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Tracers to investigate protein and amino acid metabolism in
human subjects
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Department of Human Biology, NUTRIM, Maastricht University, PO Box 616, 6200 MD Maastricht,
The Netherlands

Three tracer methods have been used to measure protein synthesis, protein breakdown and protein
oxidation at whole-body level. The method usinfl—3C]leucine is considered the method of
reference. These methods have contributed greatly to the existing knowledge on whole-body
protein turnover and its regulation by feeding, fasting, hormones and disease. How exercise and
ingestion of mixed protein-containing meals affect whole-body protein metabolism is still open to
debate, as there are discrepancies in results obtained with different tracers. The contribution of
whole-body methods to the future gain of knowledge is expected to be limited due to the fact that
most physiological disturbances have been investigated extensively, and due to the lack of
information on the relative contribution of various tissues and proteins to whole-body changes.
Tracer amino acid-incorporation methods are most suited to investigate these latter aspects of
protein metabolism. These methods have shown that some tissues (liver and gut) have much
higher turnover rates and deposit much more protein than others (muscle). Massive differences
also exist between the fractional synthesis rates of individual proteins. The incorporation methods
have been properly validated, although minor disagreements remain on the identity of the true
precursor pool (the enrichment of which should be used in the calculations). Arterio—venous organ
balance studies have shown that little protein is deposited in skeletal muscle following a protein-
containing meal, while much more protein is deposited in liver and gut. The amount deposited in
the feeding period in each of these tissues is released again during overnight fasting. The addition
of tracers to organ balance studies allows the simultaneous estimation of protein synthesis and
protein breakdown, and provides information on whether changes in net protein balance are
caused primarily by a change in protein synthesis or in protein breakdown. In the case of a small
arterio—venous difference in a tissue with a high blood flow, estimates of protein synthesis and
breakdown become very uncertain, limiting the value of using the tracer. An additional
measurement of the intracellular free amino acid pool enrichment allows a correction for amino
acid recycling and quantification of the inward and outward transmembrane transport. However,
in order to obtain reliable estimates of the intramuscular amino acid enrichment and, therefore, of
muscle protein synthesis and breakdown in this so-called three-pool model, the muscle should be
freeze-dried and the resulting fibres should be freed from connective tissue and small blood clots
under a dissection microscope. Even when optimal precautions are taken, the calculations in these
tracer balance methods use multiple variables and, therefore, are bound to lead to more variability
in estimates of protein synthesis than the tracer amino acid incorporation methods. In the future,
most studies should focus on the measurement of protein synthesis and breakdown in specific
proteins in order to understand the mechanisms behind tissue adaptation in response to various
stimuli (feeding, fasting, exercise, trauma, sepsis, disuse and disease). The tracer laboratories,
therefore, should improve the methodology to allow the measurement of low tracer amino acid
enrichments in small amounts of protein.

Protein turnover: Skeletal muscle: Exercise: Arterio—venous difference:
Tracer balance methods

Abbreviations: FSR, fractional synthesis rate; IRMS, isotope-ratio mass spectromeé{t, a-ketoisocaproic acid; MS, mass spectrometry; nb, net balance
of tracer; NB, net balance of tracee; Ra, rate of appearance; Rd, rate of disappearance.
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The body of a 70kg man contains in total 12kg protein cardiovascular disease and type 2 diabetes, implying that
(amino acid polymers) and 220 g free amino acids. There areprotein adaptation at the muscle level has major health
thousands of different proteins, distributed among all cells consequences at whole-body level.
and body fluids, each with its own specific amino acid  Our knowledge of the regulation of protein metabolism at
sequence, three-dimensional structure and function (e.gthe whole-body, muscle and organ levels in various physio-
enzymes, transport proteins, hormones, DNA- and RNA- logical conditions is based on direct and indirect
processing proteins, structural proteins, contractile proteinsmeasurements of protein synthesis and breakdown, and
etc.). In order to maintain the structural and functional exchange rates of amino acids and amino acid tracers
integrity there is a continuous turnover of protein (synthesis between tissues. At the level of individual proteins we have
and breakdown occur simultaneously). In a healthy adultan incomplete knowledge, implying that we are only
human subject ingesting adequate amounts of dietarybeginning to understand the mechanisms behind embryonic
protein, protein synthesis equals protein breakdown on agrowth and development, behind genetic differences
24 h basis, implying that whole-body protein mass is in between individuals, and behind the molecular adaptation to
balance. nutrition and exercise in a given individual. The present
However, in many conditions such as after overnight paper will describe how the use of tracer amino acids has
fasting, long-term starvation, neuromuscular and acquiredcontributed to the present knowledge on the regulation of
disabling diseases, ageing, cancer and pulmonaryprotein and amino acid metabolism in human subjects,
obstructions, there is a gradual progressive loss of proteinwhere the limitations and uncertainties of the existing
In all these cases the tissue most affected is skeletal musclenethods lie, and finally which methodological develop-
Patients with major trauma and sepsis may lose up to 50 %ments will be necessary and which complimentary research
of the muscle protein over 2 weeks, and as a consequencmethodologies should be used in parallel to gain new
become so weak that mechanical ventilation becomesknowledge in future research on protein metaboliswivo
essential for survival. Skeletal muscle accounts for in human subjects. For reviews describing the current
400-450g/kg total body mass and contains about 7kgphysiological knowledge of the regulation of protein and
protein, primarily in the form of contractile proteins amino acid metabolism by hormones, nutrition, disease and
(myofibrillar proteins, primarily actin and myosin). Muscle exercise (see Waterlowet al 197&; Waterlow, 1984;
also contains over 60 % of the free amino acids in our body.Rennie, 1985; Hasselgren, 1995; Wagenmakers & Soeters,
During starvation, gluconeogenic amino acids (mainly 1995; Rooyackers & Nair, 1997; Wagenmakers, 3998
glutamine and alanine) are released from muscle as
precursors for glucose production in liver and kidneys to
serve as fuel for the brain. Muscle wasting in cancer, severe
trauma and sepsis serves to generate amino acid precursofidhe first attempts to measure the rate of whole-body protein
for wound healing, tissue repair and synthesis of antibodiesturnover in human subjects were made soon after the first
and acute-phase proteins, in addition to gluconeogenesistadioactive isotopically-labelled amino acids became
Muscle wasting in most of these catabolic diseasesavailable (for references, see Garlick & Fern, 1985). To
eventually leads to muscle weakness and major disabilitiesavoid potential radiation damage, the use of radioactive
in day-to-day life. This situation has led to many attempts to tracers became restricted in human subjects and was largely
reduce or reverse the losses of muscle protein and functiomeplaced by the use of stable-isotope tracer amino acids. The
by various interventions. Different genes are expressed instable-isotope tracers most often used in whole-body studies
different tissues, which leads to differences in the proteinare [°N]glycine (Waterlowet al 197&,b; Fernet al 1985;
and enzyme package of each organ and tissue duringsarlick & Fern, 1985),-[1-13C]leucine (Matthewset al
embryonic growth and development. Differences in genetic 1980, 1982) and.-[2Hs]phenylalanine (Thompsoet al
information lead to differences in the protein composition of 1989).
the bodies of individuals, and in the activities of key [15N]glycine was the first stable-isotope tracer used for
enzymes in substrate metabolism in their cells and bodythe quantification of whole-body protein turnowewivo. In
fluids, and therefore indirectly play a role in the possibility early studies (Waterlowt al 197&) the tracer was given as
of developing obesity, type 2 diabetes and cardiovasculara continuous intragastric infusion (infusion rgtentil after
disease. Changes in nutrition and habitual physical activity2—3 d a plateau had been reached in the labelling of urea in
have an impact on gene expression in certain tissues, anthe urine. The enrichment in the urea pool was assumed to
may lead to shifts in the protein content of the cells reflect the!>N enrichment in a single ‘N metabolic pool’ in
(adaptation). Again, skeletal muscle is an interesting andwhich all free amino acids and urea eventually reached the
potentially central tissue here. Strength training is known to same enrichment and from which exchange occurs with
lead to increased expression and deposition of thewhole-body protein (Fig. 1). The whole-body N turnover
myofibrillar proteins (therefore the well-known hypertrophy (Q) can be calculated from the formula @&, Where
and increases in strength) and does help to prevent muscl&,., is the 15N enrichment of urea. Assuming that the N
wasting during ageing. Endurance training leads to themetabolic pool is in steady-state, then the flux (i.e. Q) equals
parallel expression of a whole range of enzymes with a rolethe amount of N leaving the pool (S + E, where S is
in substrate transport and oxidation; disuse has the oppositesynthesis and E is urinary N excretion) and equals the
effect. Individuals with low habitual activities not only have amount of N entering the pool (B + |, where B is breakdown
deconditioned muscles with a low oxidative capacity, but and | is dietary intake); E and | can be measured and
also have an increased risk for the development of obesitytherefore S and B can be calculated. In a modification of the

Whole-body protein turnover
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rate of disappearance (Rd; Rd=B +1, where B is breakdown

n aDr'rflt:;y and | is the dietary intake; Fig. 1). Leucine turnover is
acids converted to whole-body protein turnover using the average
leucine content of body protein of 89g/100g protein
Synthesis (Matthewset al 1980). The oxidation af-[1-13C]leucine is
_— quantified by measuring breafCO, enrichment (a plateau
Free () Body value is reached again after about 2h, at least when the
amino acid . . . . s . .
pool protein bicarbonate pool is |_or|med) anq multiplying this er_mchment
Breakdown by total CQ production and a bicarbonate correction factor
(B) for losses of C@ between the site of oxidation and
appearance in the breath (van Hall, 1999). Protein synthesis
(or non-oxidative Ra) can then be calculated. Most tracer
() ) s';udies are _do_ne in the oyernight-faste_zd state when _the
In steady-state: dietary protein intake (i.e. | in the equation Rd=B + I) is
Q=Ra=Rd zero. In the latter case the turnover (i.e. Q in the earlier
NH, €O, Ra=B+I equation) equals protein breakdown (i.e. B). In the fed state
and urea or Rd=S +0O (orE) protein intake should be known and should be constant with
excretion Phe — Tyr time. This situation is achieved in practice by continuous
oxidation intragastric feeding or repeated oral doses, approaches
Fig. 1. General model of protein metabolism used in the whole-body which have the inevitable limitation that they clearly do not
methods. Q, whole-body nitrogen turnover; Ra, rate of appearance in reflect normal human nutrition patterns, but neverthless this
the free amino acid pool; Rd, rate of disappearance from the free approach has been useful to investigate differences between
amino acid pool; Phe, phenylalanine; Tyr, tyrosine. feeding and fasting. Overall, the[1-13C]leucine method

has survived two decades of intense scrutiny and is now
[5N]glycine method the tracer is given as a single oral doseconsidered the reference method to obtain fair estimates of
of 200 mg in the post-absorptive state and urine is collectedwhole-body protein metabolism in most physiological
for 9-12h (Ferret al 1981, 1985; Garlick & Fern, 1985). conditions.
This method was quite popular in the 1980s, as it is non- The L-[2Hs]phenylalanine tracer is given as a primed
invasive and can be applied easily outside a laboratory.continuous intravenous infusion with an additional
However, there are many practical difficulties (urine L-[2Hg]tyrosine primer. After about 2 h a plateau is reached
collections outside laboratory) and unproven assumptionsin the plasma enrichment of both these tracers, and flux can
which are unlikely to be valid in all physiological and patho- be calculated from the arterial plasma phenylalanine
physiological conditions. The most critical assumption is dilution. The first step in the oxidation of phenylalanine is
that all amino acids mix in one N compartment and end uphydroxylation in the liver to tyrosine. The rate of oxidation,
having the same enrichment. It has been shown repeatedlyherefore, can be quantified from the enrichment of
that there are in fact several N compartments, leading toL-[2H,Jtyrosine at steady-state (for exact details of the
differences in thé>N enrichment of urea and NHin some assumptions behind the method and calculations, see
studies, therefore, the harmonic mean is used; Eeal Thompsoret al 1989). In a modification of this method (for
1981, 1985). Differences also occur in i enrichment of example, see Marchieit al. 1993) a second tyrosine tracer
different amino acids in the free pool on equilibration, and (L-[2HJ]tyrosine) is infused in order to measure total
the measured protein turnover rates differ widely for tyrosine Ra in arterial plasma, analogous to the

different 1>N-labelled amino acids (Femt al. 1981, 1985; measurement of total G@roduction in the leucine method.
Garlick & Fern, 1985). For these reasons thl]glycine The leucine tracer method requires three analytical
method is under severe criticism, and currently is not ofteninstruments: a GC-mass spectrometer (MS) for
used. measurement of the precursor pool enrichment: an isotope-

The L-[1-1%C]leucine tracer is given as a primed ratio MS (IRMS) for3CO, enrichment; indirect calorimetry
continuous intravenous infusion until after about 2h a for total CQ production. Furthermore, this method requires
plateau has been reached in arterial leucine enrichmentollection of both blood and breath, which is no problem in
(Matthews et al 1980) or venousi-ketoisocaproic acid  healthy subjects, but breath collections may be difficult in
(a-KIC) enrichment. The latter (transamination product of ill, weak, ventilated and anaesthetized patients. In clinical
leucine) has been suggested to better reflect the enrichmergtudies, therefore, the phenylalanine tracer method
of leucine in the free amino acid pool from which direct (Thompsonet al 1989) has often been chosen. It only
incorporation of the leucine into whole-body protein occurs requires blood collection and a GC-MS for the
(Fig. 1; Matthewset al 1982). The rate of appearance (Ra) measurement of enrichment of the tracers in plasma.
in this free amino acid pool can be calculated from the tracer General lessons learned from each of these tracers is that
dilution observed at steady-state according to the formulawhole-body protein turnover in a 70kg man is about
Q =i(E/Ep -1), where Q is the turnovéris the infusion rate 300 g/d. Also, each of the methods have shown that protein
of the tracer, Eis the enrichment of the infused tracer and synthesis is increased after ingestion of mixed protein-
Ep is the enrichment of the plasma precursor pool. At containing meals, while at the same time protein breakdown
steady-state leucine turnover (i.e. Q) equals both the Ras reduced. Both effects appear to be mediated by increases
(Ra=S+0, where S is synthesis and O is oxidation) and thein plasma insulin and increased plasma amino acid
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availability, although the reduction in breakdown can be (A) L-[1-"C]leucine tracer
achieved with increases in insulin only (Rooyackers & Nair, £ 300 -
1997). As a consequence net protein deposition (proteing
synthesis > protein breakdown) occurs in the fed state, Whileﬁ
in the overnight fasted period the same amount of protein is &
broken down again (protein synthesis > protein breakdown)
leading to net protein balance over 24 h. Petcgl. (1994)
have reported that the amplitude of protein deposition
(daytime) and net protein breakdown (night-time) increases
with protein intake from about 35g on a protein intake of
0-7g/kg body weight per d to values of about 90g on a
protein intake of 2.5 g/kg per d.

Although all three tracers provide similar qualitative , ,
information in most studies, and even similar quantitative
information in some studies, there are a number of clear (B) L-[*Hslphenylalanine tracer
exceptions. Particularly in studies where different tracers 400
have been used simultaneously, some remarkable discrep
ancies have been observed, not only in quantification but.2
also in the final physiological message. A few examples §
seen in our own group are mentioned here, many more car £
be found in the extensive literature (see Bietal. 1992;
Wolfe et al. 1992; Marchiniet al. 1993; Pac\et al. 1994).

Pannemangt al (1997) measured the effect in elderly
women of an increase in the protein content of the diet from
10 to 20 % energy from protein in an attempt to understand
the physiological basis behind the adequacy of the level of
protein intake in elderly subjects with a low energy intake.
Measurements were done during 12 h of overnight fasting
for the [°N]glycine method (according to the recommended 0
protocol; Ferret al. 1981, 1985) and during the last 4 h of
overnight fasting (07.00-11.00 hours, continuous infusion in
laboratory) for the leucine tracer. THéN]glycine method ) ) ) ) ) o o
indicated that the increase in protein intake significantly Fig. 2 Six su_bjects were investigated over 4 h while ingesting liquid
increased protein turnover (protein synthesis +46 %, proteinsf"“t'Ons of e'ther.24hg Ca'IbOhydrate only (=) or 249 Cr?rbIOhydrste
breakdown +39 %), while the[l-13C]Ieucine method indi- plus 9 g rice-protein ydro ysate (zz) every 30 min. In the last 2h a

. . . . steady-state was achieved and blood samples were analysed for

Cated_ no Change In protein turnover (proteln synth_eS|s +2 %'tracer enrichment, and the components of whole-body protein
protein breakdown +5 %). Furthermore, the protein balancemetanolism were calculated according to standard procedures.
was more negative in the overnight fasting period with the mean value was significantly different from that for the carbohydrate—
glycine tracer than with the leucine tracer on both die6 ( protein mixture: *P<0-05. (From DLE Pannemans and AJM Wagen-
(10% energy from protein-58-4 D 11-7) v. —23-5 makers, unpublished results.)
(sb5-3) g/d respectively; 20 % energy from proteidl-7
(sb14-3)v.-32-0 6D 7-8) g/d respectivelf <0-05 in each  therefore, is 2-fold more positive with the latter tracer.
case). Protein oxidation is 2—3-fold higher with leucine as a tracer

Recently we compared the effect of carbohydrate only than with phenylalanine, with both ingestion of carbo-
ingestion (24 g taken every 30 min as a drink) with the effect hydrate only and with carbohydrate—protein.
of ingestion of a carbohydrate—protein mixture (24 g carbo- A discrepancy in outcome has also been observed
hydrate and 9 g rice-protein hydrolysate taken every 30 min(Wagenmakergt al 1998) using these two tracers during
as a drink) on protein turnover during the last 2h of a exercise. With leucine as tracer, protein oxidation was 2- to
4h period of infusion of bothL-[1-13C]leucine and 3-fold higher during exercise of endurance-trained athletes
L-[2Hs]phenylalanine as tracers. The results are shown iningesting carbohydrates than in the resting period and the
Fig. 2. Both tracers indicate that ingestion of carbohydraterecovery period, while protein synthesis was lower. Protein
only does not lead to net protein deposition, which is breakdown did not change during exercise. Net protein
expected, as human subjects otherwise could remain in Noalance (synthesisbreakdown) was 2- to 3-fold more
balance without protein ingestion. The findings with the negative during exercise than during rest and during
leucine tracer seem to suggest that the additional anabolicecovery. However, with phenylalanine as tracer, protein
effect of the carbohydrate—protein mixture is achieved oxidation, synthesis and breakdown were similar at rest,
primarily by a suppression of protein breakdowd1(%), during exercise and during recovery. Urea production
while findings with the phenylalanine tracer indicate that (measured by plasma tracer dilution) also did not increase
protein synthesis is stimulated (+67%) and protein during exercise. These discrepancies raise concern in this
breakdown is reduced-89 %). The net protein balance, case over the results given by the leucine tracer.
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These examples (and others in the literature, see Biolo Amino acid incorporation methods to measure protein
et al. 1992; Wolfeet al. 1992; Marchiniet al. 1993; Pacy synthesis in tissues and specific proteins
et al. 1994) show that in the whole-body methodologies
different tracers do not always provide similar information
on the effect of physiological perturbations. This finding

If the aim is to investigate the mechanism behind the loss of
muscle mass and contractile function in a patient with

- , ; . _sepsis, then we have to measure protein synthesis and
appears to indicate that one of the basic assumptions behm%rotein breakdown in the muscle. One of the methods that

one or more of the methods is not always valid. An can be used to measure the synthesis rate of total protein in

important assumption is that the size of the pool of the tracee: S . e S :
(i.e. the free amino acid pool) does not change. It seemit'ssue biopsies and of specific purified proteins is the amino

. . ; acid-incorporation technique. The following key references
Ipeczlsc?nb;e thoatl;[l th(ljsur?nssurggg?cr;sgoe?t n?]ta: Olge]:;: tg?] J\:\?necan be consulted for details of the methodology to measure
ne p 9 - . . the synthesis rate of total mixed muscle protein (Rennie
convincingly that during exercise there is an increased . . A i
uptake (Ahlborget al 1974; van Hallet al 1996) and et al. 1982; Hallidayet al 1988; Nairet al 1988; Mc_NurIan
oxidation (Wagenmakerst alj 1989 1991 van Habt al et a_I. 1994), of musclt_a myof|t_)r|IIar protein, myosin heavy-
1996) of branched-chain amino acids (leucine, isoleucineﬁn?s"gl : rﬂitgﬁlooprﬁfg'c g&??éggleﬁiﬁgt igggb)o f
and valine) in muscle. Thus, the increased oxidation of P y S

the leucine tracer during exercise could reflect partial gg%f”“l_rpé ngt“\;ﬁ"r fgg;og’;'r'feng?sigpg%e'gf(sﬁ?rha
oxidation of intracellular leucine pools during the study ' y : : ' P

and invalidate the steady-state assumption; i.e. the size ogltbgr] Tg(g(i?rfsg(;\r/:(t;é: 21'] 13587;)0Ig;e\TL%LalalzﬁogJ?th?r:
the free amino acid pool may not be constant (Fig. 1). . ' ) ; POlIpop

This situation then leads to an overestimation of protein Stlglo flé'gcgtf/résrfigggétl2?2;95?\?::‘ :ée%i?zl;ggjl)“g%
oxidation, an underestimation of protein synthesis (since ) ’ ) ’

" ) S . -~ of various other plasma proteins (Jahebal. 1996).
Luarlr;c;l\(/:e;r—synthe&s +oxidation) and a negative protein Many amino acid tracer$®\-, 13C- or2H-labelled) have

These suggestions do not necessarily imply that thebeen used to enrich the amino acid precursor pool (Fig. 1).

message of the leucine tracer is less reliable than that of th‘%‘th\?;;glfjéhii?ﬁsis;ﬁdfnsu|thae Stigggr_':tgt'geig E)))kl)tz.iﬁggtli?]u?hu;
phenylalanine tracer. Changes in the size of the phenyl- y

. T . ercursor pool for protein synthesis. To reach an earl
alanine pool cannot be ruled out. A relative increase in theP P P Y Y

size of the intracellular phenylalanine pool compared with plateau the cqnt.lnuogs mfufaﬁn is often precedgd by ?n
that of the intracellular branched-chain amino acid pool Intravenous priming dose of the tracer. Repeated samples

could explain why the phenylalanine tracer gives lower are then taken at steady-state, the protein is precipitated

protein oxidation rates than the leucine method in the studiesfrom the biopsy sample and washed, or purified by various

described previously. It is also important to know that pther techniques in the case of speci_fic proteins. The_pro_tein
Marchini et al. (1993) have expressed a need for caution in is then hydrolysed and the amino acids, after derivatization,

interpreting data obtained with-[?Hs]phenylalanine as a érg_c?)?ﬁl')yﬁ%nm,\;rgcfﬁeﬁ,rgé%%nem Tﬁ?n?isf?n_l\fricg
tracer, because the oxidation rate observed was 2-fold lower_ . : ; 9y . :
. : o .. enrichment in the protein-bound amino acid, over a given
in healthy subjects than oxidation rates measured with

. sampling time, is divided by the steady-state tracer
L-[1-13C]phenylalanine as a tracer (calculated from the - . ) .
1300, production). This finding does not mean that enrichment in the precursor pool to give the fractional

pheryllanin shou never e use, s tere may be LS 6 (S8 1 e o, hat o he percenige of

other simple option if the aim, for instance, is to measure _ . . o ;

protein breakdown in patients during major surgery. p(ar_lor?. Th_ere h".’lds beeln_ a Ir?t Obfd'SCL;ISS'qn In J]Ehﬁ literature on

However, it does imply that further research is needed onvHich amino acld poo Is the best reflection of the precursor
f pool for protein synthesis during continuous-infusion

and that different iacers of one amino acid and of diferent Ucies (Rooyackers & Nair, 1997). It is undoubtedly the
intracellular amino acyl-tRNA pool, but due to the technical

amino acids should be used before a definitive JUdger“entdifficulties of measuring enrichment in that pool various

fnaerlrf’oed?ade on the validity and accuracy of the WhOIe'bOdyalternatives have been proposed. The plasma arterial

The contribution of whole-body methodology (without and venous enrichment have both been used; the plasma

- . - - venousa-KIC enrichment is often used in the case of the
phare}llel organ baflalt(ncesl, kz;opsges, or pro(;cem ge[?_aratlgni) tcl—[1—13C]Ieucine tracer (assuming that KIC, the trans-
the future gain of knowledge is expected to be limited due _ ‘. =~ - b . ’ . .
. ; . amination product of leucine, is formed in the amino acid
E)Oe(;ﬂe ir:\?g;titha?;dm%s;:teﬁgxlsé?Iog(lggla d\l:/t;trgr?gy(t:[esalhave compartment also used for protein synthesis), the intra-
. 9 : Wy . . cellular amino acid enrichment can be determined in
197&; Waterlow, 1984; Rennie, 1985; Hasselgren, 1995; bi . d ety of indicat ducts of the int
W K & Soet 1995 R K & Nair. 1997. Piopsies and a variety of indicators or products of the intra-
agenmaxers goﬂe ers, ; ROOYyaKers ar, ' cellular metabolism of the amino acid precursor pool have
Wagenmakers, 199&h), and due to the lack of information been used. It always seems best to ngeasure thr:a recursor
on the relative contribution of various tissues and proteins to ‘ y P

whole-body changes (e.g.an ncrease n protein symhesis 1§77 261 1 1e racelliar ee amino s pool butn
the liver may be compensated for by a decrease in protein ' 9

o prevent direct access, the venous plagrkdC enrichment
synthesis in muscle). and some indirect indicators or products of the intracellular
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pool are acceptable alternatives (for details, see key refertissues and in different proteins (Table 1). Subfractionation
ences on methodology given earlier). Another method thatof muscle protein has shown that the myofibrillar proteins
has been used to administer the tracer is the so-callechave the lowest turnover rates (about 1 %/d) and that these
‘flooding dose’ method. This method was introduced to rates decrease with age (Balagogtahl 1997; Fig. 3). The
eliminate problems with precursor pool enrichment, and highest FSR were seen in mitochondrial protein and again
relies on a bolus injection of large doses of a mixture of decreased with age (Rooyacketsal 199&), while the
labelled and unlabelled amino acids (Garletkal 1989; FSR of a cytosolic muscle protein fraction was intermediate
McNurlanet al 1994). Over the 60-120 min following the and did not change with age (Fig. 3). The decrease in
large bolus injection the tracer enrichment decreasesmyofibrillar FSR may contribute to the gradual loss of actin
sharply, but is nearly identical in the plasma and intra- and myosin in ageing muscles; while the decrease in
cellular pools and is assumed to be identical to all mitochondrial protein FSR may lead to the known gradual
aminoacyl-tRNA pools in all tissues. Protein-bound tracer loss of the muscle oxidative capacity, whole-body
amino acid is extracted from tissues (or other proteins) takermaximum Q uptake and exercise capacity. The intravenous
before and 90 min after the bolus injection. Protein FSR isinfusion of amino acids increased mixed muscle FSR in a
calculated by dividing the increase in protein-bound tracer group of healthy males (7%K2) years) from 1-1 to 2-3 %/d
enrichment by the area under the curve of the venous(Volpi et al 1998), and therefore the authors suggested
plasma tracer enrichment. The method is fast and thereforghat muscle mass potentially could be better maintained
theoretically suited for studies in unstable situations (e.g.with an increased intake of protein in elderly subjects.
critically-ill patients) and for investigating the early However, this suggestion was not confirmed by Welle &
adaptation to physiological stimuli. However, concerns have Thornton (1998). During consumption of liquid meals
been raised regarding the effect that the flooding dose of(as repeated 30 min boluses) containing 7% energy as
amino acids itself, or the concomitant metabolic changesprotein they observed a myofibrillar FSR of 1-6%/d in a
(among others, increased plasma insulin levels since bothgroup of men and women aged 62—75 years. An increase in
leucine and phenylalanine are insulinotropic), may have onthe protein content of the meals to 14 and 28 % energy did
protein synthesis, as consistently higher FSR are measuredot further increase the myofibrillar FSR. However,
in studies using the flooding-dose technique (Table 1).resistance exercise increased the myofibrillar FSR on all
Flooding with leucine has been shown to increase the FSRdiets by 20-37 %, but the observed increase did not differ
of mixed muscle protein, measured using valine as thebetween the diets. These findings seem to indicate that
tracer, from 1.0 to 1-6%/d (Smitt al 1992) and the resistance exercise is the most powerful stimulus to
FSR of albumin from 6-0 to 10-3%/d (Smi&hal 1994). counteract ageing-induced losses of myofibrillar protein,
Readers interested in the theoretical background behind th@nd that an increase in the protein content of the diet above
continuing controversy on the optimal methodology to normal has no effect under basal conditions and does not
administer tracers and determine protein enrichment areenhance the exercise-induced stimulus of muscle
referred to the detailed views of Garliek al (1994) and myofibrillar FSR. Together, these findings illustrate the fact
Rennieet al (1994). that we need FSR measurements in specific muscle fractions
The most important lessons we have learned from theand proteins to investigate important physiological
incorporation methods is that there are large (up to 425-fold)questions about the mechanisms leading to muscle wasting
differences between the protein turnover rates in differentand the loss of the oxidative capacity in the elderly. FSR

Table 1. Fractional protein synthesis (FSR) rates measured with a continuous infusion (continuous) and flooding dose (flood) in overnight fasted
subjects; contributions of tissues to whole-body protein turnover (Qwb)

FSR (%/d) % Qwbl|
Organ or plasma protein Continuous Flood Continuous Flood
Muscle* 1.15 1-76 29 44
Livert 12-1 24.-7 11 22
Plasma albumint 5-6 6-10 2:4 34
VLDL apo-B1008§ 425 — 0-12 —

* ‘Continuous’ FSR is based on mean values from Nair et al. (1988), Smith et al. (1992), Balagopal et al. (1997) and Volpi et al. (1998), and ‘flood’ FSR is based on
mean values from Garlick et al. (1989) and McNurlan et al. (1994, 1996). Total muscle protein mass is estimated at 7 kg (muscle mass is 500 g/kg body weight,
muscle protein content is 200 g/kg wet weight).

T ‘Continuous’ FSR is the mean of values from Stein et al. (1978) and Fearon et al. (1991), and ‘flood’ FSR value is from Barle et al. (1997). Liver protein mass is

estimated at 250 g. The higher FSR values in liver when measured using the ‘flood’ procedure, according to Barle et al. (1997), is a consequence of the fact that

most of the export proteins have not yet escaped from the liver before the biopsy was taken (35 min after ‘flood’), while a major part of the export proteins must
have escaped in prolonged continuous-infusion studies. The underlying assumption must be that the mean synthesis rate of export proteins is much higher than
that of the static liver proteins.

‘Continuous’ FSR is from Olufemi et al. (1990) and Smith et al. (1994), and ‘flood’ FSR is from Barle et al. (1997) and Smith et al. (1994). Plasma albumin (the

major export protein; circulating pool 120-140g) has a lower FSR, while some other proteins (e.g. VLDL apolipoprotein B-100) have a very high FSR but a very

small pool (0-08Q). There are many other liver export proteins, but only a few have values higher than the mixed liver FSR reported by Barle et al. (1997) (for
values in young pigs, see Jahoor et al. 1996). The other potential reason for the differences between the two methods is that the ‘flood’ procedure itself, or the

concomitant metabolic changes, increase protein synthesis per se (Smith et al. 1992, 1994; Rennie et al. 1994).

§ VLDL apolipoprotein B100 data are from Venkatesan et al. (1993) using a continuous leucine infusion.

|| Qwb is assumed to be 280g/24 h, a value based on an estimated mean value from the general literature obtained with the L-[1-13C]leucine method in overnight
fasted lean 70 kg males.

+H
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30 development, since the protein content of tissues is the result
of the balance between protein synthesis and breakdown.

25 Important practical advice to users of FSR methodology

5 in mixed muscle protein is to clean the muscle fibres after
L 10} % freeze-drying, removing adherent blood and connective
o * tissue under a dissection microscope, as otherwise
L 15t substantial amounts of non-muscle protein may be present
2 in the protein samples obtained after homogenization and

2 10} acidification. Also, the determination of the precursor-pool
= enrichment and of the concentration of metabolites in the
05 - intramuscular water becomes less accurate and more
variable when muscle fibres are not properly cleaned (Fig. 4

0 and Table 2). The enrichment of the tracer amino acid in

Myosin heavy chain Cytosolic Mitochondrial proteins at the end of the infusion period depends on the
turnover rate of the protein. In the case of proteins with a
high turnover rate, only a few hours of tracer infusion are
required to reach enrichment values of >1 molecule %

Fig. 3. Fractional protein synthesis rates (FSR) measured in three
different age-groups in specific muscle proteins and protein fractions.
3, Mean age 24 years; =z, mean age 53 years; mm, mean age 73

years. Mean values were significantly different from those for the excess (tracer:tracee 0-01) and routine _GC—MS tracer
youngest age-group (mean 24 years): *P<0-05. Summary of data methodology can be used. Muscle proteins with a mean FSR
published by Rooyackers et al. (1996a) and Balagopal et al. (1997). of 1-15%/d only have a-[1-13C]leucine enrichment of

about 0-01 molecule % excess (trace : trace@Qt?) after

measurements are also needed to investigate then infusion period of 6h. The traditional method of
effectiveness of nutritional and exercise interventions as aanalysing such low enrichments is to isolate the protein-
means of counteracting the loss of muscle mass, functionbound leucine by preparative GC (Reatl al 1984)
and oxidative capacity during ageing and debilitating followed by chemical decarboxylation of the C-1 (carrying
diseases. Skeletal muscle contributes 27-29% to wholethe 13C label) and measurement dfC0,:12CO, by
body protein turnover when measured using the continuous-conventional dual-inlet IRMS following cryogenic
infusion technique in the overnight fasted state (Table 1;purification of the CQ@ (Readet al. 1984). More recently,
Nair et al 1988). The relative contribution of muscle to preparative HPLC has been used to separate the leucine
whole-body protein turnover seems to increase during (Balagopalet al 1996; Van Eijket al 1997), and the CO
ingestion of mixed meals and after strength training. Whengenerated by ninhydrin decarboxylation was injected
we divide the muscle FSR reported by Welle & Thornton directly into a GC connected on line to a continuous-flow
(1998) by a whole-body protein turnover of 334 g/d during IRMS (Balagopalet al 1996). However, this method still
feeding (see values observed under similar conditions in thecontains a number of laborious preparative steps. The
study depicted in Fig. 2) then muscle contributes 35% toreference method using modern GC-combustion—IRMS
whole-body protein turnover during ingestion of mixed equipment, is therefore to measure such low enrichments
meals, and even up to 45 % during ingestion of mixed mealsdirectly in the hydrolysate after derivatization (Yarasheski
after strength training. It is quite clear that maintenance ofet al 1992; Balagopat¢t al 1996). A disadvantage of the
these high protein deposition rates can lead to muscle hyperGC—combustion—-IRMS method is the problem of dilution of
tropy in subjects frequently involved in training sessions. 13C label (C-1 of leucine) with natural C (of leucine and
Muscle in all cases is the tissue contributing most to whole-derivatization groups) generated during combustion. Thus,
body turnover, despite the relatively low FSR (Table 1). N-acetylpropyl esters and N-heptafluoromethyl esters (in

The amount of muscle protein produced is the balanceeach, five C are added by derivatization) and N-acetyl-
between protein synthesis and breakdown. Theoretically,methyl esters (three C are added by derivatization) should
protein breakdown in tissues and individual proteins can bepreferentially be used for enrichment measurements of
measured from the rate of loss of tracer enrichment in muscle protein. Even in the latter case,itH&-13C]leucine
prelabelled proteins. However, reutilization of the tracer infusion should last at least 6h to obtain an acceptable
released by protein breakdown for protein synthesis leads taeproducibility in mixed muscle protein. Another way of
artificially-low rates, and the data critically depend on the solving this problem is the use of leucine with two or more
time period over which the measurements are madeC labelled with13C, so that the dilution effect is reduced.
(Waterlow et al 1978). Another difficulty, which has  For other proteins (e.g. plasma albumin; Van Ackeal.
prevented the routine use of this technique in human199&), infusions of 3—4h with.-[1-13C]leucine generate
subjects, is that several biopsies are required in periods ofnore than enough enrichment and it also is possible to use
hours to many days, depending on the turnover rate, and thatertiary-butyl-dimethylsilyl derivatives which add twelve
in some tissues, e.g. muscle, the enrichment at zero time isinlabelled C, but are much more stable than the other
already close to the limits of reliable detection and then derivatives.
decreases with time. However, the development of new Despite immense improvements in sensitivity in recent
methodologies to measure low enrichments, andyears, modern GC—combustion—-IRMS methodology still
mathematical modelling (for example, see Zhasgal requires 50-50Qg purified protein (more protein is needed
1996) should be able to solve most of these problems.with 15N tracers as most amino acids contain only one or
Tracer enrichment is an important area of method two N). Such amounts can be obtained and purified only in
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experienced protein laboratories from relatively large The net balance of the tracee amino acid (NB) is calculated
biopsies (50-100mg), but not in standard tracer labora-from the formula:
tories. The easiest protein-purification technique in use to

separate protein mixtures or subfractions into its individual NB = (Ca—Cv) xF,
pure components is PAGE (for examples of its use in tracer
methodology, see Reedsal 1992; Sivakumaet al 1994). where Ca and Cv are the concentration in arterial and

However, the limitation is that only microgram amounts of venous blood respectively and F is the blood flow. In some
pure proteins can be extracted from the protein bands on thef the published studies plasma concentrations and flow are
gel. Again, this limitation is not a problem for highly- used as no substantial amino acid transport takes place via
enriched proteins that can be analysed with a sensitivethe blood cells (plasma flow is derived from the blood flow
GC-MS method (for example, see Reetlal 1992; Jahoor  using packed cell volume). The use of plasma implies that
et al 1996). However, this limitation does present a problem the estimated NB reflects a minimal flux rate. There is no
for analysis of proteins with tracer enrichments below 0-5 consensus in the literature as to whether plasma or whole-
molecule % excess (most proteins in fact). The tracerblood measurements are preferable. In the absence of
laboratories and suppliers of tracer MS, therefore, shouldspecific information on the participation of erythrocytes in
focus on the development of improved equipment andthe exchange of amino acids across a tissue it seems safe to
methodology that either allows the measurement of choose whole-blood measurements. However, for many
lower enrichments with GC-MS equipment or improves amino acids variations in concentration and enrichment are
the sensitivity of the existing GC-combustion—-IRMS smaller when plasma is used. The net balance of the tracer
equipment. An elegant solution of the first type has been(nb) is calculated from the formula:

presented by Caldegt al (1992). In the case of tracers

with multiple heavy atoms (e.gL-[2Hs]phenylalanine) nb=((CaxEa)-(CvxEV))xF,

M+5:M+3 and M+5:M+2 (i.e. tracer:tracee) can be

measured with greater precision and reproducibility in the where Ea and Ev are the enrichment of the tracer in arterial
low enrichment ranges than the M+5:M (the traditional and venous blood or plasma, Ca and Cv are the concen-
ratio used to estimate tracer : tracee in a compound with fivetration in the arterial and venous blood respectively and F is
heavy atoms). This method and its modifications have beenthe blood flow. The most simple and direct approach to
successfully applied to the estimation of FSR in mixed assess protein synthesis and protein breakdown simul-
muscle protein (McNurlaret al. 1994; Pattersoret al taneously is to measure NB and nb of an amino acid that is
1997). In our laboratory we are presently investigating not transaminated or oxidized in muscle. In that case Rd into
whether the use of a large volume injector can reduce thethe tissue equals protein synthesis and is calculated from the
protein requirement of the GC—combustion—IRMS by 50- to formula:

100-fold. Currently it is still common practice in tracer

laboratories to derivatize the protein hydrolysate in a protein synthesis = Rd =nb/Ev.

volume of 50-10@l and use only {ul for injection into the

GC—combustion—IRMS. Developments that reduce the Ra equals protein breakdown and is calculated from the
amount of protein required are of immense importance, asformula:

they will allow the measurement of synthesis rates of a

whole series of interesting proteins in studies investigating protein breakdown = Ra = ReNB.
molecular adaptation mechanisms in various tissues in
response to a variety of stimuli. Amino acids that are not (or only minimally) metabolized in

muscle are methionine, tyrosine, phenylalanine, threonine,
lysine and glycine (van Hadit al. 199%). Protein synthesis
and breakdown rates are obtainedua®l chosen tracer/h
The net balance approach across tissues has been developeder the cannulated tissue and can be converted to g
for the simultaneous measurement of protein synthesisprotein/h using the relative occurrence of the amino acid in
and protein degradation rates, and has made importantuscle protein (g/100 g; Clowesal 1980). In most studies
contributions to studies of muscle protein metabolism phenylalanine (relative occurrence in muscle protein
(Chenget al 1985, 1987; Barrettt al 1987; Gelfand & 3:30/1004Q) is used to calculate NB. In situations where
Barrett, 1987; Fryburgt al. 1995). In most of these studies there is a minimal imbalance between protein synthesis and
it is assumed that the arterio—venous difference across th@rotein breakdown or where the blood flow is large (e.g
forearm or the leg primarily reflects muscle metabolism, and muscle during exercise, cardiac exchange at rest and during
that tissues like skin, bone and subcutaneous fat contributeexercise), the arterio-venous concentration difference
little (for reflections of validity of these assumptions, see becomes small and NB variable. In these cases the more
Macdonald, 1999; van Hakt al 199%). Deep venous abundant amino acids (lysine 8:1g/100g and threonine
cannulation may reduce the contribution of non-muscle 5-49/100g), and in particular the sum of the non-
compartments to the arterio—venous exchange (Macdonaldmetabolized amino acids, may give a more accurate estimate
1999; van Halkt al 199%). of NB (van Hallet al 199%).

A tracer amino acid is given by primed continuous Leucine tracers have also been uség,(*“C, 1°N and
infusion, and in steady-state conditions a set of replicates (atloubly-labelled leucine) in arterio—venous difference
least four) is obtained from both arterial and venous blood.studies. As Rd equals protein synthesis plus leucine

Arterio—venous balance methods
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oxidation plus release of leucine as its transamination

product @-KIC), it is also necessary to quantify NB and nb Fat (in obese subjects)
for CO, anda-KIC across forearm or leg. Quantification of — Ctand Et=C and E in
leg 13CO; production requires correction factors that depend Eye-visible blood total muscle water

on the 13C tracer position (van Hall, 1999). The
disadvantage of the leucine tracer is that more measure
ments have to be made, each with their own variability, and
that as a consequence the calculated synthesis rates becor
less accurate. The leucine method requires two analytica
instruments, a GC-MS and an IRMS, while phenylalanine
or lysine enrichments can be measured using one instrumer
(GC-MS). The advantage of leucine tracers is that
information is also obtained on leucine oxidation and
transamination (Chengt al 1985, 1987; Barretet al.
1987).

Net fluxes of13C-, 15N- and 2H-labelled amino acids Fig. 4. Muscle and non-muscle constituents of a biopsy sample
across tissues, of course, are not only useful to investigatebtained by percutaneous needle: the potential impact of the clean-
changes in protein turnover, but have also revealed the intering procedure on the calculation of the concentration (Cm) and
organ exchange of amino acids and the metabolic fates ofnrichment (Em) of an amino acid tracer in the intramuscular water
amino acids in various tissues. For reviews of this importantcompartment. Ce and Ee are the concentration and enrichment of
aspect of the physiology of amino acids, reference should béhe tra_c_er re_spectlvely in the extracellula_r water compartment
made to earlier reviews (fOI‘ example, see Rennie, 1985,(|nterstlt|al fluid). In the three-pool model (Biolo et al. 1995a,b) Ce

. . and Ee are assumed to have the same value as the concentration
iggg b;Nagenmakers & Soeters, 1995 Wagenmakers’and enrichment of the tracer respectively in venous blood draining

the leg or forearm (Cv and Ev respectively). Ct and Et are concen-
tration and enrichment of the tracer respectively measured in the
total water pool of the biopsy. When biopsies are cleaned from eye-
visible fat and blood only and freeze-dried, then typically 10-20 % of
The calculations used in the arterio—venous differencethe remaining dry mass is of non-muscle origin (blood and connec-
methods do not take into account the reutilization of amino tive tissue between fibres). For a proper estimate of Cm and Em
acids derived from protein breakdown for protein synthesis, (essentiz_al vari_ables in the_ calc_ulati_ons used in the three-pool model)
and therefore protein synthesis and protein breakdown arénuscle fibres m freeze-dried blops_les sh_ould bg separated from_non-
both underestimations. In order to overcome this limitation, Muscle constituents under a dissection microscope. Fractional
Biolo et al (199%,b) extended the traditional arterio— synthesis rates in ml_xed m_u_scle,forthe same reason, sh(_)uld prefe_r-

’ . . . ably also be done in purified muscle fibres or in purified protein
venous model to a three-pool ,m0d6| F’y including th(:j' '|ntra— subfractions, as otherwise blood proteins and collagen from
muscular pool of free amino acids. The additional connective tissue will be present. Metabolites present in muscle in
information provided by the estimate of the enrichment of much higher concentrations than those in blood or in non-muscle
the tracer amino acid in the intramuscular water contaminants (creatine, phosphocreatine, adenine nucleotides,
compartment theoretically allows calculations of synthesis glycogen, glutamine, alanine, taurine etc.) for the same reason
and breakdown that include intracellular recycling. Further, should be measured in purified muscle fibres (Table 2).
the model includes calculations of the rate of trans-
membrane transport (from artery to muscle and from musclevisible to the eye and therefore cannot be removed from wet
to vein) and of the direct amino acid flow from artery to vein muscle biopsies. Thus, in most muscle physiology labora-
without entering the intramuscular compartment. The tories it is routine procedure to freeze-dry the biopsies and
authors finally claim that the combined use of tracers of free them of adherent blood and connective tissue. This
amino acids that are not metabolized in muscle (phenyl-cleaning procedure can easily be done under a dissection
alanine and lysine) and tracers that are metabolized (alaninenicroscope, preferably in a dry atmosphere. Cleaned wet
and glutamine) allows calculation of the ratedsf novo muscle biopsies after freeze-drying typically contain
synthesis of alanine and glutamine in muscle (however,between 10 and 20% of non-muscle constituents; in
steady-state is a prerequisite). extreme cases only 50 % of the dry material actually consists

A potential limitation of the three-compartment model, of muscle fibres. The variation between subjects in the
that apparently has not been realized by its proposers, is theoncentrations of muscle ATP and phosphocreatine, and of
inevitable limited precision and reproducibility of the amino acids with a large gradient between muscle and blood
estimates of the concentration of the tracer in the intra-(glutamate, alanine and glutamine) is reduced 5-fold or
muscular water (for required calculations, see Fig. 4). In more when this procedure is applied (Table 2). Furthermore,
most studies done so far this estimate is a single estimate icleaning of the muscle fibres leads to 20% higher mean
one biopsy, while the estimates of concentration and concentrations of metabolites which are only present in the
enrichment in arterial and venous blood and of blood flow intramuscular water compartment (ATP and phospho-
are traditionally made in sets of four to obtain an acceptablecreatine) or which have a much higher concentration in the
accuracy (see Macdonald, 1999). As pointed out in Fig. 4intramuscular water than in extracellular fluid (glutamine).
muscle biopsies obtained by percutaneous needle contairin the case of glutamate, which has a high concentration in
blood and connective tissue between the fibres that is notrythrocytes, cleaning did not influence the mean

Blood between fibres Ct=0-85Cm + 0-15Ce
Ce = interstitial C = Cv?

Et = (Cm x Em)+(Ce x Ee)
Ct

Connective tissue

Muscle fibres
(230 mg/g)

== Cm and Em are

variable and uncertain
and depend on the
cleaning procedure

(Intracellular fluid; 650 mg/g)
Cm; Em

Freeze-dried cleaned fibres

Homogenized wet muscle biopsies

(Extracellular fluid; 120 mg/g) Ce; Ee

Three-compartment model
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Table 2. Resting muscle concentration (umol/g dry weight) of metabolites in homogenized freeze-dried biopsies; effect of removal of adherent
blood and collagen under a dissection microscope*
(Mean values with their standard errors for eight subjects for procedure A and for six subjects for procedure B)

without cleaning (A) with cleaning (B)
Metabolite Mean SEM SEM/mean (%) Mean SEM SEM/mean (%) A/B (%)
ATP 21.5 5.8 27 27-1 0-8 3:0 79
CrP 73-4 20-7 28 87 5.0 5.7 84
Glutamate 12-4 5-4 44 12.5 11 8-8 99
Glutamine 32-3 14.0 43 42.0 2.5 6-0 77

CrP, creatine phosphate.

* Measurements were made in the same laboratory using the same analytical methodology and equipment (HPLC). The difference was that in procedure A the mus-
cle was cleaned of eye-visible contaminations and then freeze-dried, weighed and homogenized, while in procedure B the biopsy was freeze-dried first, followed
by removal of adherent blood and connective tissue from the muscle fibres and then weighing of cleaned muscle fibres and homogenization. Data for procedure A
are from Wagenmakers et al. (1991) (amino acid data from AJM Wagenmakers, EJ Beckers, F Brouns, H Kuipers, PB Soeters, GJ Van der Vusse and WHM Saris,
unpublished results) and data of procedure B are from van Hall et al. (1995).

concentration (Table 2). The advice, therefore, is to alwayscontrast to Bioleet al. (199%), Van Ackeret al (199&) in
use the freeze-drying procedure and clean the biopsies fronour laboratory, using the recommended methodology to
adherent blood and connective tissue (Table 2 and Fig. 4clean biopsies, observed a gradual linear increase in the
Van Ackeret al. 199&) in studies which are estimating the muscle glutamine enrichment in twenty-one patients during
concentration and enrichment of the tracer in the intra- infusions over 6—11 h. A similar gradual rise has also been
muscular water. observed in healthy subjects, continuing for more than 20 h
An important assumption in all balance studies is that the (BAC Van Acker, AJM Wagenmakers, PB Soeters and MF
concentration and enrichment are constant in all the poolsVon Meyenfeldt, unpublished results). As the large intra-
(blood and intracellular) during the study. There is some muscular pools of glutamine do not reach steady-state
controversy in the literature about the presence of an intra-within 20h of tracer infusion, calculations of glutamine
muscular steady-state in the case of glutamine, alanine anétinetics at the whole-body level and across tissues which
glutamate, which all have large intracellular pools and aassume a steady-state at earlier time-points are of limited
large gradient between muscle and blood. Bietoal value. The same conclusion may hold for other non-
(199%) measured the mean intramuscular glutamine essential amino acids with a large intramuscular pool
enrichment of four human subjects in the period between 5(alanine and glutamate).
and 11h after the start of a primed continuous infusion of We conclude, therefore, that the three-compartment
L-[5-15N]glutamine. The tracer : tracee value observed in the model theoretically has advantages and could contribute
muscle pool 5h after the start of the tracer infusion wasimportant additional information to the arterio—-venous
0-02, and it did not change significantly until 11 h after the difference methods, but muscle biopsies should be cleaned
start of the infusion. However, the total amount of tracer carefully after freeze-drying in order to obtain the best
administered in the first 5h period was 11-76 mmol when estimate of the enrichment of tracer in the intramuscular
calculated for a subject weighing 70kg. Assuming that a water. The same conclusion must hold for a procedure
70kg subject has a muscle glutamine pool of aboutrecently described to measure fractional breakdown rates of
380 mmol (Darmauret al 1986), then it can be calculated muscle protein from decreases in the enrichment of the
that the maximum enrichment in muscle could have beentracer in the intramuscular water after stopping the tracer
11.76/380=0-03 if all the tracer given had been only infusion (Zhanget al 1996). Furthermore, additional vali-
directed into the muscle free amino acid pool. This dation is needed to show that the reproducibility of estimates
calculation shows that 67 % of the tracer administered mustof the enrichment of the tracer in the intramuscular water is
have entered the muscle and must have been trapped in thgood enough to lead to an acceptable variation in protein
free glutamine pool in muscle, protected from further synthesis and breakdown rates and other calculated
metabolism. This value seems unrealistically high given thatvariables when the improved cleaning procedure is applied.
the glutamine kinetic data of Biolket al (199%) indicate Finally, calculations of kinetic variables of non-essential
that only 19 % of the arterially-supplied glutamine is taken amino acids (glutamine, alanine and glutamate) should be
up by the muscle. Furthermore, glutamine tracer also entersmade after steady-state has been reached in the intra-
the intracellular pools of all other organs and is used for muscular pool, which may take periods of 20 h and more.
protein synthesis in all organs of the body. Liver and the
splanchnic bed extract glutamine very efficiently, as they
have high glutaminaseEC 3.5.1.2) activities and a high
oxidative capacity for glutamine (Marlisst al 1971;
Matthewset al 1993). Thus, the enrichment measured by In the future most studies should focus on the measurement
Biolo et al (199%), particularly that in the 5h biopsy of the FSR of specific proteins in order to understand the
samples, seems a gross overestimation. Incomplete removahechanisms behind tissue adaptation in response to various
of blood, which has a much higher glutamine enrichment stimuli (feeding, fasting, exercise, trauma, sepsis, disuse and
than muscle, would lead to such an overestimation. Indisease). The step that most often precedes increased protein

Important parallel measurements and future
developments
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Genetic information which can be quantified with tracers. To quantify the end
encoded in our genes result and understand the link between cellular adaptation
l Amino acids anq general health we need parallel measurements of the
activity of key enzymes, metabolic regulators and substrate

Gene / fluxesin vivo.
/ expression  * +\§ B/
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Fig. 5. Metabolic processes that control the protein and enzyme insights presented in this manuscript
characteristics of a cell and that should be investigated in parallel in '

order to understand the metabolic adaptation of human metabolism
to disuse, ageing, disease and major lifestyle changes (nutrition and References
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