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Correction factors for 13C-labelled substrate oxidation at whole-body and
muscle level

Gerrit van Hall
The Copenhagen Muscle Research Centre, Rigshospitalet section 7652, 20 Tagensvej, DK-2200, Copenhagen N, Denmat

The oxidation of fatty acids, carbohydrates and amino acids can be measured by quantifying the
rate of excretion of labelled G@ollowing administration of4C- or 13C-labelled substrates at
whole-body and tissue level. However, there is a theoretical need to correct the oxidation rates for
the proportion of labelled CCthat is produced via oxidation but not excreted. Furthermore,
depending on the substrate and position of the C label(s), there may also be a need to correct for
labelled C from the metabolized substrate that does not appear.,ad@@ather becomes
temporarily fixed in other metabolites. The bicarbonate correction factor is used to correct for the
labelled CQ not excreted. Recently, an acetate correction factor has been proposed for the
simultaneous correction of GOiot excreted and label fixed in other metabolites via isotopic
exchange reactions, mainly in the tricarboxylic acid cycle. Changes in metabolic rate induced, for
example, by feeding, hormonal changes and physical activity, as well as infusion time, have been
shown to affect both correction factors. The present paper explains the theoretical and
physiological basis of these correction factors and makes recommendations as to how these
correction factors should be used in various physiological conditions.

Bicarbonate: Acetate: Fatty acids: Carbohydrate: Exercise

Over the last few decades the use of radioactive and stablenainly in the tricarboxylic acid (TCA) cycle (Fig. 1).
isotopes in metabolic studies has become increasinglyChanges in metabolic rate induced, for example, by feeding,
popular. Many studies have measured the oxidation ofhormonal changes and physical activity, as well as infusion
substrates such as fat, carbohydrates and amino acids frotime, have been shown to affect both correction factors.

the amount of labelled Croduced after administration of o

14C- or 13C-labelled substrates. Substrate oxidation at the " "C-labelled substrate

whole-body level is estimated by quantifying the rate of

excretion of labelled C in expired GOA the tissue level, o i manwrotomid | becarboxylation

substrate oxidation has also been estimated by means cdehydrogenase)
quantifying the labelled COproduced from the tissue as a

function of the labelled substrate taken up. In these
experiments, whether at the whole-body or tissue level,

there is a theoretical need to correct the data for the Acetyl-CoA

proportion of labelled C®that is produced via oxidation

but not excreted. Furthermore, depending on the substratt

and position of the C label(s), there may also be a need tc e Acetate correction
correct for labelled C from the metabolized substrate that o G palled compound
does not appear as ¢®ut rather becomes temporarily

fixed in other metabolites. The bicarbonate correction factor

is used to correct for labelled G@hat is not excreted.

SIGeCg::;IZitZr?e?)%estfgr?gcr{ﬁjﬁl(z)rf] gggr:)ii(;ggna%rg?gsgld foIJ-:ig. 1. Schematic representation of the fate of c_arbon—labe_lled
. . - oo - A substrates and the potential need for label retention correction.
fixed in other metabolites via isotopic exchange reactions, granched-chain a-ketoacid dehydrogenase, £C 1.2.4.4.

Bicarbonate correction
13or MCO2

Abbreviations: TCA, tricarboxylic acid; TG, triacylglycerol.
Corresponding author: Dr G. van Hall, fax +45 3545 7634, email RH01769@RH.DK

https://doi.org/10.1017/50029665199001299 Published online by Cambridge University Press


https://doi.org/10.1017/S0029665199001299

980 G. van Hall

The purpose of the present paper is to explain theconditions has been described by the sum of three
theoretical and physiological basis of the bicarbonate andexponential terms, implying the presence of at least three
acetate correction factors. A discussion will be presentedmajor bicarbonate pools with distinct kinetic differences.
about how changes in metabolic rate, e.g. vesixercise, Based on the washout kinetics, a three-compartment model
can affect the correction factors at whole-body level and has been suggested with a central pool and two peripheral
across the leg. Finally, recommendations will be made as tgpools connected to the central pool but not directly to each
how these correction factors can best be used in variousther (Fig. 2; Irvinget al 1983, 1984; Barstowt al 1990).
physiological situations. There is, however, uncertainty regarding the physiological
identity of these three pools in mammals. Early investigators
speculated that the central pool represented vascular and
extracellular bicarbonate (blood), that one peripheral pool
Whole-body oxidation rates of fat, carbohydrates and aminowith a fast turnover represented intracellular bicarbonate of
acids based on recovery of labelled G®breath of thé3C- soft tissues (among others skeletal muscle) and that the
or 14C-labelled substrates need to be corrected fop CO second peripheral pool with a slow turnover represented
retention. CQretention has been suggested to occur mainly bone bicarbonate (Kornbergt al 1951; Steel, 1955;
within the body store(s) of bicarbonate, although some Shipleyet al. 1959). Other investigators have suggested that
labelled CQ will be fixed in other metabolites via carboxy- the central pool represented vascular and potentially
lation reactions. The main bicarbonate body stores areinterstitial bicarbonate, the fast peripheral pool represented
thought to be within bone, intracellular reserves and metabolically-active tissue (heart, brain, kidney, etc.), and
metabolic intermediates. The extent of L£f@tention is the slow peripheral pool primarily represented resting
usually assessed from the proportion of intravenously- skeletal muscle (Slanget al 1970; Irvinget al 1983). At
administered labelled bicarbonate (as a bolus or duringrest, tracer entry and G@bss most probably occur only via
constant infusion) that is recovered in breath. In humanthe central pool. It has been shown that the compartmental
subjects the recovery of labelled £€®om administered  dynamics of CQtransport and storage are very sensitive to
bicarbonate varies from approximately 50 % to 100 %. This changes in acid—base status (Lesisal 1994) and changes
large variation has been attributed to both methodologicalin metabolic rate induced by exercise (Waoifieal 1984;
and biological variability (for extensive review, see Leijssen Barstowet al 1990; Tarnopolsket al 1991; Leeset al.

& Elia, 1996). 1994). Furthermore, exercise has also been shown to

The body stores of C{are large and their effects on €O  substantially influence COtransport and storage in the
transport are not well understood. The washout of post-exercise period (Wolfet al 1984; Tarnopolsket al
bicarbonate as labelled GOn the breath under resting 1991; Leeset al 1994). With exercise the bicarbonate pool

The bicarbonate correction factor

Breath '°2CQ, H3CO;” infusion

Endogenous '?CO, input Endogenous '?CO, input

!

Pool 2 Pool 1 Pool 3
(slow)

(fast)
Periphery,
muscle Blood Periphery

Metabolically-active tissue Vascular, Resting muscle
(heart, brain, kidney) interstitial

‘Loss’ (carboxylation, bone)
Fig. 2. Three-compartment model for the washout of H13CO3 in mammals.
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size has been shown to increase several-fold (Baestaly bicarbonate from the body pools. Any consumption of
1990; Leeset al 1994) and mean residence time-#tO, stored bicarbonate during exercise must be replenished
in the body is decreased (Leeseal 1994). In contrast, during recovery. If this occurs in the bicarbonate pools with
during recovery from exercise the bicarbonate pool is a low turnover rate, label will be ‘lost’, resulting in lower
smaller compared with that at rest; however, mean residenceppearance of labelled G the breath and thus a lower
time is still reduced (Leeset al. 1994). The net result of bicarbonate recovery. With increased duration of recovery,
these kinetic changes for bicarbonate recovery at restthe bicarbonate recovery increased to an apparent steady
during one-leg knee-extensor exercise and during recoverystate of approximately 96 % (Fig. 3). This higher
is shown in Fig. 3. At rest bicarbonate recovery was at bicarbonate recovery compared with the pre-exercise value
steady-state in fasted subjects with a recovery of 82 %.may originate from either the effect of exercise on
However, at the onset of exercise bicarbonate recovery fabicarbonate recovemyer seor from the infusion time. It has
exceeded 100 % but returned to approximately 100 % afterbeen shown that during prolonged bicarbonate infusion
1h of exercise. In contrast, the bicarbonate recovery earlyrecovery gradually increased to 96 %. In that case, the slow
post-exercise was lower (52 %) than at rest before exerciseturnover pools have most probably also reached equilibrium
With increasing time of recovery from exercise, the and a whole-body bicarbonate steady-state is achieved (Elia
bicarbonate recovery increased to an apparent steady-statet al 1993, 1995). Labelled GQran also be retained via

of approximately 96 %. Similar results have been shown carboxylation reaction(s) and this process is independent of
previously by other investigators during two-legged cycle retention in the large bicarbonate pool. It is not known
exercise (Wolfeet al. 1984; Tarnopolsket al 1991) and whether the retention of 4 % originates from labelled, CO
recovery (Tarnopolsket al 1991). The marked changes in fixation in carboxylation or is the consequence of a very
bicarbonate recovery during the initial period of exercise slow bicarbonate turnover pool that has not reached
and recovery may be explained in terms of the three-poolequilibrium.

model and the known changes in the bicarbonate pool size. In order to minimize inaccuracy of substrate oxidation
The bicarbonate pool is markedly increased during exerciseand to avoid changes in size and turnover rate of the
due to increased substrate oxidation and mobilization of bicarbonate pools, the measurements should be made in a
CO, from body stores (Barstowt al 1990; Leeseet al tracer steady-state. It is clear from Fig. 3 that the bicarbonate
1994). This increase in the total €ool is thought to occur  recovery factor is changed rapidly during the first hour of
mainly in the central bicarbonate pool, which at rest is the exercise and recovery. After 1 h of exercise bicarbonate
pool of entry and removal of label, with mobilization of £CO recovery seems to plateau at approximately 100 %, as has
from the two peripheral pools which at rest were not been observed before with the bolus and constant
available for exchange, or have a much slower turnover ratebicarbonate infusion methods (Bowtell al 1994; Leese
than the central pool. Furthermore, lactic acid is producedet al. 1994).

mainly during the initial period of prolonged exercise. This  Another consideration is whether the labelled,CO
process causes mild acidosis that in part is buffered bywashout at the start of exercise makes a substantial
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Fig. 3. Whole-body bicarbonate recovery during rest, exercise and recovery. Exercise consisted of 2 h of one-leg knee extension at 60 % of

their maximal leg workload. Bicarbonate was infused via a forearm vein at a known constant rate. Recovery (%) was calculated as: enrichment
120r13C O preath X CO2preatn / infusion rate x 100. Values are means and standard deviations represented by vertical bars for four subjects.

https://doi.org/10.1017/50029665199001299 Published online by Cambridge University Press


https://doi.org/10.1017/S0029665199001299

982 G. van Hall

contribution to the amount of labelled g@riginating from The acetate correction factor
substrate oxidation. Substrate oxidation may increase;
substantially with exercise, e.g. in the casel#]glucose,

and in that case the quantitative contribution of labelled CO

from washout may be minimal. In contrast, if the oxidation blood and the oxidation of fatty acids originating from the

of a substrate is only marginally increased with eXercise, o' down of triacylglycerol (TG) in blood (chylomicron

e.g. in case of the amino acid leucine, then the washout may ) X
. ; I , G and VLDL-TG) and of intracellular TG. These studies
contribute substantially and omission of the b|carbonateSuggested a large contribution (up to 70 %) of circulating

recovery factor would lead to an overestimation of the rate d )
S . . . .~ and intracellular stored TG (Hawet al 1967; Hagenfeldt &
of oxidation during exercise. Thus, it seems approprlateWahren, 1968; Dagenaist al 1976; Coyleet al 1997).

only to use the bicarbonate recovery factor when an - ;

acceptable steady-state has been reached, i.e. in the SecoH&wever_, th_e validity of the tracer estimates of plasma fatty
. ~acid oxidation has been questioned, based on the

hour of exercise and after 2h recovery. In most cases this

i i 1
would mean that during exercise bicarbonate recovery isobservatlon that very little label was converted* 1CO,

op : : in the first hours after the start of the tracer infusion.
iggstf)a’telrggil?j”:t?ortlh(aBtva? Jtoéfefé'gg ?338;0 be made for Originally it was suggested that the major reason for this

13 or 1 i i
The retention of bicarbonate in the leg at rest and duringIOW €0, production was the consequence of rapid

exercise and recovery seems to be low. With constant.GSte”f'Cat'on of the plasma fatty acids and disappearance

bicarbonate infusion little difference was observed in the into the TG pool rather than being oxidized (Dagenil

amount oft3CO, present in femoral arterial venous blood 1976; Heiling et al 1991). The fafty acids that were

at rest, during exercise and in the second and third hour 0f)xidized would originate from the intracellular TG pool, and

recovery (Fig. 4). The large changes seen in bicarbonates this pool is large it would take many hours before that

; o ool reached equilibrium. As a result, the enrichment of
recovery at the whole-body level during the initial phase of plasma free fatt?/ acids would be much higher than that of
exercise and recovery were much smaller across the'tD

exercising lea. However. other tissues mav contribute much he intracellular free fatty acids, and plasma free fatty acid
more to gtheg.whole-bod, chanaes seenydurin exerciseoxidation would be underestimated. Recently, however, an
y 9 9 alternative explanation has been put forward to explain a

During one-leg knee-extensor exercise the bicarbonate .
. major part of the lov3 o' 14CQO, production observed when
recovery across the resting leg resembled the Wh°|e'b0d>13bje||e% fatty acids are in%sre)d. Sidossis al (199%)

bicarbonate recovery as shown in Fig. 3 (G van Hall, suggested that the C label(s) of fatty acids are fixed via

unpublished results). This finding implies that the : ; : ; .
: . ; . isotopic exchange reactions in the TCA cycle (Fig. 1). A
recommendations regarding the best period over which to abelled acetate infusion was used to correct for label

gsatl?]eogeel']%?Igtssitgitfvsvﬁééfgga}gvg)l('dat'on are the samg, ation in the TCA cycle. Acetate is converted to acetyl-
y ' CoA, and thereafter it behaves like acetyl-CoA originating

4C- and 13C-labelled free fatty acids have been used to
estimate plasma fatty acid oxidation in an attempt to differ-
entiate between the oxidation of fatty acids derived from
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Fig. 4. Leg bicarbonate recovery during rest, exercise and recovery. Exercise consisted of 2h of one-leg knee extension at 60 % of their
maximal leg workload. Bicarbonate was infused via a forearm vein at a known constant rate. Acetate recovery (%) was calculated as: (enrichment
120r13C O,y enous X CO2venous)/(€Nrichment 1207 13CO 4 teriar) X CO2arteriar) * 100. A recovery lower than 100 % represents net 13CO, retention. Values
are means and standard deviations represented by vertical bars for four subjects.
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from fatty acids. Thus, where the bicarbonate recovery position is liberated as GObut label still remains in the
factor is used to correct only for labelled-£f@tention, the cycle.
acetate recovery factor corrects both for labelleg-CO In agreement with the theoretical prediction, Wolfe &
retention and for label ‘lost’ via fixation in isotopic Jahoor (1990) clearly demonstrated that after 4 h of infusion
exchange reactions in the TCA cycle (Figs. 1 and 5). of [1-13C]acetate, 81 % of the label was recovered compared
Although the acetate correction factor was originally with only 53 % following infusion of [23C]acetate.
introduced to correct tracer estimations of plasma fatty acid During exercise, label recovery from acetate is much
oxidation (Sidossiet al 199%), theoretically an acetate higher than at rest (Fig. 6), as shown earlier (Sidatsid
correction factor also has to be applied for estimations of 1995). With exercise the TCA cycle activity has to increase
glucose and amino acid tracer oxidation as long as some ofeveral-fold. Assuming that during exercise the rate of
the labelled C enters the TCA cycle. Indeed, it has beenexchange reactions (glutamate or glutamine) is the same or
shown that the estimation of glucose oxidation from indirect perhaps lower (Sidosset al 199%), then the rate of the
calorimetry and [ULC]glucose gave identical results when TCA cycle accelerates in comparison with the exchange
the appropriate corrections f8#CO, recovery in breath  reactions, and thus less label would be fixed via the
were applied, which included the acetate recovery factorexchange reactions, leading to high&pr 1O, recovery.
(Tounianet al 1996). Sidossiset al. (199%) observed that thé*CO, recovery
Label fixation via TCA cycle exchange reactions can from [1-1“Clacetate increased from 66 % at anp O
occur in many tissues and organs. Many tissues converconsumption of 10ml/kg per min to 94 % at an O
o-ketoglutarate to glutamate and glutamine (Fig. 5). consumption of 40ml/kg per min. Recently, it has been
Oxaloacetate, via gluconeogenesis in liver and kidney, isobserved that acetate recovery is 100 % at a cycle intensity
also converted to glucose. However, label fixation in of = 75 % maximum workload in trained subjects (Van
glutamate and glutamine is quantitatively much larger thanLoon et al 1999). Fig. 6 shows that even intense one-leg
that in glucose (Schrauweat al 1998). Thus, although the knee-extensor exercise, where only the quadricepsis
substrate is in principle completely oxidized, its label does engaged in exercise (approximately 2-5kg muscle), may
not appear as COn breath since the label accumulates in lead to an approximately 85 % recovery of [132]acetate.
the glutamate and glutamine pools. This factor then leads taAnother important observation was that during exercise, a
an underestimation of the true substrate oxidation rate. Theplateau in breath COenrichment is reached after 30 min,
label is only temporarily fixed, since glutamate and whereas it takes more than 12 h before a plateau is reached
glutamine will re-enter the oxidative pathways at a later at rest (Fig. 6; Van Looet al 1999). Thus, whereas the
point in time. The pools of these compounds are unlabelledacetate correction factor in resting conditions is extremely
at the start of the labelled substrate infusion, but more andmportant and is dependent on infusion time, during exercise
more label from the substrate will accumulate with acetate correction is of minor importance and far less
increasing infusion time. However, a steady-state is unlikely dependent on infusion time.
to be reached within hours in these pools due to the fact that The accuracy of the acetate correction factor depends on
these pools are so large. Breath,Grichment increases two major assumptions. The first assumption is that the
linearly with time for several hours (Fig. 6; Sidossisal acetate infused is fully oxidized via the TCA cycle and is not
1995%; Schrauweret al 1998). A recent study showed that used for lipogenesis and ketogenesis. In the post-absorptive
approximately 12 h of acetate infusion led to a plateau in state (overnight fasted) lipogenesis is low. However, during
breath CQ enrichment (Mittendorfeet al 1998). lipogenic situations, as with glucose infusion or following
The quantitative contribution of label fixation depends ingestion of a carbohydrate meal, some labelled acetate may
on whether the label from the substrate enters the TCA cyclebe incorporated into fatty acids (Hellersteinal 1991a,b)
as the C-1 or C-2 of acetyl-CoA (Fig. 5). If the label rather than oxidized. Ketogenesis, on the other hand, is an
enters at the C-2 position then the likelihood of fixation is active pathway of acetate metabolism and increases
higher. The theoretical reason for this difference is shown substantially with prolonged fasting (Balasse, 1970).
in Fig. 5. The first turn of the TCA cycle does not lead to However, it has been proposed that this increase does not
the release of labelled G@erived from the label in either affect the acetate recovery factor since the major fate of
label position C-1 or C-2, and thus the probability of ketone bodies is oxidation (Sidos®$ al. 199%). The
fixation of the label in both positions via glutamate or second major assumption is that acetate is metabolized in
glutamine is equal. Furthermore, the label in both positionsthe same tissue and proportionally to the same extent as the
ends up in oxaloacetate, a symmetrical molecule where thesubstrate. Under resting conditions, acetate has been
C-1 and C-4 positions and the C-2 and C-3 positions aresuggested to be mainly oxidized in liver, but also to some
identical, resulting in equilibration of label. Theoretically, extentin muscle (Bleibergt al 1992; Pouteaat al 1996),
half the oxaloactetate molecules are labelled in C-1 andwhich is in contrast to most substrates which are mainly
C-2 positions and the other half in the C-3 and C-4 oxidized in the periphery. So far only one study has
positions. In the second turn of the TCA cycle, assuming quantified labelled-C recovery from acetate across tissues
that a non-labelled acetyl-CoA is entering the cycle, half (Mittendorfer et al 1998). The leg acetate recovery was
the remaining C-1 position label is lost before and the otherfound to be similar to the whole-body label recovery in the
half after the possibility for fixation in glutamate or breath, suggesting that whole-body acetate recoveries can be
glutamine. All the original C-2 position label is still within used to correct for muscle substrate oxidation. Additional
the TCA cycle, and thus can undergo fixation. In the third research is needed to verify whether whole-body acetate
turn of the TCA cycle, for the first time label from the C-2 recoveries can be used to correct for substrate oxidation by
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Fig. 5. Schematic diagram giving the fate of labelled carbon in the C-

oxaloacetate molecules are labelled in C-1 and C-2 positions, and the other half in the C-3 and C-4 positions.
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1 ([1-13C]acetate; +) or C-2 ([2-13C]acetate; X) positions of acetyl CoA after
entering the tricarboxylic acid (TCA) cycle. The label originating from acetate or fatty acids entering into the TCA cycle in the first turn of the TCA

cycle is labelled in the C-1 and C-2 positions. In the second and third turn no labelled acetyl-CoA enters the cycle. Furthermore, since
oxaloacetate is a symmetrical molecule, the label in C-1 and C-4 positions and the C-2 and C-3 positions are identical. Theoretically, half the
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Fig. 6. Whole-body acetate recovery at rest, during exercise and recovery. Exercise consisted of 2h of one-leg knee extension at 60 % of
their maximal leg workload. [1,2-13C]acetate was infused via a forearm vein at a known constant rate. Recovery (%) was calculated as:
enrichment 1297 13COppreath X COxpreatn /(infusion rate / 2) x 100. Values are means and standard deviations represented by vertical bars for five
subjects.

skeletal muscle at rest and during exercise. The assumptionéSchrauwenet al 1998). More research is needed to
included in the acetate recovery factor are more likely to establish acetate recovery factors of limbs and tissues, and
hold during exercise at reasonable work intensities, sinceto investigate whether acetate handling by tissues at rest is
most of the acetate is directed to the active muscles, andcomparable with that of the substrate. During exercise, the
acetate oxidation rates are high and recoveries are 80—100 %cetate recovery reached a plateau after approximately
(Fig. 6; Sidossiet al 199%; Van Loonet al 1999). 30 min and wag 70 % at intensities of 40 % maximum O

In summary, the amount of labelled €froduced after ~ consumption. With exercise intensities of 75 % maximum
administration of C-labelled substrates should be correctedworkland in trained subjects, acetate recovery was 100 %
for label loss, especially during resting conditions. When the and thus there was no need to apply an acetate recovery
C label is lost via decarboxylation reactions, the oxidation factor. Additional research is required before it can be
rate has to be corrected by applying the bicarbonateconfirmed that this situation also holds for subjects other
correction factor. However, if C label enters the TCA cycle than trained individuals. However, it is clear that the impact
the oxidation rate has to be corrected by applying the acetat®f the acetate correction factor is minimal only at
correction factor (Fig. 1). Depending on the position of the moderately-high exercise intensities.
C label within the substrate, [€]-, [2-13C]- or
[1,2-13C]acetate must be used to determine the acetate
correction factor. At rest, bicarbonate recovery is usually
around 80 %; however, the actual value may depend to som&he author would like to acknowledge the substantial
extent on time of infusion, nutritional status, previous contribution of Massimo Sacchetti, Bengt Saltin and Gdéran
physical activity and biological variation. During exercise, Radegran in the work described in this review and Bengt
and recovery from exercise, it seems appropriate to use onhBaltin, Anton Wagenmakers and Marty Gibala for valuable
the bicarbonate recovery factor when an acceptable steadyeomments on the manuscript. The Copenhagen Muscle
state has been reached, i.e. in the second hour of exercisResearch Centre receives a grant from the Danish National
and after 2 h recovery. In most cases this would mean thaResearch Foundation (grant no. 504-14).
during exercise bicarbonate recovery is 100 %, implying
that no bicarbonate correction has to be made for substrate
oxidation. More research is needed to draw conclusions as References
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