, and FADH,, derived
from the oxidation of reduced carbon compounds (the
carbohydrate or fatty acid molecules derived directly
from the diet or released from the fuel stores of the body),
feed electrons into the electron transport chain. This
chain is situated in the mitochondrial inner membrane. As
electrons pass down the chain, protons are translocated
across the mitochondrial inner membrane from the ma-
trix space to the intermembrane space thus setting up a
delocalised transmembrane proton electrochemical gra-
dient (Ap). Ap can drive useful work such as (i) metabo-
lite transport across the inner membrane (e.g. ADP/ATP
exchange and phosphate/proton symport) and (ii) ATP
synthesis from matrix ADP and phosphate by driving pro-
tons through the ATP synthase which is also located in the
inner membrane and extends into the matrix. Hence, ATP
synthesis is coupled to oxygen consumption via Ap. This
is the principle source of ATP at rest. However, it has long

been known from H*/O stoichiometric studies of the
electron transport chain and H/ATP stoichiometric stud-
ies of the ATP synthase that ATP synthesis is not perfectly
coupled to oxygen consumption in intact mitochondria
[25]. The reason for this discrepancy is that the mito-
chondrial inner membrane is not absolutely impermeable
to protons, i.e. there is an inefficiency in the system, na-
mely a leakage of protons across the mitochondrial inner
membrane.

The ‘proton leak rate’ can be measured indirectly by mea-
suring the rate of oxygen consumption by mitochondria
in the absence of any ATP. A non-ohmic relationship be-
tween ‘proton leak rate’ and its driving force, Ap, is ob-
served in isolated mitochondria from all tissues studied
so far: skeletal muscle, heart, liver, kidney and brain mi-
tochondria [10, 26]. Furthermore, proton leak is not an
artefact of isolated mitochondria. A similar non-ohmic
dependence of oxygen consumption rate on Ap is observ-
ed for non-phosphorylating mitochondria in situ in a va-
riety of cells (hepatocytes, thymocytes and [ymphocytes)
and tissue (skeletal muscle) [10, 27-29]. In fact, proton
leak accounts for ~25% of the resting oxygen consump-
tion rate of cells, up to ~30% of the resting oxygen con-
sumption rate of rat hind-quarter skeletal muscle and
~20% of the whole body resting oxygen consumption
rate of a mammal (rat) [30, 31]. The majority of the re-
maining ~70—80 % reflects the oxygen consumption rate
due to ATP turnover.

Apart from being quantitatively important, proton leak
seems to vary in accordance with factors that deter-
mine standard metabolic rate, such as thyroid status,
phylogeny and body mass [10, 11]. Hyperthyroid rats
have higher liver mitochondrial proton leak rates than
their euthyroid controls and, vice versa, hypothyroid rats
have lower protein leak rates [32-35]. Lizards of
equivalent mass to rats have lower whole body resting
metabolic rates and lower proton leak rates [36]. This
review will focus on the proton leak changes as a result
of body mass differences and discuss their implications
to whole energy metabolism.
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It should be noted that an alternate view in the literature
argues that the non-ohmic relationship between mito-
chondrial oxygen consumption rate and mitochondrial
membrane potential is not due to proton leak but that slip-
page of the proton pumps (reduced H'/O stoichiometry)
of the inner membrane is occurring at the high membrane
potential [for a review see ref 37]. On both sides, there is
no contesting the argument that there is an inefficiency in
the oxidative phosphorylation system, only the mecha-
nism (proton leak/pump slippage) is the contentious
issue. I will return to this issue later.

Mitochondria and body mass

The main site of oxygen consumption in mammalian
cells is the mitochondria. The changes in the amount of
metabolically active tissue and in the oxygen consump-
tion per unit mass of tissue are paralleled by changes in
the content of mitochondria and mitochondrial compo-
nents. For example, the cytochrome ¢ content has been
shown to be aM®” [38] and cytochrome oxidase activity
is aM®7¢ [39]. In addition, mitochondrial number, per
gram of liver, decreases with increasing body mass with
exponent —0.1 [17]. A similar relationship (exponent
—0.09) was found for the mitochondrial density of hepa-
tocytes from mammals ranging in body mass from 20 g to
250 kg (table 2) [40]. Maximal metabolic rate studies
have also shown striking correlations with mitochondrial
properties. Maximal metabolic rate is approximately ten
times standard metabolic rate and thus scales with simi-
lar exponent to body mass [41, 42]. During exercise, most
oxygen consumption occurs in the skeletal muscle. Ma-
thieu et al. [43] were able to show that the mitochondrial
density of skeletal muscle was proportional to maximal
aerobic rate and hence standard metabolic rate. Jansky
[44, 45] found a similar relationship for cytochrome oxi-
dase activity in a number of tissues and the whole body.
Interestingly, scaling persists down to the molecular level.
Estimates of power generated by mammalian cells, mito-
chondria and cytochrome oxidase when compared with
cell mass, mitochondrial mass and cytochrome oxidase
molecular mass show that these entities fall on the body
mass/metabolic rate curve quite well [46]. Differences in
metabolic rate between mammals of different body mass
may well be a function of the number of fundamentally
sized oxygen consuming ‘units’ within it and this in turn
is argued to be limited by the rate at which essential re-
sources that sustain them can be supplied [46].

A fundamental oxygen-consuming entity inside a cell is
the mitochondrion and, intuitively, the metabolic activity
of a given tissue or cell is related to the proportion of that
tissue or cell that is mitochondrial. However, as can been
seen from the information presented, decreases in hepa-
tocyte oxygen consumption rate with increasing body
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mass (exponent —0.18) are not directly proportional to
decreases in hepatocyte mitochondrial density with in-
creasing body mass (exponent —0.09) (table 2) [40]. It is
as if hepatocyes, from larger mammals, contain more mi-
tochondria than they need for the oxygen consumption
that is occurring. The only explanation that makes sense
is that superimposed upon the decrease in the physical
presence of mitochondria per gram of tissue or cell (with
increasing body mass), there would appear to be a
decrease in the activity of mitochondria for a given tissue
(in this case liver) with increasing body mass.

Allometry of mitochondrial proton leak

The first of two reasons for the decrease in mitochondrial
activity of cells and tissues (with increasing body mass)
could be a decrease in ATP demand by cells and tissues
from larger mammals and the evidence is there in the lit-
erature. Cell total oxygen consumption studies, have
shown that the ATP turnover of hepatocytes decreases
with increasing body mass [40]. A specific example of
such an ATP consumer is the plasma membrane Na*/K"-
ATPase. The Na*/K*-ATPase is one the major ATP con-
sumers in resting cells, accounting for ~10% of the
resting oxygen consumption rate of thymus cells (in ad-
dition to ~20% due to proton leak) [29]. The reason for
an oxygen consumption rate of such proportion can be as-
signed to a sodium leak across the plasma membrane [47]
(a process which parallels the leak of protons across the
mitochondrial inner membrane). Couture and Hulbert
[22] have shown that Na'/K*-ATPase activity decreases
with increasing body mass in liver (aM%!4) and kidney
cortex slices (aM*13),

However, the decrease in ATP turnover is matched by a
decrease in the other major oxygen consuming reaction
of mitochondria, namely the proton leak (fig. 3) [48, 49].
Mitochondrial proton leak in liver per mitochondrial vol-
ume, measured at a given membrane potential, decreases
with increasing body mass aM 13 [49]. One has to as-
sume that the resulting proportionate decrease in the ATP
turnover and mitochondrial proton leak rate in hepatocytes
ensures that the effective P/O remains relatively constant
for hepatocytes over a range of body mass differences [40].
One obvious result of this scenario is that the in situ mito-
chondria (in resting hepatocytes) are poised closer to state
4 than state 3 as body mass increases. This is reflected in
the increase in resting in situ mitochondrial membrane po-
tential in hepatocytes from larger mammals [40].

Allometric basis of mitochondrial proton leak

The mechanism behind the ‘proton leak’ is not that clear.
Differences in proton leak rate (at any given membrane
potential) correlate with differences in mitochondrial in-
ner membrane surface area as shown from thyroid status,
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Figure 3. Proton leak kinetics for isolated liver mitochondria from
mammals of different body mass. Proton leak kinetics were mea-
sured as described in Porter and Brand [48]. Proton leak rates at any
given membrane potential (e.g. 150 mV) are significantly greater in
mitochondria from small mammals compared to larger mammals
(aM~%14 r=—-0.77). Symbols: mouse (A) rat (M), hamster (@), fer-
ret (O), rabbit (V), pig (2), sheep (®) and horse (OJ). Reproduced
with permission of Macmillam Magazines Ltd.

mammal/reptile comparisons and body mass [10, 36, 49].
The mitochondrial inner membrane surface area de-
creases with increasing body mass, per unit volume of
mitochondria aM~%1° (table 2, fig. 4). The non-ohmic na-
ture of the proton leak kinetics is characteristic of diffu-
sion processes [50, 51] and certainly if proton leak occurs
by delocalised diffusion, then inner membrane surface
area differences can account for the majority of differ-
ences in proton leak rate [10, 36, 49].

Thus, liver mass (aM?%?) [ 17] combined with hepatocyte
oxygen consumption (aM-*1%) [21] gives a derived liver
metabolism aM®% (table 2). Liver mass (aM®%?) [17]
combined with mitochondrial density per unit mass he-
patocytes (aM~%%) [40] and inner membrane surface area
per unit volume of mitochondria (aM~%1%) [40] gives a
derived liver mitochondrial inner membrane surface area
aM®% a value similar to that calculated independently
by Else and Hulbert [52] and remarkably similar to the
allometric relationship derived for liver metabolism
(M%) (table 2). Alternatively, one could substitute in-
ner membrane surface area with the proton leak rate (al-
beit calculated at a single membrane potential) (aM~13)
(Table 2) [49] and get a correlation between derived liver
metabolism (aM®%) and derived liver mitochondrial pro-
ton leak rate (aM®®). Clearly, from the information pre-
sented, the amount of mitochondrial inner membrane sur-
face area for liver parallels liver metabolism. Inter-
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Figure 4. Measures of mitochondrial surface area as a function of
body mass. Log-log plot of mitochondrial inner membrane surface
area per microlitre matrix volume. The line through the points was
fitted by linear regression. Its slope is —0.129 (p = 0.034). Repro-
duced with permission from the American Physiology Society.

estingly, Else and Hulbert [53] independently showed that
mitochondrial inner membrane surface area for the whole
body correlated with whole body metabolism. As the sur-
face area of the mitochondrial inner membrane correlates
with proton leak rate, the differences in inner membrane
surface area with body mass suggest that proton leak rate
is an important determinant of the differences in meta-
bolic rate observed between large and small mammals.
Differences in proton leak rate have also been correlated
with differences in mitochondrial inner membrane phos-
pholipid fatty acid composition in thyroid status, mam-
mal/reptile comparisons and body mass [36, 49, 54]. In
general, phospholipids from leakier membranes have
more polyunsaturated fatty acids. However, there is no
significant difference in permeability of deproteinised
phosphoplipid unilamellar vesicles made from mitochon-
dria in which proton leak differences do occur [55], sug-
gesting a role for proteins in proton leak. Recent research
has shown that there is a family of mitochondrial inner
membrane proteins with homology to the uncoupling
protein occurring in mitochondria of brown adipose tis-
sue [56]. These novel putative uncoupling proteins may
play a role in determining differences in mitochondrial
proton leak.

As mentioned earlier, there is an argument that potential-
dependent slippage of the proton pumps and not proton
leak accounts for the non-ohmic relationship between
mitochondrial oxygen consumption and mitochondrial
membrane potential [37]. Methodology has been devised
to distinguish between potential dependent slippage of
the proton pumps and proton leak in isolated mitochon-
dria. The application of this technique suggests that pro-
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ton leak (and not potential-dependent slippage of the
pumps) is indeed occurring in isolated mitochondria in-
cubated at 37 °C, the temperature used in all the allom-
teric studies quoted in this review [57, 58]. The means to
discriminate between pump slippage and proton leak for
mitochondria in situ in cells are not as well defined [59].
In that context, it may be that slippage and not proton leak
is the ’inefficiency* of interest, thus the aforementioned
differences in inner membrane surface area would prob-
ably not play a part in accounting for differences in slip-
page between mitochondria from large and small mam-
mals. A plausible argument could be made to suggest that
the observed changes in inner membrane phospholipid
fatty acid composition affect pump activity. Either way,
the proton leak/pump slippage inefficiency is real and
varies with body mass and other factors that affect basal
metabolic rate.

Summary

In the 1930s, Max Kleiber and Samuel Brody established
that the interspecies correlation between mammalian
body mass and metabolic rate (aM®7) cannot be explain-
ed (solely) by whole body surface area (aM®%¢) to volume
ratios. Metabolic considerations must also be taken into
account. Decreases in the mass of highly metabolic inter-
nal organs, relative to whole body mass, can account for
some of the whole body metabolic differences, for exam-
ple liver mass aM®#? [17]. However, superimposed upon
these anatomical differences are metabolic differences.
Tissue slice and isolated cell studies have shown that the
oxygen consumption rate decreases with increasing body
mass. These decreases can be explained by a decrease in
ATP turnover, a decrease in cellular mitochondrial den-
sity and an increase in the efficiency with which mito-
chondria make ATP (i.e. a decrease in particular proton
leak) in these cells and tissues. The majority of the proton
leak differences can be accounted for by differences in
mitochondrial inner membrane surface area which itself
correlates with liver metabolism. Mitochondrial proton
leak is a significant contributor (~25%) to basal meta-
bolism and is a major factor determining the differences
in basal metabolism between mammals of different body
mass, as was predicted by Brand [60].
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