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1.  Inborn errors of metabolism: general introduction

1.1  A historical perspective

Since the introduction of the concepts of ‘chemical individuality’ in 1902 and of ‘inborn 

error of metabolism’ in 1908 by Sir Archibald Garrod (1;2), and the characterization of 

phenylketonuria (PKU) as the first metabolic disease by Dr. Asbjørn Følling in 1934 (3) 

over 700 different inborn errors of metabolism have been described (4). 

In general, the clinical phenotype of these disorders is severe and most disorders 

will present in the first years of life, often during periods of increased metabolic stress 

(e.g. fasting or intercurrent infectious disease). As a rapid correction of the metabolic 

derangement may be often life saving, the immediate diagnosis of the correct metabolic 

disorder is of the highest importance. Indeed, in most of these disorders the enzymatic 

defect as well as the genes encoding these enzymes have been identified, allowing for a 

rapid diagnosis based on the detection of abolished or diminished enzyme activity and/or 

the characterization of the genetic trait by mutation analysis (4). 

A revolutionary breakthrough in the diagnostics of inborn errors of metabolism has 

been the implementation of tandem mass spectrometry (tandem MS). Tandem MS has 

allowed for the simultaneous detection of many different compounds in a very limited 

amount of blood, urine or cerebrospinal fluid. This has lead to the characterization of 

many new metabolic diseases and has dramatically decreased the time between the 

initial presentation of the patient suspected for a metabolic disorder and confirmation of 

the diagnosis, thereby improving the overall survival of these patients. At present, new 

metabolic disorders are still being detected with tandem MS (5).

1.2 Newborn screening 

Although inborn errors of metabolism are all rare diseases, as a group these disorders 

have a combined prevalence higher than 1 per 800 newborns (6). Many of these disorders 

have deleterious consequences if not diagnosed immediately, whereas the diagnosis 

and initial treatment of some of these disorders can be relatively straight forward: 1. 

maintaining an adequate caloric supply, 2. limiting dietary intake of substances in the 

affected metabolic pathway and, 3. removing toxic metabolites. Therefore, several inborn 

errors of metabolism are good candidates for inclusion in a neonatal screening program 

and fulfill the general screening criteria according to Wilson and Jungner (7). This has lead 

to the recent expansion of the neonatal screening in the Netherlands from 1 (PKU) to 14 

metabolic diseases. It is estimated, that this expanded neonatal screening program will 

result in more than 100 newly diagnosed newborns with an inborn error of metabolism 

per year (8;9). It is expected that more inborn errors of metabolism will be included in 

the Dutch neonatal screening program as well as in others in the following years. For 

instance, a recent study by the American College of Medical Genetics suggested inclusion 

of more than 40 metabolic diseases in the neonatal screening program in the USA (10).  
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Although the availability of a therapy is a prerequisite for inclusion of a disease in the 

neonatal screening program (7), it is recognized that in a number of the metabolic 

disorders now included in the Dutch screening program the response to therapy may still 

be poor in some patients (e.g. glutaric aciduria type 1, maple syrup urine disease) (11;12). 

Nevertheless, in most patients with these disorders clinical outcome will be favourably 

influenced by early detection, which justifies their inclusion in the screening program. 

Clinical outcome in these patients may be further improved by new treatment 

strategies. However, since many of the pathophysiological mechanisms of these disorders 

still remain to be clarified, the development of more effective therapies is obstructed. 

Therefore, further research in the pathophysiology of metabolic disorders is needed.

1.3 ‘Static’ vs. ‘dynamic’ research in the field of inborn errors of  
metabolism

Until now, most studies on the pathophysiological mechanisms of inborn errors of 

metabolism have almost exclusively focused on the measurement of concentrations of 

different metabolites in plasma, urine or cerebrospinal fluid. This has greatly expanded 

our knowledge on the different metabolites involved in the pathophysiology of metabolic 

disorders and has lead to the discovery of new metabolic pathways. However, these 

measurements are static as they cannot discriminate between increased or diminished 

metabolite production and utilization. In other words, no information is obtained about 

the dynamics of the involved metabolic pathways, which limits the interpretation of these 

studies with respect to the functional consequences of an enzymatic defect.

Understanding the changes in dynamics of affected metabolic pathways is a 

prerequisite for fully understanding the pathophysiology of a metabolic disorder. For 

instance, studying glucose levels and substrate levels of gluconeogenesis during a fasting 

test in inborn errors of metabolism resulting in hypoglycemia will not reveal the cause 

of the hypoglycemia. This is emphasized by the ongoing discussion about the role of 

the amino acid alanine in the pathophysiology of idiopathic ketotic hypoglycemia (KH) 

(13;14) or the unresolved question about the etiology of hypoglycemia in inborn errors of 

fatty acid oxidation (FAO). By quantifying ‘dynamic’ metabolic fluxes in combination with 

‘static’ metabolite concentrations, the functionality of different metabolic pathways in an 

inborn error of metabolism can be more accurately determined. This will greatly expand 

the knowledge on the pathophysiology of different metabolic disorders, which will allow 

for the further development of new rational therapies in these disorders. 

Metabolic fluxes can be quantified with use of in vivo stable isotope infusion techniques, 

which will be outlined in the next section of this chapter. 

10



2 In vivo use of stable isotopes in human metabolic  
research

2.1 Stable isotopes in metabolic research: a short history

The obvious advantage of the use of stable isotopes in metabolic research is that no 

radioactivity is being emitted, which eliminates the necessity for any special precautions 

in handling labeled compounds and the risk of radiation damage when these compounds 

are applied in vivo. Therefore, stable isotopes have been used in laboratories for decades, 

mostly as an internal standard in the assessment of metabolite concentrations using mass 

spectrometry. 

In the 1930s, Dr. Rudolf Schoenheimer was the first to recognize the potential of stable 

isotopes to study metabolic pathways in vivo and applied deuterium (2H) to determine the 

fate of fat in mice (15), hereby demonstrating the concept of ‘dynamic metabolism’ and 

the possibilities for the application of stable isotopes in studying intermediary metabolism 

(16). However, radioisotopes surpassed the use of stable isotopes in metabolic research for 

many years, because of the limited availability, and thus high costs, of stable isotope labeled 

compounds and because of the relative difficulties in the analysis of stable isotopes.

In the following decades, it became possible to produce stable isotopes in relatively large 

amounts and the detection methods for their analysis improved (17;18). This resulted in 

the first stable isotope infusion study using deuterium labeled glucose and carbon labeled 

alanine in human metabolic research in the late 1970s (19). Since then, many compounds 

labeled with stable isotopes have become commercially available. This, in combination 

with the additional sterility and pyrogenicity testing offered by most manufacturers, has 

lead to the wide application of stable isotopes in human metabolic research in vivo.

2.2 In vivo stable isotope techniques: terminology and GC/MS analysis

In general, metabolic studies using stable isotopes can be divided into two categories: 

stable isotope dilution studies and stable isotope incorporation studies (see 2.3 and 2.4). 

With both methods a compound containing a stable isotope, e.g. deuterium (2H) or 

labeled carbon (13C), will be either infused or administered orally to the subjects in the 

study. This labeled compound is called the ‘tracer’. The assumption is that this tracer will 

be metabolized in the same way as its unlabeled endogenous counterpart called the 

‘tracee’. The percentage of the tracer in relation to the tracee represents the isotopic 

‘enrichment’. Typically, isotopic enrichment should be no more than 5% since the flux 

through the metabolic pathway studied may be influenced when higher percentages 

of tracer are used (e.g. the tracer function will be perturbed). The amount of the tracer 

over the amount of tracee is called the tracer/tracee ratio (TTR) and is used in most 

studies that use the principle of stable isotope dilution (see 2.3). Since stable isotopes 

occur naturally, a correction has to be made for the ‘natural enrichment’ (also called 

‘natural abundance’) in the compound of interest, as else a higher plasma enrichment 
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will be detected than produced by the tracer administration. This will result in erroneous 

calculations of the actual metabolic fluxes. 

The amount of tracer and of tracee can be determined by MS in combination with a 

chromatography method (20). First, chromatography of the sample has to be performed 

in order to get the compound of interest in a pure form before injection into the mass 

spectrometer. In chromatography samples are separated in their individual compounds 

based on the partitioning of these compounds between a stationary and a mobile phase. 

Most commonly used is gas chromatography (GC) in which the sample is separated in a 

capillary column with a liquid layer on the inside and helium as mobile phase. Alternatively, 

with liquid chromatography (LC) separation of the different compounds in a sample is 

achieved by the partitioning over a solid and a liquid phase.

After separation by GC, the compounds are transferred to the mass spectrometer. 

First, the compounds are ionized with either gas flow electron impact ionization (with 

an electron beam; EI) or chemical ionization (with a charged molecule; CI). Alternatively, 

atomic pressure chemical ionization (APCI) or electron spray ionization (ESI) is used in 

combination with LC. Secondly, the ionized fragments are separated in a mass analyzer 

according to their mass-to-charge ratio. The most common mass analyzer is the quadrupole 

analyzer. Finally, the separated mass-to-charge fragments are detected by an electron 

multiplier, producing a complete mass spectrum specific for the injected compound (the 

‘fingerprint’ of the compound). These spectra can thus be used to identify unknown 

compounds. In stable isotope tracer studies the compound is known and therefore 

specific masses can be selected for the tracer and the tracee. Using this “selected ion 

monitoring” the amount of tracer versus the amount of tracee in the sample (the TTR) 

can thus be determined quantitatively. A special type of mass spectrometer used in 

this thesis is the isotope ratio mass spectrometer (IRMS). With IRMS very low TTRs can 

be accurately determined and is therefore much more sensitive than conventional MS. 

However, IRMS can only be done in CO2, SO2 or NOx. Therefore, if the compound of 

interest is not in one of these gaseous forms it needs to be combusted before entering 

the IRMS (C/IRMS) (20).

2.3  Stable isotope dilution

This method is most commonly used in in vivo metabolic research. The principle of this 

method is based on the dilution of the tracer by the tracee in the plasma pool. The 

tracer will be infused at a constant rate and blood samples will be drawn at regular 

time intervals to determine the TTR. With the TTR the rate of appearance (Ra) in the 

plasma pool and the rate of disappearance (Rd) of the tracee from the plasma pool can 

be calculated. This method is widely used to determine the rate of endogenous glucose 

production (EGP) during fasting (21), as Ra glucose then reflects EGP. An outline of this 

method used in this thesis is as follows.

In the fasted state, an infusion of a glucose tracer (e.g. [6,6-2H2]glucose) will be 

started at a constant rate. If no endogenous (unlabeled) glucose were to be produced 
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the enrichment of [6,6-2H2]glucose in plasma would be 100%. However, during fasting 

unlabeled glucose is produced via both glycogenolysis and gluconeogenesis, and will 

dilute the [6,6-2H2]glucose in the plasma pool. If the metabolic fluxes involved in glucose 

homeostasis remain constant during tracer infusion an equilibrium will be reached 

between [6,6-2H2]glucose and unlabeled (endogenously produced) glucose after several 

hrs. (Figure 1a). At this time Ra glucose (or EGP) will equal Rd glucose (or peripheral 

glucose uptake), and a metabolic and isotopic steady-state will be present as reflected 

by a constant TTR. Ra glucose can then be calculated using Steele’s equation for steady-

state conditions (22):

[1] 
⋅

= tracer
a

plasma

TTR I
R

TTR

In this equation, ‘TTRtracer’ is the tracer/tracee ratio of the tracer infusate (if the 

infusate contains only [6,6-2H2]glucose this term will equal 1), ‘I’ is the rate at which  

[6,6-2H2]glucose is infused and TTRplasma is the TTR at isotopic steady-state in plasma. 

Steady-state conditions can be assumed when the coefficient of variance (CV) of TTRplasma 

in at least three consecutive samples is less than 10% and the slope of the trend line of the 

TTR in these samples does not significantly deviate from zero. In order to obtain isotopic 

steady-state as fast as possible a bolus of [6,6-2H2]glucose is given prior the initiation of 

the continuous [6,6-2H2]glucose infusion. Ideally, this tracer bolus will immediately enrich 

the plasma pool at the percentage were isotopic steady-state is achieved (Figure 1b).

When steady-state conditions cannot be assumed Ra glucose and Rd glucose can still be 

calculated using Steele’s equations for non-steady-state conditions (22), corrected for the 

contribution of the tracer to total compound concentration (23):

Figure 1. Continuous tracer infusion (Figure 1a). After approximately two hours of infusion a steady-
state in plasma enrichment of the tracer is reached.
Primed continuous tracer infusion (Figure 1b). An ideal tracer prime (broken line) will immediately 
enrich the plasma pool at the steady-state percentage (dotted line) of the continuous tracer infusion 
(continuous line).
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[2]  
⋅ ⋅⋅

= −

plasma

tracer
a

plasma plasma

dTTR (t)
pV C(t)TTR I dtR (t)

TTR (t) TTR (t)

[3] = − ⋅d a
dC(t)

R (t) R (t) pV
dt

  

In these equations, Ra and Rd are calculated at the mean time point ‘t’ between the 

time points of blood samples 1 and 2. In equation 2, the first term is exactly the same as 

the steady-state equation for Ra (equation 1). The second term describes the influence of 

the change in TTR in the non-steady-state on the Ra. ‘pV’ expresses the fraction of the 

pool over which the compound of interest is distributed at the time of sampling, assuming 

only one homogenous pool for the compound. As glucose is immediately phosphorylated 

upon uptake in cells this assumption seems accurate for glucose (24). As ‘pV’ is hard to 

determine often a theoretical value for ‘pV’ needs to be adapted based on the volume 

of the pool over which the compound is expected to be distributed. This is usually the 

plasma pool with or without the interstitial fluid compartment, depending on the time 

interval between blood samples. Next, ‘C(t)’ describes the mean concentration of the 

compound at ‘t’, whereas ‘dC(t)’ describes the difference in compound concentration 

between samples 1 and 2. Finally, ‘dTTRplasma’ describes the change in isotopic enrichment 

between samples 1 and 2 and ‘dt’ describes the difference in time between samples 1 

and 2. From these equations it follows that Ra will be more accurately calculated when 

‘dTTRplasma’ is small as will Rd when ‘dC(t)’ is small, suggesting a close approximation to 

steady-state conditions.

Besides for glucose, the stable isotope dilution method is used in this thesis to quantify 

palmitate (chapter 6b), galactose (chapter 7) and oxalate (chapter 8) kinetics. 

2.4 Stable isotope incorporation

The kinetics of a metabolic pathway can also be quantified by tracking a stable isotope 

through the metabolic conversions in the pathway. This method is less straight forward 

than the stable isotope dilution method and requires thorough modeling of the possible 

fluxes and pools in which the stable isotope may be involved. In this thesis stable isotope 

incorporation is used to quantify the contributions of gluconeogenesis and glycogenolysis 

to EGP, and to quantify the contributions of plasma derived free fatty acids (FFAs) and of 

intracellular FFAs to total FAO. These two methods are outlined below.

1. Quantification of fractional gluconeogenesis with the deuterated water method

Initially, the contribution of gluconeogenesis to EGP was quantified using 13C labeled 

precursors of gluconeogenesis (e.g. lactate, alanine, glycerol). However, this method has 

severe limitations, most importantly the dilution of the 13C label in the oxaloacetate and 

triose phosphate carbon pools. As isotopic enrichment in these pools cannot be directly 
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assessed, the amount of label dilution has to be estimated with a correction factor 

thereby introducing a systematic error in the calculation of the rate of gluconeogenesis 

(25). Moreover, total gluconeogenesis cannot be quantified using this method since not 

all gluconeogenic precursors are included.

Landau and coworkers have introduced a novel method to quantify gluconeogenesis: 

the deuterated water method (26;27). This technique is based on the exchange of 

deuterium between body water and the precursors of gluconeogenesis. First, the entire 
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Figure 2. The deuterated water method to quantify fractional gluconeogenesis. Deuterium is 
underlined and bold in the figure.
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body water pool is enriched with approximately 0.5% of deuterated water (2H2O) by 

letting subjects drink deuterated water. In order to reach equilibrium in body water the 

deuterated water must be ingested at least 5 hrs. prior to blood sampling (28). During 

gluconeogenesis, deuterium from body water will exchange with hydrogen bound to 

carbon no. 2 of phosphoenolpyruvate, derived from lactate and gluconeogenic amino 

acids, in the equilibrium with 2-phosphoglycerate and to carbon no. 2 of dihydroxyacetone-

3-phosphate, derived from glycerol, in the equilibrium with glyceraldehyde-3-phosphate 

(Figure 2). These carbons will form carbon no. 5 of glucose produced by gluconeogenesis. 

Deuterium from body water also exchanges with hydrogen bound to carbon no. 2 in 

glucose-6-phosphate in the equilibrium with fructose-6-phosphate (Figure 2). Therefore, 

carbon no. 2 of glucose produced via both gluconeogenesis and glycogenolysis will be 

enriched with deuterium from body water (Figure 2). As deuterium enrichment in plasma 

water equals deuterium enrichment at carbon no. 2 in glucose when deuterated water is 

ingested at least 5 hrs prior to blood sampling (28), fractional gluconeogenesis (fracGNG) 

can then be calculated from the ratio between deuterium enrichment at carbon no. 5 of 

glucose over deuterium enrichment in plasma water:

[4] 
deuterium enrichment in glucose at C5

fracGNG(%) 100%
deuterium enrichment in plasma water

= ⋅

The rates of gluconeogenesis (GNG) and glycogenolysis (GGL) can now be calculated 

using fracGNG and Ra glucose as determined with [6,6-2H2]glucose dilution (see 2.3):

[5] = ⋅aGNG R glucose fracGNG

[6] = −aGGL R glucose GNG

The other method to accurately quantify GNG is mass isotopomer distribution analysis 

(MIDA), a method developed by Hellerstein and coworkers (29;30) based on the analysis 

and modeling of the different isotopomers that are expected from a labeled precursor of 

gluconeogenesis. This method will not be further described here since it was not used in 

any of the studies included in this thesis.

2. Quantification of substrate oxidation from 13C labeled substrates

Substrate oxidation can be calculated in vivo by quantifying O2 consumption (Vo2) and CO2 

production (Vco2) using indirect calorimetry (31). This method relies on the assumptions 

that Vo2 and Vco2 accurately reflect gas exchange at the tissue level and that the 

intermediate steps of metabolism do not influence the net oxidation of substrates (e.g. 

substrate disappearance from its metabolic pool equals substrate oxidation). However, 

with indirect calorimetry the differential contributions of intracellular and extracellular 

(plasma derived) substrate oxidation cannot be quantified. These limitations are overcome 

when combining indirect calorimetry with stable isotope infusion techniques to study 
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the flux through an oxidative pathway. When administering a 13C labeled compound 
13CO2 will be produced during oxidation of this compound. This 13CO2 can be quantified 

in expired air using GC/IRMS. By quantifying Vco2 and determining 13CO2 enrichment 

in expired air the oxidation rate of the labeled compound can be calculated (32). This 

principle will be further illustrated by outlining the method of quantifying FAO from 

plasma derived FFAs with [U-13C]palmitate as used in this thesis.

This method is based on the assumption that FFA kinetics can be extrapolated from 

the kinetics of palmitate as determined with [U-13C]palmitate. Indeed, it has been 

demonstrated that FFA kinetics can be accurately calculated with a tracer of either 

palmitate, oleate or linoleate  (33). When [U-13C]palmitate is infused at a constant rate 

the Ra and Rd of palmitate can be calculated using the principle of stable isotope dilution 

as described in section 2.3. To be able to use Steele’s equations for non-steady-state 

conditions (equations 2 and 3) a single homogenous pool for FFA has to be assumed. This 

assumption has been proven valid (34). Therefore, after determining the contribution of 

palmitate to total FFA in plasma the Ra and Rd of total FFA can be calculated:

[7] = ⋅ plasma
a d a d

plasma

[FFA]
R or R FFA R or R palmitate

[palmitate]
  

The amount of 13CO2 produced from [U-13C]palmitate oxidation (Pr13CO2 palmitate) 
can be calculated with the following equation:

[8] 
⋅

=
⋅

CO CO13 2 2
2

TTR V
Pr CO palmitate

k AR

In this equation, ‘TTRco2’ is the ratio of 13CO2 over unlabeled CO2 corrected for 

background enrichment of 13CO2. ‘Vco2’  is the production rate of CO2 in expired air as 

determined with indirect calorimetry. ‘k’ is a constant and represents the volume of 1 

mol of CO2 (22.4 l). ‘AR’ or acetate recovery factor describes the fraction of recovered 
13C from the infusion of 13C labeled acetate, which is a necessary correction factor when 

quantifying FAO with a 13C labeled tracer (35). This needs some further explanation.

It was established that FAO quantified with an isotopic tracer was significantly lower 

than total FAO quantified with indirect calorimetry, which was attributed to FAO from 

intracellular triglycerides (36;37). Others argued that a significant portion of FFAs 

extracted from plasma were first incorporated into the intracellular triglyceride pool 

prior to oxidation, thereby underestimating plasma FAO due to the slow turnover of this 

pool (38). However, it has been shown that during fasting FFAs taken up for oxidation 

from plasma are directly shuttled towards mitochondria and do not cycle through the 

intracellular triglyceride pool prior to oxidation (39). This study also demonstrated that 

the majority of label fixation occurred after entrance of acetyl-CoA into the tricarboxylic 

cycle (TCA). This can be attributed to two mechanisms: first, there is significant retention 

of 13CO2 in the bicarbonate pool (40), which can be corrected by priming the bicarbonate 

pool with 13C before starting the 13C labeled substrate infusion (32). However, this cannot 
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solely explain the discrepancy between indirect calorimetry and 13C tracer studies (41). 

Secondly, it has been established that temporary label fixation occurs in the side pathways 

of the TCA, thereby contributing to the underestimation of substrate oxidation from 

plasma (39). To correct for this label fixation the AR was introduced (42). This method 

assumes that acetate will immediately enter the TCA via acetyl-CoA and that all 13C from 

infused 13C labeled acetate should be recovered as 13CO2. Therefore, the amount of 13C 

not recovered as 13CO2 during the experiment represents the amount of label fixation in 

the side pathways of the TCA. Additionally, the AR also corrects for 13CO2 retention in 

the bicarbonate pool from 13C labeled fatty acids, as only CO2 is produced in the TCA 

during FAO. By infusing exactly the same amount of 13C with an acetate tracer in a similar 

experiment as is infused during a 13C labeled substrate oxidation experiment, the AR can 

be calculated to correct for label fixation during the substrate oxidation experiment:

[9] 
⋅

=
⋅ ⋅

CO CO2 2
TTR V

AR
k 2 F

 

in which ‘F’ is the rate of acetate infusion. ‘F’ needs to be multiplied by 2 as two moles 

of CO2 are formed with the oxidation of acetate. It has been established that the AR 

needs to be determined in each study subject individually under the exact experimental 

conditions as were used during the 13C labeled substrate oxidation experiment, in order 

to accurately correct for label fixation (43;44). Furthermore, the position of 13C in the 

substrate tracer needs to be taken into account when selecting an acetate tracer (e.g. 

[1-13C]acetate should be used when using [1-13C]palmitate, whereas [1,2-13C]acetate 

should be used when using [1,2-13C]palmitate or [U-13C]-palmitate) as label fixation has 

been shown to differ between C1 and C2 labeled acetate (45).

With Pr13CO2 palmitate (equation 8) the rate of palmitate oxidation (Rox palmitate) can 

now be calculated:

[10] = ⋅
⋅

13
2

ox d
Pr CO palmitate

R palmitate R palmitate
F 16

 

in which ‘F’ is the rate of [U-13C]palmitate infusion. As sixteen moles of CO2 are 

produced when one mole of palmitate is completely oxidized, ‘F’ needs to be multiplied 

by 16. Plasma FFA oxidation (Rox FFA) can then be calculated by correcting for the 

fractional contribution of palmitate to total FFA in plasma (equation 8). The rate of total 

fat oxidation (FAT) can be calculated with indirect calorimetry using the non-protein 

respiratory quotient  (46;47):  

[11] O CO2 2
FAT 1.695 V 1.701 V= ⋅ − ⋅

 

This equation yields the rate of total fat oxidation expressed in g/min, but can be 

converted to mol/min using the average molecular weight of TG (861 g/mol). Finally, the 

contribution of other fat sources, e.g. plasma and muscle derived triglycerides (Rox TG), to 
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total fat oxidation can be calculated by first dividing Rox FFA by 3, since every TG molecule 

is assumed to contain three FFAs, and then subtracting this division from FAT.  

3 Outline of the thesis

3.1 General outline

In this thesis the in vivo stable isotope infusion techniques as described in section 2 were 

applied to obtain more knowledge about the pathophysiological mechanisms in different 

inborn errors of metabolism, since the etiology of many clinical and biochemical features 

in these disorders have not been elucidated with conventional research methods.

Additionally, new insights in normal physiology were obtained, since studying 

inborn errors of metabolism provides the unique opportunity to asses the importance 

of the affected metabolic pathway(s) for normal organ functionality and also suggests 

alternative physiological mechanisms when conventional mechanisms cannot explain the 

clinical and/or biochemical phenotype in these disorders.

3.2 Outline of the studies

During hospitalization children often require intravenous glucose supplementation. 

Furthermore, glucose administration is the mainstay of initial treatment in most inborn 

errors of energy metabolism. However, at present glucose supplementation protocols 

are not well substantiated as little information is available on the glucose requirement of 

children at various ages. Therefore, in chapter 2 an age-dependent regression model for 

EGP and peripheral glucose uptake after overnight fasting is described covering an age 

range from 2.5 to 58 yrs. Additionally, the importance of cerebral glucose utilization in 

determining EGP and peripheral glucose uptake is delineated in relation to age and body 

composition.

In chapter 3 the conventional idea that only liver, kidney and intestine can contribute 

to glucose homeostasis during fasting is challenged, as a role for muscle in EGP during 

fasting is suggested based on the determination of glucose kinetics in patients with a 

defective hepatic and renal glucose production.

In inborn errors of energy metabolism fasting hypoglycemia is a prominent clinical 

feature. However, the exact etiology of fasting hypoglycemia in these disorders is still not 

well understood. By quantifying glucose kinetics during fasting in patients with idiopathic 

KH (chapter 4) and in patients with HMG-CoA lyase (HL) deficiency (chapter 5), a 

defect of ketogenesis, we were able to provide more insight in the pathophysiological 

mechanism of fasting hypoglycemia in these disorders. 

In medium-chain acyl-CoA dehydrogenase deficiency (MCADD), a relatively common 

defect of FAO, fasting hypoglycemia is also an important clinical feature as it is in most 

defects of FAO. However, patients with MCADD are still able to partially oxidize fatty 
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acids, but the extent to which total FAO is hampered in MCADD is not known. To study 

the interaction between fat and glucose metabolism in MCADD we quantified glucose 

kinetics and FAO in MCADD patients during fasting in combination with moderate-intensity 

exercise in order to stimulate both EGP and FAO (chapter 6b). As this posed an increased 

risk of hypoglycemia we first performed a pilot study to assess the safe level of exercise 

with and without carnitine supplementation in patients with MCADD (chapter 6a).

Patients with classical galactosemia have to maintain a galactose restricted diet for 

life in order to prevent the accumulation of toxic galactose-1-phosphate. However, it has 

been established that these patients have a significant endogenous galactose production, 

which leads to elevated levels of galactose-1-phosphate despite strict dietary control. 

If this endogenous galactose synthesis might be suppressed by exogenous galactose 

administration, the dietary regimen in classical galactosemia could be relaxed as the net 

galactose exposure would remain essentially the same. This would greatly improve the 

quality of life in patients with classical galactosemia. To test this hypothesis we quantified 

the rate of appearance of galactose (GAR) during step-up galactose infusion in patients 

with classical galactosemia and in healthy individuals (chapter 7).

In primary hyperoxaluria type 1 (PH1) patients produce an excess amount of oxalate, a 

non-functional end-metabolite excreted in urine. Since oxalate has low plasma solubility 

it forms aggregates with calcium which accumulate in kidneys, causing renal damage 

and eventually renal failure. Hereafter, oxalate will also accumulate in other tissues (e.g. 

muscle, bone). The actual rate at which oxalate is produced in patients with PH1 is not 

really known. This information is essential when evaluating new therapeutic strategies 

aimed at reducing endogenous oxalate production in PH1. Since plasma oxalate 

concentration has been shown to remain increased for months after liver transplantation, 

which is currently the only therapeutic option in PH1, as a result of the release of oxalate 

accumulated in different tissues, plasma oxalate concentration is a poor marker for 

endogenous oxalate production. In addition, urinary oxalate excretion is not a reliable 

marker of oxalate production in patients with an impaired kidney function. Therefore, we 

developed a stable isotope dilution method to quantify endogenous oxalate production 

in patients with PH1 (chapter 8).

A general discussion is presented in chapter 9, focusing on the advantages and 

limitations of the use of in vivo stable isotope techniques in the study of inborn errors of 

metabolism in a clinical setting. Additionally, future directions of research are outlined.

Finally, a summary of the thesis is presented in both English and Dutch.
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Abstract

Objectives: to study the relation between endogenous glucose production (EGP) and 

age in order to construct a model for EGP in humans after an overnight fast. In addition, 

the relation between EGP and estimated brain weight is delineated.

Methods: data from our centre on EGP in 16 healthy children, aged 2.5 to 17.1 yrs, and 

35 healthy adults, aged 19.7 to 58.3 yrs, were combined to construct a regression model. 

In all subjects EGP was quantified with the [6,6-2H2]glucose isotope dilution method 

after overnight fasting. Since EGP was quantified during isotopic steady-state, peripheral 

glucose uptake equalled EGP. A second model on EGP after overnight fasting was 

constructed based on data from literature (N=24). Furthermore, our data on EGP were 

correlated to estimated brain weight and age after correction for body composition.

Results: regression analysis of our data yielded the following age-dependent model for 

EGP:

EGP (μmol/kg·min)  =  36.04 · e–0.1396·age (y) + 10.27  (R2 0.92, Sy.x 2.47)

EGP as predicted by the model constructed with data from literature was higher in young 

children, but the 95% confidence intervals of both models overlapped. Linear regression 

analysis revealed almost no correlation between EGP per kg estimated brain weight and 

age after correction for body composition (R2 0.08, Sy.x 3.89, P = 0.043).

Conclusion: our regression model accurately estimates EGP and whole body glucose 

uptake after an overnight fast, thus representing minimal glucose requirement during 

resting conditions in healthy subjects. EGP per kg estimated brain weight after correction 

for body composition appeared to be almost independent of age.

Abbreviations

EGP  endogenous glucose production

Ra  rate of appearance

TTR  tracer/tracee ratio
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Introduction

The human brain depends on glucose for its energy metabolism. During fasting glucose is 

provided through glycogen breakdown and gluconeogenesis, the latter requiring, among 

other substrates, muscular proteolysis to supply amino acid precursors. To minimize 

glucose utilization and thus protein breakdown during fasting, insulin dependent glucose 

uptake in peripheral tissues is inhibited (1), fatty acid oxidation for energy production is 

augmented and ketone bodies are produced as an alternative energy source for glucose 

(2). However, neuronal cells cannot oxidize fatty acids and oxidation of ketone bodies can 

not replace glucose as the major substrate for cerebral energy metabolism (3). Therefore, 

cerebral glucose utilization is a major contributor to whole body glucose utilization during 

resting conditions (4;5). As the ratio of brain weight to body weight decreases from 

infancy towards adulthood glucose requirement per kg body weight is much higher in 

young children. Therefore, in order to maintain normoglycemia during fasting young 

children have to produce more glucose per kg body weight to meet cerebral glucose 

demands. This is emphasized in the seminal paper by Bier et al who were the first to 

show that endogenous glucose production (EGP) in humans decreases with age and has 

a linear relationship with estimated brain weight (6). However, in their study only limited 

data on adults were included. Since then, EGP has been studied extensively in adults, but 

data on EGP in children remain scarce. More knowledge about age related glucose turn-

over in children could help to optimize glucose supplementation protocols.

In this paper we describe an age-dependent regression model for EGP in humans based 

on glucose turn-over data quantified with the [6,6-2H2] glucose isotope dilution method 

(7) in children and adults (N=51), covering an age range from 2.8 to 58.3 yrs. Moreover, 

the relation between EGP, estimated brain weight and age is further delineated.

Materials and Methods

Subjects and study design

Data on 16 children, aged 2.5 yrs to 17.1 yrs, four females and twelve males, were included 

in this study. All children had a body mass index between 14.7 and 21.4 kg/m2. The 

children were studied during a standardized fasting test (8), in order to evaluate fasting 

tolerance because of a history of ketotic hypoglycemia (9;10). In all subjects, extensive 

metabolic evaluation, including organic acid analysis in urine, plasma acylcarnitine 

profiling and plasma amino acid analysis, as well as a full endocrinologic evaluation did 

not reveal a metabolic or endocrine disorder. During the fasting test glucose kinetics (i.e. 

the rate of glucose appearance and the rate of glucose disappearance in plasma) were 

quantified using the [6,6-2H2]glucose isotope dilution method (7). These pediatric data 
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obtained during normoglycemia (plasma glucose 4.0 – 5.5 mmol/L) after an overnight 

fast (14 – 17 hrs of fasting) were combined with data on glucose kinetics after overnight 

fasting obtained in 35 healthy adult male volunteers, aged 19.7 to 58.3 yrs, with normal 

body composition, acquired during previous studies by our research group (11-15). The 

combined data were used to create a non-linear regression model for EGP and glucose 

uptake after an overnight fast. Data from literature on EGP after an overnight fast in 

healthy children and adults were used to validate the regression model (3;16-35). All 

subjects or their parent(s)/legal guardian(s) gave informed consent prior to the studies. 

All studies were approved by the Institutional Review Board.

Study protocol

All children were admitted one day before the fasting test; adults were admitted between 

6 and 7 am on the day of study. An intravenous catheter was inserted into an antecubital 

vein of each arm after topical application of lidocaine cream. One catheter was used for 

administration of [6,6-2H2]glucose and the other for blood sampling. A baseline blood 

sample was collected to determine the background enrichment of [6,6-2H2]glucose in 

plasma. Fasting was started after the consumption of a regular evening meal. All subjects 

remained fasted throughout the whole test and kept bed rest. They were allowed to drink 

water ad libitum. At 8 a.m. the next day, after 12 to 14 hrs of fasting, a primed continuous 

infusion of [6,6-2H2]glucose (>99% pure; Cambridge Isotope Laboratories, Cambridge, 

MA) was started (bolus: 17.6-52.7 μmol/kg, continuous: 0.22-0.67 μmol/kg·min, both 

depending on the age of the patient in order to reach 1-2 % plasma enrichment). After 

two hours of [6,6-2H2]glucose infusion isotopic steady-state was assumed to be present 

and three blood samples were collected at 5 – 10 min. intervals. Blood samples were 

centrifuged at 3000 rpm for 10 min, after which the plasma was collected and stored at 

-20°C until analysis. 

Analytical methods

Plasma glucose concentration: plasma glucose levels were analyzed with the hexokinase 

method on a Roche MODULAR P800 analyzer (Roche Diagnostics GmbH, Mannheim, 

Germany). 

Plasma [6,6-2H2]glucose enrichment: plasma glucose enrichments were determined as 

described previously (11). Briefly, plasma was deproteinized with methanol and evaporated 

to dryness. The extract was derivatized with hydroxylamine and acetic anhydride (36). 

The aldonitrile pentaacetate derivative of glucose was extracted into methylene chloride 

and evaporated to dryness. The extract was reconstituted in ethylacetate and injected 

into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved 

on a J&W DB17 column (30 m x 0.25 mm, df 0.25 μm; J&W Scientific, Folsom, CA). 

Glucose ions were monitored at m/z 187, 188 and 189. The isotopic enrichment of 
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glucose was determined by dividing the peak area of m/z 189 by the peak area of m/z 

187, after correction for background enrichment of [6,6-2H2]glucose.

Calculations and statistical analysis

Rates of appearance and disappearance of glucose: the rate of appearance of glucose in 

plasma (Ra glucose), which reflects whole body endogenous glucose production (EGP) 

in the post-absorptive state, was calculated with Steele’s steady-state equation in the 

presence of isotopic steady-state (37):

[1] Ra glucose  =  I / TTRplasma   

in which I is the infusion rate of [6,6-2H2]glucose in μmol/kg·min and TTRplasma (tracer/

tracee ratio) is the ratio of [6,6-2H2]glucose over unlabelled glucose in plasma, as 

determined by gas chromatography/mass spectrometry. Because our glucose tracer 

appeared to be >99% pure we did not include tracer purity in the calculation. During 

steady-state conditions the rate of disappearance of glucose from plasma (Rd glucose) 

equals Ra glucose and reflects the rate of peripheral glucose uptake.

Relation between EGP, estimated brain weight and age: total EGP was calculated by 

multiplying Ra glucose with bodyweight (kg). Total EGP was then divided by estimated 

brain weight, as calculated by following equation based on weight measurements of 

4736 brains in the fresh condition and without any pathological lesions (38):

[2] estimated brain weight (kg)  =  1.449 – 3.62 / bodyweight (kg)

This yielded EGP expressed as μmol/kgbrain·min. To correct for differences in body 

composition between children and adults EGP (μmol/kgbrain·min) was divided by body 

mass index (BMI), yielding EGP expressed as μmol/kgbrain·min per kg/m2. 

Statistical analysis: Data were analyzed with GraphPad Prism version 3.03 (GraphPad 

Software, San Diego, USA) and SPSS version 12.0.2 (SPSS Inc., Chicago, Illinois). Non-

linear regression analysis was done using a one-phase exponential decay model with age 

as independent variable. The data on Ra glucose obtained in children combined with the 

data on Ra glucose in adults from previous studies performed by our research group were 

used to construct our model (Table 1). A second model was constructed using data on 

mean Ra glucose from healthy, non-obese children and adults after overnight fasting as 

reported in literature (Table 2). Linear regression analysis was done between EGP (μmol/

kgbody·min) and estimated brain weight (kg), and between EGP (μmol/kgbrain·min per kg/

m2) and age (y).
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Table 1. Rate of appearance of glucose (μmol/kgbody·min) after an overnight fast in all subjects

Age (y) Ra glucose Age (y) Ra glucose Age (y) Ra glucose Age (y) Ra glucose

2.5 35.9 9.1 23.2 21.8 9.7‡ 29.3 10.3‡

2.5 28.4 11.5 21.4 22.0 11.3# 31.9 9.3§

2.8 36.9 17.1 12.3 23.1 13.5¶ 32.0 12.7‡

3.3 39.7 19.7 13.1* 23.5 11.3¶ 32.3 10.2§

3.7 31.7 19.9 13.6* 23.8 11.1* 35.1 11.4†

3.9 38.6 20.1 11.2* 24.1 12.1¶ 39.8 10.5§

4.2 28.2 20.1 12.1* 24.5 14.2‡ 40.2 11.3†

4.4 29.9 20.2 12.3* 24.8 10.7‡ 43.0 9.1§

5.0 25.4 20.5 12.0* 24.9 13.7# 49.3 9.6*

6.2 22.7 21.0 12.5¶ 25.8 16.0¶ 54.3 10.9†

6.5 22.2 21.1 11.0# 26.8 10.3† 57.6 8.3*

6.7 24.8 21.2 13.3# 27.2 11.1‡ 58.3 9.0*

7.4 19.3 21.4 10.4* 28.8 9.3§

* Unpublished data         † Ref. 11         ‡ Ref. 12         § Ref. 13         # Ref. 14         ¶ Ref. 15

Results

Rate of appearance of glucose and age distribution

Data on Ra glucose at various ages obtained from different studies by our research group 

are presented in Table 1. 

Relation between EGP and age

The data on Ra glucose as described in Table 1 were used to construct an age-dependent 

regression model for EGP, expressed either as μmol/kgbody·min or as mg/kgbody·min, in 

humans after an overnight fast (Figure 1). The equations of the model are as follows:

[3] EGP (μmol/kgbody·min)  =  36.04 · e–0.1396·age (y) + 10.27 (R2 0.92, Sy.x 2.47)

or

[4] EGP (mg/kgbody·min)  =  6.49 · e–0.1397·age (y) + 1.85        (R2 0.92, Sy.x 0.44)

To assess the validity of this regression model data from the literature on Ra glucose 

in both healthy children and adults (Table 2) were plotted and analysed in the same way 

(Figure 1). This yielded the following regression equations:

[5] EGP (μmol/kgbody·min)  =  95.23 · e–0.2168·age (y) + 11.26  (R2 0.85, Sy.x 3.28)

or

[6] EGP (mg/kgbody·min)  =  17.80 · e–0.2229·age (y) + 2.05      (R2 0.85, Sy.x 0.59)
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Figure 1. Relation between EGP (μmol/kgbody·min or mg/kgbody·min) and age (yrs). EGP data from 
our group (l; Table 1), EGP data from literature ( ; Table 2). Regression models based on our data 
(continuous line) and based on data from literature (dotted line) are shown. The x-axis was divided 
into two segments in order to clearly show the EGP curves at age 0 to 20 yrs. 

The 95 % confidence intervals of the variables in the regression equations between 

the regression model based on our data and the model based on data from literature 

overlapped (Table 3), but the model based on data from literature predicted EGP to be 

higher in young children.

Relation between EGP, estimated brain weight and age

Linear regression analysis between EGP (μmol/kgbody·min or mg/kgbody·min) and 

estimated brain weight (kg) yielded the following equations (Figure 2):
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Figure 2. Relation between EGP (μmol/kgbody·min or mg/kgbody·min) and estimated brain weight 
(kg). Linear regression analysis with the 95% confidence interval is shown.
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Table 3. 95 % confidence intervals of the variables in the regression model based on our data and 
the model based on data from literature. The regression equations are built up as follows: 
EGP = Span · e Constant · age + Plateau

Parameter
EGP

Constructed model Literature model

μmol/kgbody·min mg/kgbody·min μmol/kgbody·min mg/kgbody·min

Span 31.03 – 41.05 5.60 – 7.32 12.61 – 177.8 1.93 – 33.67

Constant 0.1007 – 0.1785 0.1008 – 0.1786 0.1018 – 0.3317 0.1046 – 0.3411

Plateau 8.96 – 11.58 1.62 – 2.09 9.27 – 13.26 1.69 – 2.40

Table 2. Reference data on Ra glucose (μmol/kgbody·min) after an overnight fast in humans

Age* N Ra glucose Tracer Reference

6.7 5 35.0 [6,6-2H2]glucose Haymond et al. Am. J. Physiol. 245: E373-378, 1983. 

7.1 8 33.6 [6,6-2H2]glucose Haymond et al. J. Clin. Invest. 80: 398-405, 1978.

8.0 12 20.3† [1-13C]glucose Sunehag et al. J. Clin. Endocrinol. Metab. 87: 5168-5178, 2002.

8.3 4 33.9 [6,6-2H2]glucose Haymond et al. Neurology 28: 1224-1231, 1978.

8.8 4 18.5 [1-13C]glucose Sunehag et al. Pediatr. Res. 50: 115-123, 2001.

9.3 5 26.7 [6,6-2H2]glucose Le Stunff et al. Am. J. Physiol. 271: E814-E820, 1996.

13.4 6 20.6 [6,6-2H2]glucose Bourneres et al. Diabetes 38: 477-483, 1989.

14.5 7 16.9 [6,6-2H2]glucose Austin et al. J. Clin. Endocrinol. Metab. 79: 80-85, 1994.

14.5 12 12.8† [1-13C]glucose Sunehag et al. J. Clin. Endocrinol. Metab. 87: 5168-5178, 2002.

15.3 4 13.0 [1-13C]glucose Sunehag et al. Pediatr. Res. 50: 115-123, 2001.

21 6 12.6‡ [3-3H]glucose Corssmit et al. Metabolism 43: 1503-1508, 1994.

23 8 13.3 [3-3H]glucose Corssmit et al. J. Clin. Endocrinol. Metab. 81: 3265-3269, 
1996. 

25 6 13.7 [3-3H]glucose Devlin et al. Metabolism 36: 697-702, 1987.

26 8 11.9 [3-3H]glucose Nielsen et al. Am. J. Physiol. Endocrinol. Metab. 286: 
E102-E110, 2004.

27 13 12.2 [3-3H]glucose Jensen et al. Am. J. Physiol. Endocrinol. Metab. 254: 
E700-E707 1988.

31 6 9.3 [6,6-2H2]glucose Roden et al. Diabetes 49: 701-707, 2000.

36 6 12.1 [3-3H]glucose Corssmit et al. Metabolism 43: 1503-1508, 1994.

36.5 6 10.7 [3-3H]glucose Chen et al. J. Clin. Invest. 103: 365-372, 1999.

41 21 11.6§ [3-3H]glucose Gastaldelli et al. J. Clin. Endocrinol. Metab. 89: 3914-3921, 
2004. 

43.8 8 10.3 [6-3H]glucose Karlander et al. Diabetologia 29: 778-783, 1986.

44.1 7 12.1 [6,6-2H2]glucose Nygren et al. Clin. Nutr. 17: 65-71, 1998.

49.0 8 8.2 [U-13C]glucose Radziuk et al. Diabetologia 49: 1619-1628, 2006.

58 7 9.8 [3-3H]glucose Boden et al. Am. J. Physiol. Endocrinol. Metab. 280: E23-E30, 
2001.

59 6 13.1 [6,6-2H2]glucose Nygren et al. Am. J. Physiol. Endocrinol. Metab. 275: 
E140-E148, 1998.

* Mean age of study subjects         † Mean of both dietary protocols
‡ Mean of women measured in both the follicular and luteal phase of their menstrual cycle
§ Converted to μmol/kgbody·min from μmol/kgfat free mass·min
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[7] EGP (μmol/kgbody·min)  =  185.0 (±6.11) − 124.0 (±4.49) · estimated brain 

 weight (kg)  (R2 0.94, Sy.x 2.16, P <0.0001) 

or

[8]  EGP (mg/kgbody·min)  =  33.29 (±1.10) − 22.30 (±0.81) · estimated brain weight

 (kg)  (R2 0.94, Sy.x 0.39, P <0.0001)

Linear regression analysis between EGP (μmol/kgbrain·min per kg/m2) and age (y) 

yielded the following equations (Figure 3):

[9] EGP (μmol/kgbrain·min per kg/m2)  =  29.02 (±1.00) − 0.0792 (±0.038) · age (y) 

 (R2 0.08, Sy.x 3.89, P = 0.043)

or

[10] EGP (mg/kgbrain·min per kg/m2)  =   5.22 (±0.18) − 0.0142 (±0.0068) · age (y)  

 (R2 0.08, Sy.x 0.70, P = 0.043)
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Figure 3. Relation between EGP (μmol/kgbrain·min per kg/m2 or mg/kgbrain·min per kg/m2) and age 
after correction for body composition. Linear regression analysis with the 95% confidence interval is 
shown.

Discussion

We were able to construct an age-dependent regression model that accurately describes 

endogenous glucose production (EGP) as well as peripheral glucose uptake after an 

overnight fast in humans. The model showed a good fit to the data points, as expressed 

by the high correlation coefficient and the low Sy.x. The data on Ra glucose were obtained 

using the [6,6-2H2]glucose isotope dilution method, which yields ‘true’ rates of EGP since 
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[6,6-2H2]glucose is considered to be a non-recycling glucose tracer (7). All blood samples 

from both children and adults were analysed in the same laboratory using the same 

equipment, thereby limiting analytical variation. Since all data on EGP used in our model 

were acquired during isotopic steady-state of the [6,6-2H2]glucose tracer and during 

normoglycemia, EGP was essentially the same as peripheral glucose uptake.

To validate our regression model, data from literature on EGP after overnight fasting in 

both healthy children and adults were combined to construct a second regression model. 

The fit of this model was not as precise as in our model. However, this model was based 

on mean EGP data as reported in literature, whereas our model was based on individual 

EGP data of the subjects in our studies. Furthermore, different glucose tracers were used 

to determine EGP in the reference studies, which may have contributed to the scatter in 

this model because of differences in potential tracer recycling of the different glucose 

tracers. However, it has been established that Ra glucose can be accurately determined 

with dilution of [6,6-2H2]glucose, [1-13C]glucose and [U-13C]glucose isotopes (7).   

Although a significant overlap was detected between the regression equations based 

on our own data and data retrieved from literature, EGP was predicted to be much 

higher in young children in the model based on data from literature. There are two 

possible explanations. Firstly, no data on EGP in children below the age of 6 yrs could be 

included in the model based on literature. Although Bier et al did publish data on EGP in 

young children, they only reported a range in EGP of 5 to 8 mg/kg·min in children from 

1 month to 6 years of age (6). Secondly, EGP in term neonates was predicted to be very 

high in the model based on data from literature. Although several studies quantified EGP 

in term newborns, the results could not be included in the literature model because of 

differences duration of fasting and concomitant intravenous glucose supplementation, 

resulting in large variations in reported EGP. However, none of these studies reported 

EGP to be as high as was predicted by the model based on literature, whereas our model 

predicted EGP in neonates to be in the reported range (6;39;40). 

Since all studies were performed during resting conditions both peripheral glucose 

uptake and glucose production were driven predominantly by cerebral glucose utilization 

(4;5;41). When rates of EGP as predicted by our model were compared with the estimated 

rates of cerebral glucose utilization at various ages as reported by Kalhan and Kilic (41), 

a remarkable resemblance was observed: newborns: 8.3 mg/kg·min (this study) vs. 8.0 

mg/kg·min (Kalhan and Kilic), 1 year olds: 7.5 mg/kg·min (this study) vs. 7.0 mg/kg·min 

(Kalhan and Kilic), 5 year olds:  5.1 mg/kg·min (this study) vs. 4.7 mg/kg·min (Kalhan 

and Kilic), adolescents: 2.6 mg/kg·min (this study) vs. 1.9 mg/kg·min (Kalhan and Kilic) 

and adults: 1.9 mg/kg·min (this study) vs. 1.0 mg/kg·min (Kalhan and Kilic). This is in line 

with the previous reported high correlation between EGP and estimated brain weight (6), 

which is also confirmed in this study (Figure 2), and supports the accuracy of our model.

Body composition changes significantly towards adulthood, mainly as the result of an 

increase in muscle and fat mass in relation to brain mass. Therefore, the contribution of 

peripheral glucose uptake by muscle and fat tissue will increase towards adulthood. This 
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is illustrated by the increasing difference seen towards adulthood between whole body 

glucose uptake as estimated by our model on the one hand and the estimated rates of 

cerebral glucose utilization on the other hand (see above). In order to study EGP and 

peripheral glucose uptake in relation to estimated brain weight and age independent 

of body composition, a correction for BMI was done in the subjects. This indeed 

demonstrated that after correction for body composition EGP is directly correlated with 

estimated brain weight with only a minor contribution of age (Figure 3). This strongly 

suggests that cerebral glucose uptake per kg estimated brain weight after overnight 

fasting only slightly decreases with age. PET data on local cerebral metabolic rates of 

glucose (LCMRglc) showed that cerebral glucose consumption is about twice as high in 

children aged 4 to 10 yrs compared to adults (42). However, this study only quantified 

LCMRglc in cortical and basal ganglia and therefore did not include most of the cerebral 

white matter. Since the ratio between grey and white matter decreases more than two-

fold towards adulthood (43), and white matter does contribute substantially to cerebral 

glucose utilization (44), cerebral glucose uptake per kg estimated brain weight may 

indeed be almost independent of age.

In summary, we conclude that our regression model accurately estimates EGP 

and peripheral glucose uptake after overnight fasting in healthy subjects during 

resting conditions. This model can be used to assess minimal glucose requirement in 

healthy, non-obese children after an overnight fast and could help to optimize glucose 

supplementation protocols. Furthermore, the relation between EGP, peripheral glucose 

uptake and estimated brain weight after correction for body composition appears to be 

remarkably constant with age.
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Abstract

Objective: to study the role of extra-hepatic tissue in glucose homeostasis during 

fasting.

Study design: endogenous glucose production (EGP), glycogenolysis (GGL) and 

gluconeogenesis (GNG) were quantified with stable isotopes in a patient with Glycogen 

Storage Disease type 1a (GSD-1a), and in a patient with fructose-1,6-bisphosphatase 

(FBPase) deficiency. The [6,6-2H2]glucose dilution method in combination with the 

deuterated water method was used during individualized fasting tests.

Results: both patients became hypoglycemic. The patient with GSD-1a after 2.5 hrs of 

fasting, with EGP 3.84 μmol/kg·min (30% of normal EGP after an overnight fast), GGL 

3.09 μmol/kg·min and GNG 0.75 μmol/kg·min. The patient with FBPase deficiency after 

14.5 hrs of fasting, with EGP 8.53 μmol/kg·min (62% of normal EGP after an overnight 

fast), GGL 6.89 μmol/kg·min GGL and GNG 1.64 μmol/kg·min.

Conclusion: EGP was severely hampered in both patients resulting in hypoglycemia. 

However, despite the defective hepatic and renal GNG in both disorders, and the 

defective hepatic GGL in GSD-1a, both patients were still able to produce glucose via both 

pathways. Since all necessary enzymes of these pathways have now been functionally 

detected in muscle, a contribution of muscle to EGP during fasting via both GGL as well 

as GNG is suggested.

Abbreviations

EGP  endogenous glucose production

FBPase  fructose-1,6-bisphosphatase

GGL  glycogenolysis 

GNG  gluconeogenesis 

GSD  glycogen storage disease
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Introduction

Endogenous glucose production (EGP) during fasting is predominantly derived from 

hepatic gluconeogenesis (GNG) and glycogenolysis (GGL), with a minor contribution 

from renal GNG (1). Recently, a potential additional role for muscle in EGP has been 

suggested, based on the characterization of an isoform of glucose-6-phosphatase, 

glucose-6-phosphatase-β (Glc-6-Pase-β) expressed in muscle and in other extra-hepatic 

tissues (2;3). Gl-6-Pase-β has been shown to have structural and functional properties 

in muscle comparable to the glucose-6-phosphatase-α expressed in liver, kidney and 

intestine (EC 3.1.3.9; Glc-6-Pase-α) (4). As patients with Glycogen Storage Disease 1a 

(GSD-1a; MIM #232200) are deficient for Glc-6-Pase-α resulting in a defective hepatic 

and renal GNG and GGL, Gl-6-Pase-β activity in muscle might explain the residual EGP 

previously observed in these patients (5-8).

In order to investigate the potential role of extra-hepatic and extra-renal tissue in 

glucose homeostasis during fasting in vivo, we performed whole body kinetic studies 

in a patient with GSD-1a and in a patient with fructose-1,6-bisphosphatase (FBPase) 

deficiency (MIM #229700), an inborn error of hepatic and renal GNG. For the first time, 

the differential contributions of GGL and GNG to EGP during fasting were quantified in 

these disorders, using the [6,6-2H2]glucose isotope dilution method combined with the 

deuterated water method (9;10).

Materials and Methods

Subjects

Patient 1 presented with severe hypoglycemia (plasma glucose 0.3 mmol/L) and 

hepatomegaly at the age of 4 months. GSD-1a was diagnosed on the demonstration of 

complete absence of glucose-6-phosphatase activity in a fresh liver biopsy. This diagnosis 

Table 1. Subject characteristics

Subjects Sex Age (y) Height (m) Weight (kg) Inborn error of 
metabolism

Enzyme activity
(normal range)

DNA 
analysis

Patient 1 M 17.9 1.76 (-1 SD) 75.0 (+1.5 SD) Glucose-6-
phosphatase 
deficiency (GSD Ia)

0.0 (10 – 30)
nmole/min·mg 

protein*

R170X 
ΔF327†

Patient 2 F 16.7 1.50 (-2 SD) 60.0 ( +2 SD) Fructose-1,6-
bisphosphatase 
deficiency

<0.1 (3 – 20)
nmole/min·mg 

protein‡

ND

* in hepatocytes
† Rake JP et al, Eur J Pediatr 2000; 159(5): 322-30 (ref 9)
‡ in leucocytes;  Baker L et al, Lancet 1970; 296 (7662): 13-16 (ref 10)
ND = not determined
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was later confirmed by mutation analysis revealing two mutations, known to completely 

abolish Glc-6-Pase-α activity  (Table 1) (11). Patient 2 was admitted at 11 months 

because of convulsions due to hypoglycaemia. She was diagnosed with FBPase deficiency 

by demonstrating undetectable enzyme activity in leucocytes (Table 1) (12). The in vivo 

stable isotope studies were approved by the Institutional Review Board. Both patients 

and their parents gave informed consent prior to the studies.

Study protocol (Figure 1)

Fasting tests were performed at the age of 17.9 and of 16.7 years respectively. Both 

patients were admitted one day before the test. An intravenous catheter was inserted 

into antecubital veins of both arms after topical application of lidocaine cream. One 

catheter was used for administration of [6,6-2H2]glucose, the other for blood sampling. 

At baseline a blood sample was collected to determine background enrichment of 

deuterated water in plasma. Fasting was started at a time considered save, based on 

previous experience with fasting in the patients. Prior to fasting both patients consumed 

their regular evening meal. Patient 1 received nocturnal nasogastric drip feeding. This 

drip feeding was discontinued two hours prior to initiation of [6,6-2H2]glucose infusion 

and substituted by an unlabeled glucose infusion at a rate of 5 mg/kg·min which was 

continued until the start of the [6,6-2H2]glucose infusion. Both patients remained fasted 

throughout the test and maintained bed rest.

Twelve hrs prior to [6,6-2H2]glucose infusion, both patients drank deuterium enriched 

water (>99% pure; Cambridge Isotope Laboratories, Cambridge, MA) at a dose of 5 

g per kg body water divided in 5 doses within 120 minutes (13). The total amount of 

fasting time (h)

blood sampling

[6,6-2H2]glucose IV
continuous (0.33 µmol/kg·min)

bolus (26.4 µmol/kg)

-2 -1 0 1 2 3

glucose IV 5 mg/kg·min

Figure 1a (patient 1)

fasting time (h)

blood sampling

[6,6-2H2]glucose IV
continuous (0.33 µmol/kg·min)

bolus (26.4 µmol/kg)

10 11 12 13 14 15

Figure 1b (patient 2)

Figure 1. Study protocols in patients 1 (GSD-1a) and 2 (FBPase deficiency).
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body water (kg) was estimated as 60% of body weight (kg) (14). Thereafter, patients 

were only allowed to drink tap water enriched to 0.5% with deuterated water until the 

end of the test. At the start of the fasting test in patient 1, and after 10 hrs of fasting in 

patient 2, and after collection of a blood sample to determine background enrichment 

of [6,6-2H2]glucose in plasma, a primed continuous infusion of [6,6-2H2]glucose (>99% 

pure; Cambridge Isotope Laboratories, Cambridge, MA) was started (bolus: 26.4 μmol/

kg; continuous infusion: 0.33 μmol/kg·min) in order to reach an estimated 2% plasma 

enrichment (15). Blood samples were drawn every 5 minutes at the beginning and end 

of the test when patients became hypoglycaemic, and every 30 minutes during the test 

(Figure 1). Samples were centrifuged at 3000 rpm for 10 min, after which plasma was 

collected and stored at -20°C. Blood samples for determination of fractional GNG were 

immediately deproteinized by adding an equal amount of 10% perchloric acid. These 

samples were centrifuged at 4000 rpm for 20 min, after which the supernatant was 

collected and stored at -20°C. Blood glucose levels were monitored every hour and more 

frequently when glucose levels dropped below 3.5 mmol/L. The test was terminated 

when clinical symptoms of hypoglycemia occurred, after which patients were immediately 

given carbohydrate rich drinks and a meal.

Analytical methods

Plasma glucose concentration: plasma glucose levels were analyzed with the hexokinase 

method on a Roche MODULAR P800 analyzer (Roche Diagnostics GmbH, Mannheim, 

Germany).

Hormones: plasma insulin and cortisol concentrations were determined on an Immulite 

2000 system (Diagnostic Products Corporation, LA, USA). Insulin was measured with a 

chemiluminescent immunometric assay, cortisol was measured with a chemiluminescent 

immuno assay. Glucagon was determined by RIA (Linco Research, St. Charles, MO, USA). 

Plasma free fatty acid (FFA) levels were measured by an enzymatic method (NEFAC; Wako 

Chemicals GmbH, Neuss, Germany).

Plasma [6,6-2H2]glucose enrichment: plasma glucose enrichments were determined as 

described previously (13). Briefly, plasma was deproteinized with methanol and evaporated 

to dryness. The extract was derivatized with hydroxylamine and acetic anhydride (16). 

The aldonitrile pentaacetate derivative of glucose was extracted into methylene chloride 

and evaporated to dryness. The extract was reconstituted in ethylacetate and injected 

into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved 

on a J&W DB17 column (30 m x 0.25 mm, df 0.25 μm; J&W Scientific, Folsom, CA). 

Glucose ions were monitored at m/z 187, 188 and 189. The isotopic enrichment of 

glucose was determined by dividing the peak area of m/z 189 by the peak area of m/z 

187, after correction for background enrichment of [6,6-2H2]glucose.

Deuterium enrichment in glucose at position C5 and in plasma water: glucose was 

converted to a hexamethylene tetra-amine (9;13). Hexamethylene tetra-amine was injected 
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into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved on 

an AT-amine column (30 m x 0.25 mm, df 0.25 μm; Alltech Associates Inc, Deerfield, IL, 

USA). Hexamethylene tetra-amine ions were monitored at m/z 140 and 141. Deuterium 

enrichment in plasma was determined by a method adapted from Previs et al (17).

Calculations and statistical analysis

Rate of appearance of glucose: the rate of appearance of glucose in plasma (Ra glucose), 

reflecting whole body endogenous glucose production (EGP) during fasting, was calculated 

with Steele’s non-steady-state equation (18). The fraction of the total extracellular 

glucose pool was assumed to be equal to the extracellular water compartment, which 

was between 20% and 25% of body weight in the subjects studied (14). Calculated rates 

of EGP in the patients were compared to rates of EGP after overnight fasting in healthy 

subjects as predicted by an age-dependent regression model (19).

Absolute gluconeogenesis and glycogenolysis: absolute GNG was calculated by 

multiplying Ra glucose by the fractional GNG. Fractional GNG was calculated as follows (9):

[1] 
deuterium enrichment in glucose at C5

fracGNG(%) 100%
deuterium enrichment in plasma water

= ⋅

Absolute GGL was calculated by subtracting absolute GNG from Ra glucose.

Results

Plasma glucose, FFA and glucoregulatory hormones

Plasma glucose: in patient 1, after stopping exogenous glucose supplementation, plasma 

glucose decreased from 6.3 mmol/L to 1.1 mmol/L within 2.5 hrs (Figure 2). In patient 2 

plasma glucose decreased from 3.7 mmol/L to 2.5 mmol/L from 12 to 14.5 hrs of fasting 

(Figure 3).

Plasma FFA: plasma FFA concentration was 1.64 mmol/L in patient 1 and 2.16 mmol/L 

in patient 2 at the end of the test. This may have been inaccurate in patient 1 as the 

hypertriglyceridemia could have interfered with the enzymatic assay.

Glucoregulatory hormones: At the end of the test in both patients plasma insulin levels 

were undetectable. Plasma glucagon was 190 ng/L in both patients and plasma cortisol 

was 666 nmol/L in patient 1 and 792 nmol/L in patient 2.  

Glucose kinetics

Patient 1 (GSD-1a; Figure 2): after 2 hrs of fasting EGP was 5.09 μmol/kg·min, (normal  

after an overnight fast 13.23 μmol/kg·min (19)). The test was terminated at 2.6 hrs of 
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fasting (EGP was 3.84 μmol/kg·min). GGL decreased from 4.39 to 3.09 μmol/kg·min 

between 2 and 2.6 hrs of fasting, representing 86.2% to 80.5% of EGP, respectively. 

GNG was low but detectable: 0.60 and 0.78 μmol/kg·min (13.7% to 19.6% of EGP) at 2 

to 2.6 hrs of fasting. 

Patient 2 (FBPase deficiency; Figure 3): after 12 hrs of fasting EGP was 13.27 μmol/

kg·min, corresponding with the predicted EGP after an overnight fast for this age (13.77 

μmol/kg·min) (19). EGP decreased to 8.53 μmol/kg·min during the subsequent 2.5 hrs 

(14.5 hrs of fasting). At 12 hrs of fasting GGL was 10.44 μmol/kg·min (78.7% of EGP), 

decreasing to 6.88 μmol/kg·min (80.7% of EGP) during the subsequent 2.5 hrs of fasting. 

GNG was 2.83 μmol/kg·min (21.3% of EGP) at 12 hrs of fasting, decreasing to 1.65 

μmol/kg·min (19.3% of EGP) during the subsequent 2.5 hrs.
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Figure 2

Figures 2 & 3 Glucose kinetics in relation to plasma glucose concentration and fasting duration 
in a patient with glucose-6-phosphatase deficiency (GSD-1a; Figure 2) and a patient with FBPase 
deficiency (Figure 3). 
Plasma glucose concentrations are depicted in the left panels (Figures 2a and 3a). Endogenous 
glucose production (EGP; l), glycogenolysis (GGL; s) and gluconeogenesis (GNG; t) are depicted 
in the right panels (Figures 2b and 3b).
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Discussion

This paper reports for the first time the contribution of both GGL and GNG to EGP 

during fasting in a patient with Glc-6-Pase-α deficiency (GSD-1a) and in a patient with 

FBPase deficiency. Our data on glucose kinetics show a persistent EGP from both GGL 

and GNG in both patients, despite their undetectable enzyme activities. On the basis of 

these results, a potential role of muscle in glucose homeostasis via both GGL and GNG 

in vivo is suggested.

In patient 1, Glc-6-Pase-α activity was completely deficient, which was confirmed by 

mutation analysis (Table 1) (11). This fully excludes any contribution from either liver, kidney 

or small intestine to EGP. However, EGP in this patient still was 30% of the predicted EGP 

in healthy subjects of the same age after an overnight fast (19). This in line with previous 

studies showing residual EGP, even up to 60% of normal, in patients with GSD-1 (5-8). 

Three different explanations for the presence of EGP in GSD-1 have been proposed. 

First, EGP by increased cycling through hepatic glycogen via the action of amylo-1,6-

glucosidase. However, this has been ruled out (20). Second, EGP by lysosomal digestion 

of hepatic glycogen through α-1,4-glucosidase activity. This is highly unlikely (6;21) as 

α-1,4-glucosidase is not susceptible to substrate or hormonal regulation and EGP in 

patients with GSD-1 is influenced by exogenous glucose supplementation (6;7). The third 

proposed mechanism is EGP through muscular GGL and/or GNG. This is made plausible 

by the recent characterization of muscular Glc-6-Pase-β (3;4). The reported range 

in residual EGP between GSD-1a patients of the same age with completely abolished 

enzyme activity, reflected by the observed inter-individual differences in fasting tolerance 

in patients with GSD-1 (22-24), may be then explained by differences in muscle mass and/

or muscular glycogen content. 

GGL contributed more than 80% to the observed EGP in the patient with GSD-1a. 

In addition, we showed that GNG still contributed up to 19% to the EGP in this patient 

(Figure 2b). This contrasts with data from Kalderon et al who excluded GNG as a source 

for EGP in GSD-1, based on a lack of carbon recycling from [U-13C]glucose (21;22). Their 

method, however, only provides an indirect and non-quantitative assessment of GNG, 

whereas GNG determined with the deuterated water method, as used in our study, is a 

direct method to quantify GNG yielding accurate results (10). Possibly, in the experiments 

of Kalderon et al the 13C label from [U-13C]glucose was diluted beyond detection in the 

triose phosphate and oxaloacetate carbon pools (25). The observed GNG may also be of 

muscular origin. Apart from Glc-6-Pase-β a specific isoform of FBPase, another key enzyme 

in GNG, is functionally expressed in muscle (26;27). Based on the formerly presumed lack 

of glucose-6-phosphatase activity in muscle this muscle specific FBPase was previously 

considered not to be involved in GNG (28;29).  Alternatively, the observed residual GNG 

in the patient with GSD-1a might also be explained by renal and/or intestinal GNG, as 

Glc-6-Pase-β is also expressed in kidney and small intestine (2). However, expression of 
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Glc-6-Pase- β is much lower in kidney and small intestine than in muscle (2), and muscle 

has by far the largest body reservoir of glycogen (4).

A potential role for muscle in GNG is further supported by the results of our study 

in the patient with a deficiency of the liver and kidney specific isoform of FBPase (EC 

3.1.3.11) as we detected that GNG still contributed up to 20% to EGP in this patient 

(Figure 3). This might be explained by the activity of the muscle specific isoform of FBPase 

in combination with activity of Glc-6-Pase-β. 

In conclusion, we have provided in vivo evidence for both GNG and GGL contributing 

to the EGP in GSD-1a. This, in combination with substantial residual GNG in FBPase 

deficiency, demonstrates an important role of extra-hepatic tissue in glucose homeostasis. 

A role of muscle in glucose homeostasis via both GGL and GNG is strongly suggested.

Acknowledgements

We would like to thank Thessa Westphal and Klaske Honig for their technical assistance, 

and An Ruiter and Barbara Voermans for their excellent analytical support.

References

 1.  Ekberg K, Landau BR, Wajngot A et al. Contributions by kidney and liver to glucose production in the 
postabsorptive state and after 60 h of fasting. Diabetes 1999; 48(2):292-298.

 2.  Martin CC, Oeser JK, Svitek CA, Hunter SI, Hutton JC, O’Brien RM. Identification and characteriza-
tion of a human cDNA and gene encoding a ubiquitously expressed glucose-6-phosphatase catalytic 
subunit-related protein. J Mol Endocrinol 2002; 29(2):205-222.

 3.  Shieh JJ, Pan CJ, Mansfield BC, Chou JY. A glucose-6-phosphate hydrolase, widely expressed outside 
the liver, can explain age-dependent resolution of hypoglycemia in glycogen storage disease type Ia. J 
Biol Chem 2003; 278(47):47098-47103.

 4.  Shieh JJ, Pan CJ, Mansfield BC, Chou JY. A potential new role for muscle in blood glucose homeostasis. 
J Biol Chem 2004; 279(25):26215-26219.

 5.  Kalhan SC, Gilfillan C, Tserng KY, Savin SM. Glucose production in type I glycogen storage disease. J 
Pediatr 1982; 101(1):159-160.

 6.  Tsalikian E, Simmons P, Gerich JE, Howard C, Haymond MW. Glucose production and utilization in 
children with glycogen storage disease type I. Am J Physiol 1984; 247(4 Pt 1):E513-E519.

 7.  Schwenk WF, Haymond MW. Optimal rate of enteral glucose administration in children with glycogen 
storage disease type I. N Engl J Med 1986; 314(11):682-685.

 8.  Weghuber D, Mandl M, Krssak M et al. Characterization of hepatic and brain metabolism in young 
adults with glycogen storage disease type I. A magnetic resonance spectroscopy study. Am J Physiol 
Endocrinol Metab 2007.

 9.  Landau BR, Wahren J, Chandramouli V, Schumann WC, Ekberg K, Kalhan SC. Contributions of gluco-
neogenesis to glucose production in the fasted state. J Clin Invest 1996; 98(2):378-385.

 10.  Wolfe RR, Chinkes DL. Glucose metabolism. In: Wolfe RR, Chinkes DL, editors. Isotope tracers in metabolic 
research: principles and practice of kinetic analysis. Hoboken: John Wiley & Sons, Inc., 2005: 215-257.

 11.  Rake JP, ten Berge AM, Visser G et al. Glycogen storage disease type Ia: recent experience with muta-
tion analysis, a summary of mutations reported in the literature and a newly developed diagnostic flow 
chart. Eur J Pediatr 2000; 159(5):322-330.

47

A
 p

otential ro
le fo

r m
uscle in g

luco
se ho

m
eo

stasis
C

 H
 A

 P T E R
   3



 12.  Baker L, Winegrad AI. Fasting hypoglycaemia and metabolic acidosis associated with deficiency of 
hepatic fructose-1,6-diphosphatase activity. Lancet 1970; 2(7662):13-16.

 13.  Ackermans MT, Pereira Arias AM, Bisschop PH, Endert E, Sauerwein HP, Romijn JA. The quantification 
of gluconeogenesis in healthy men by 2H2O and [2-13C]glycerol yields different results: rates of gluco-
neogenesis in healthy men measured with 2H2O are higher than those measured with [2-13C]glycerol. 
J Clin Endocrinol Metab 2001; 86(5):2220-2226.

 14.  Friis-Hansen B. Body water compartments in children: changes during growth and related changes in 
body composition. Pediatrics 1961; 28:169-181.

 15.  Bier DM, Leake RD, Haymond MW et al. Measurement of “true” glucose production rates in infancy 
and childhood with 6,6-dideuteroglucose. Diabetes 1977; 26(11):1016-1023.

 16.  Reinauer H, Gries FA, Hubinger A, Knode O, Severing K, Susanto F. Determination of glucose turno-
ver and glucose oxidation rates in man with stable isotope tracers. J Clin Chem Clin Biochem 1990; 
28(8):505-511.

 17.  Previs SF, Hazey JW, Diraison F, Beylot M, David F, Brunengraber H. Assay of the deuterium enrichment 
of water via acetylene. J Mass Spectrom 1996; 31(6):639-642.

 18.  Steele R. Influences of glucose loading and of injected insulin on hepatic glucose output. Ann N Y 
Acad Sci 1959; 82:420-430.

 19.  Huidekoper HH, Ackermans MT, Ruiter AFC, Sauerwein HP, Wijburg FA. Endogenous glucose produc-
tion and glucose uptake after overnight fasting: an age-dependent regression model. J Inherit Metab 
Dis 2007; 30 (Suppl 1):57.

 20.  Rother KI, Schwenk WF. Glucose production in glycogen storage disease I is not associated with 
increased cycling through hepatic glycogen. Am J Physiol 1995; 269(4 Pt 1):E774-E778.

 21.  Kalderon B, Korman SH, Gutman A, Lapidot A. Estimation of glucose carbon recycling in children with 
glycogen storage disease: A 13C NMR study using [U-13C]glucose. Proc Natl Acad Sci U S A 1989; 
86(12):4690-4694.

 22.  Kalderon B, Korman SH, Gutman A, Lapidot A. Glucose recycling and production in glycogenosis type 
I and III: stable isotope technique study. Am J Physiol 1989; 257(3 Pt 1):E346-E353.

 23.  Labrune P, Chalas J, Baussan C, Odievre M. Tolerance to prolonged fasting in two children with type I 
glycogen storage disease. J Inherit Metab Dis 1993; 16(6):1044-1045.

 24.  Moses SW. Historical highlights and unsolved problems in glycogen storage disease type 1. Eur J Pedi-
atr 2002; 161 Suppl 1:S2-S9.

 25.  Kelleher JK. Gluconeogenesis from labeled carbon: estimating isotope dilution. Am J Physiol 1986; 
250(3 Pt 1):E296-E305.

 26.  Tejwani GA. Regulation of fructose-bisphosphatase activity. Adv Enzymol Relat Areas Mol Biol 1983; 
54:121-194.

 27.  Tillmann H, Eschrich K. Isolation and characterization of an allelic cDNA for human muscle fructose-1,6-
bisphosphatase. Gene 1998; 212(2):295-304.

 28.  Adams A, Redden C, Menahem S. Characterization of human fructose-1,6-bisphosphatase in control 
and deficient tissues. J Inherit Metab Dis 1990; 13(6):829-848.

 29.  Dzugaj A. Localization and regulation of muscle fructose-1,6-bisphosphatase, the key enzyme of glyco-
neogenesis. Adv Enzyme Regul 2006; 46:51-71.

48



4Chapter

Fasting adaptation in idiopathic ketotic 
hypoglycemia: a mismatch between 
glucose production and demand 

Hidde H. Huidekoper1, Marinus Duran1,2, Marjolein Turkenburg2, 

Mariëtte T. Ackermans3, Hans P. Sauerwein4 and Frits A. Wijburg1

 
1Department of Pediatrics, 2Department of Clinical Chemistry, Laboratory Genetic 

Metabolic Diseases, 3Department of Clinical Chemistry, Laboratory for Endocrinology 

and Radiochemistry, 4Department of Endocrinology and Metabolism; Academic 

Medical Center, University of Amsterdam, Amsterdam, The Netherlands

European Journal of Pediatrics 2007 



Abstract

In order to study the pathophysiology of hypoglycemia in idiopathic ketotic hypoglycemia 

(KH) glucose kinetics during fasting in patients with KH were determined. A fasting test 

was performed in twelve children with previously documented KH. Besides determination 

of glucoregulatory hormones, plasma ketones, FFA and alanine, the rates of endogenous 

glucose production (EGP), glucose uptake, gluconeogenesis (GNG) and glycogenolysis 

(GGL) were quantified using the [6,6-2H2]glucose isotope dilution method and the 

deuterated water method. The five youngest subjects (age 2.5 – 3.9 yrs.) became 

hypoglycemic (glucose < 3.0 mmol/L) during the test. Mean differences in glucose 

kinetics between overnight fasting and the end of the test in the hypoglycemic vs. the 

normoglycemic subjects were: EGP: -31.9 % vs. -17.9 % (p = 0.007), GGL: -66.2 % vs. 

-50.8 % (p = 0.465) and GNG 6.8 % vs. 19.5 % (p = 0.465). Plasma alanine levels were 

significantly lower (p = 0.028) at the end of the test in the hypoglycemic subjects. Plasma 

ketones and FFA levels were in the normal range for fasting duration in all subjects. 

We conclude that hypoglycemia in KH is caused by the inability to sustain an adequate 

EGP during fasting in view of the higher glucose requirement in young children. The 

decrease in GGL is not accompanied by a significant increase in GNG, possibly because of 

a limitation in the supply of alanine. Our results support the hypothesis that KH represent 

the lower tail of the Gaussian distribution of fasting tolerance in children.

Abbreviations

KH   ketotic hypoglycemia

EGP   endogenous glucose production

Ra glucose  rate of appearance of glucose in plasma 

Rd glucose  rate of disappearance of glucose from plasma

GNG   rate of appearance of glucose from gluconeogenesis in plasma

GGL   rate of appearance of glucose from glycogenolysis in plasma  

GSD-0   glycogen storage disease type 0
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Introduction

Idiopathic ketotic hypoglycemia (KH), also named “toddlers’ hypoglycemia”, is the 

most common cause of hypoglycemia in childhood. KH is characterized by episodes 

of hypoglycemia with high ketone levels in plasma and urine, provoked by periods of 

fasting often in combination with an intercurrent illness (1-3). Beyond the age of six, a 

spontaneous remission of KH is usually seen. 

The pathophysiology of KH has not been fully elucidated. A dysfunctional glycogenolysis 

has been ruled out because of a normal postprandial glycemic response to glucagon in 

children with KH (4;5). Insufficient gluconeogenesis due to a limitation of precursor supply 

was proposed on the basis of decreased plasma levels of gluconeogenic amino acids, 

especially of alanine (4;5). Alternatively, peripheral glucose uptake may be increased in 

KH because of hampered ketone body utilization, thereby increasing glucose demand.

Others have postulated that KH is not a true disease, but represents the lower tail of 

the Gaussian distribution of fasting tolerance in children (6;7). This was supported by the 

observation that hypoglycemia occurred in a subset of healthy children after a relatively 

short fast (8-10).

In order to establish if fasting hypoglycemia in KH is due to insufficient endogenous 

glucose production (EGP) or to enhanced peripheral glucose uptake, we studied the rate 

of appearance (Ra glucose) and disappearance (Rd glucose) of glucose in plasma using 

the [6,6-2H2]glucose isotope dilution method (11;12) in twelve children with previously 

documented KH. In addition, the relative contributions of gluconeogenesis (GNG) and 

glycogenolysis (GGL) to EGP were quantified using the deuterated water method (12;13).

Materials and Methods

Subjects

Twelve children with a history of at least one documented episode of ketotic 

hypoglycemia (plasma glucose < 3.0 mmol/L with a marked ketonuria in urine collected 

immediately after the detection of the hypoglycemia) were included in our protocol. In all 

subjects, extensive metabolic evaluation, including organic acid analysis in urine, plasma 

acylcarnitine profiling and plasma amino acid analysis, as well as a full endocrinologic 

evaluation did not reveal a metabolic or endocrine disorder. Additionally, all subjects who 

became hypoglycemic during this study were screened for GYS2 mutations, sequencing 

all exons including exon/intron flanking regions, in order to exclude Glycogen Storage 

Disease type 0 (glycogen synthase deficiency; MIM#240600) which may closely mimic 

idiopathic KH (14). Either parents or legal guardians of the subjects gave informed 

consent prior to the studies. The study was approved by the institutional review board. 

The subject characteristics are summarized in Table 1.

51

Fasting adaptatio
n in idio

p
athic ketotic hyp

o
g
lycem

ia
C

 H
 A

 P T E R
   4



Study design

All subjects were admitted one day before the fasting test. An intravenous catheter 

was inserted into an antecubital vein of each arm after topical application of lidocaine 

cream. One catheter was used for administration of [6,6-2H2]glucose and the other for 

blood sampling. A blood sample was collected to determine the background enrichment 

of deuterated water in plasma. Fasting was started after the consumption of a regular 

evening meal. All subjects remained fasted throughout the duration of the test and 

were maintained on bed rest. After the evening meal, all subjects were given deuterium 

enriched water (99% pure; Cambridge Isotope Laboratories, Cambridge, MA) at a dose 

of 5 g per kg body water divided in 5 doses within 120 minutes (15). The total amount of 

body water (kg) in the subjects was estimated as 65% (until age 10 y) or 60% (from age 

10 y) of the body weight (kg) (16). Thereafter, subjects were only allowed to drink tap 

water enriched with 0.5% deuterated water ad libitum until completion of the test. At 8 

a.m. the next day, after 12 to 14 hrs of fasting and after collection of a blood sample to 

determine the background enrichment of [6,6-2H2]glucose in plasma, a primed continuous 

infusion of [6,6-2H2]glucose (99% pure; Cambridge Isotope Laboratories, Cambridge, 

MA) was started (bolus: 17.6-52.7 μmol/kg, continuous: 0.22-0.67 μmol/kg·min, both 

depending on the age of the subject in order to reach 1-2 % plasma enrichment) (11). 

Blood samples were drawn at regular time intervals and more frequently when subjects 

became hypoglycemic or towards the end of the test (Figure 1). Total blood volume drawn 

did not exceed 5% of total estimated blood volume in the subjects. Blood samples were 

centrifuged at 3000 rpm for 10 min, after which the plasma was collected and stored 

at -20°C until analysis. Blood samples for determination of fractional gluconeogenesis 

were immediately deproteinized after collection by adding an equal amount of 10% 

Table 1. Subject characteristics

Subjects Sex Age (y) Height (m) Weight (kg)

Patient 1 M 2.5 1.00 (+2.0 SDS) 21.4 (+3.0 SDS)

Patient 2 F 2.8 0.93 (-0.5 SDS) 13.0 (-0.7 SDS)

Patient 3 M 3.3 1.01 (0 SDS) 16.5 (0 SDS)

Patient 4 F 3.8 1.06 (+0.8 SDS) 16.8 (-0.5 SDS) 

Patient 5 M 3.9 1.05 (0 SDS) 16.2 (-0.7 SDS)

Patient 6 M 4.2 0.98 (-2.0 SDS) 16.0 (+0.5 SDS)

Patient 7 F 4.4 1.00 (-0.5 SDS) 18.2 (+0.8 SDS)

Patient 8 F 5.0 1.14 (+0.5 SDS) 21.8 (+0.7 SDS)

Patient 9 M 6.5 1.22 (-0.5 SDS) 25.3 (+0.8 SDS)

Patient 10 M 6.7 1.22 (-1.2 SDS) 22.4 (-0.2 SDS)

Patient 11 M 7.4 1.27 (-0.5 SDS) 26.5 (+0.5 SDS)

Patient 12 M 11.5 1.30 (-2.2 SDS) 29.1 (+0.7 SDS)
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perchloric acid. These samples were centrifuged at 4000 rpm for 20 min, after which 

the supernatant was collected and stored at -20°C until analysis. Blood glucose levels 

were monitored every hour and more frequently when glucose levels dropped below 3.5 

mmol/L. Hypoglycemia was defined as a plasma glucose level below 3.0 mmol/L (17). The 

fasting test was terminated either when the blood glucose level was ≤ 2.5 mmol/L or when 

clinical symptoms of hypoglycemia occurred, or after 22 hrs of fasting. After cessation of 

the test, subjects were immediately given carbohydrate rich drinks and a meal.

Analytical methods

Plasma glucose concentration: plasma glucose levels were analyzed with the hexokinase 

method on a Roche MODULAR P800 analyzer (Roche Diagnostics GmbH, Mannheim, 

Germany). 

Plasma [6,6-2H2]glucose enrichment: plasma glucose enrichments were determined as 

described previously (15). Briefly, plasma was deproteinized with methanol and evaporated 

to dryness. The extract was derivatized with hydroxylamine and acetic anhydride (18). 

The aldonitrile pentaacetate derivative of glucose was extracted into methylene chloride 

and evaporated to dryness. The extract was reconstituted in ethylacetate and injected 

into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved 

on a J&W DB17 column (30 m x 0.25 mm, df 0.25 μm; J&W Scientific, Folsom, CA). 

Glucose ions were monitored at m/z 187, 188 and 189. The isotopic enrichment of 

glucose was determined by dividing the peak area of m/z 189 by the peak area of m/z 

187, after correction for background enrichment of [6,6-2H2]glucose.

Deuterium enrichment in glucose at position C5 and in plasma water: glucose was 

converted to a hexamethylene tetra-amine (13;15). Hexamethylene tetra-amine was 

injected into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 

5973 Mass Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was 

Figure 1. Study protocol. After an overnight fast (14 – 16 hrs of fasting) a primed continuous 
infusion of [6,6-2H2]glucose was started at 8 a.m. and continued until 4 p.m., or until subjects 
became hypoglycemic. Blood samples were drawn hourly, or every 30 min. in subjects older than 5 
yrs (dotted arrows), and more frequently at 10 a.m. and the end of the test. 
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achieved on an AT-amine column (30 m x 0.25 mm, df 0.25 μm; Alltech Associates Inc, 

Deerfield, IL, USA). Hexamethylene tetra-amine ions were monitored at m/z 140 and 

141. Deuterium enrichment in plasma was determined by a method adapted from Previs 

et al (19). 

Hormones: plasma insulin and cortisol concentrations were determined on an Immulite 

2000 system (Diagnostic Products Corporation, LA, USA). Insulin was measured with a 

chemiluminescent immunometric assay, cortisol was measured with a chemiluminescent 

immuno assay. Glucagon was determined by RIA (Linco Research, St. Charles, MO, USA). 

Norepinephrine and epinephrine were measured by an in-house HPLC method. Plasma 

free fatty acid (FFA) levels were measured by an enzymatic method (NEFAC; Wako 

Chemicals GmbH, Neuss, Germany).

Plasma ketones and alanine levels: plasma ketone bodies, acetoacetate and 

3-hydroxybutyrate, were measured with an enzymatic/spectrophotometric method using 

D-3-hydroxybutyrate dehydrogenase (20). Plasma alanine was determined using reversed-

phase HPLC combined with electrospray tandem mass spectrometry of the underivatized 

amino acid.

Calculations and statistical analysis

Rates of appearance and disappearance of glucose: the rates of appearance and 

disappearance of glucose in plasma (Ra glucose and Rd glucose), reflecting whole body 

endogenous glucose production (EGP) and whole body glucose uptake during fasting, 

were calculated with Steele’s non-steady-state equations using body weight of the 

subjects (21). The fraction of the total extracellular glucose pool was assumed to be 

equal to the extracellular water compartment, which was between 20% and 25% of 

body weight in the subjects studied (16). A correction was made for subject 1, who was 

overweight, since this would underestimate Ra glucose and Rd glucose in this subject. 

Therefore, in the calculations his body weight was estimated at the 50th percentile.

Absolute gluconeogenesis and glycogenolysis: absolute gluconeogenesis (GNG) 

was calculated by multiplying Ra glucose by the fractional gluconeogenesis (fracGNG). 

FracGNG was calculated as follows (13):

[1] 

Absolute glycogenolysis (GGL) was calculated by subtracting absolute GNG from Ra 

glucose.

Statistical analysis: data are presented as median (range). Data expressed as percentages 

are presented as mean (95 % confidence interval). Spearman’s correlation coefficients 

were calculated for the associations between Ra glucose at baseline and the age of the 

subjects, Ra glucose and Rd glucose, and Ra glucose and plasma glucose in the subjects. 

The Mann-Whitney U test was used to determine statistically significant differences 

deuterium enrichment in glucose at C5
fracGNG(%) 100%

deuterium enrichment in plasma water
= ⋅
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between groups. Within group comparison was done with the Wilcoxon Signed Ranks 

test. A p-value of < 0.05 was considered to be statistically significant. All statistical 

analyses were performed using SPSS 12.0.2 software (SPSS Inc., Chicago, Illinois).

Results

Plasma values

After an overnight fast (14 – 16 hrs of fasting) plasma glucose levels were in the normal 

range in all twelve subjects (Table 2). From that time onwards, a significant decrease (p 

= 0.002) in plasma glucose levels during fasting was seen in all subjects. Hypoglycemia 

occurred in five of the twelve subjects after 20 – 22 hrs of fasting (Table 2). None of these 

subjects required intravenous glucose supplementation to correct the hypoglycemia. 

Mean decrease in plasma glucose during fasting was -40.6 (-22.9 – -58.3) % in the 

hypoglycemic subjects and -20.3 (-14.6 – -25.9) % in the normoglycemic subjects (p = 

0.019).

Plasma alanine levels in the subjects after overnight fasting and at the end of the test 

are described in Table 2. At the end of the test plasma alanine levels were significantly 

lower (p = 0.028) in the hypoglycemic subjects.

Plasma levels of glucoregulatory hormones, plasma FFA, acetoacetate, 3-hydroxy-

butyrate at the end of the test in both groups are listed in Table 3. Plasma glucagon levels 

were significantly higher (p = 0.028) in the hypoglycemic subjects. Plasma insulin levels at 

the end of the test were (near) undetectable in all subjects.

Mutation analysis of the GYS2 gene

In the five subjects that became hypoglycemic during the test all GYS2 exons, including 

the flanking exon/intron regions, were sequenced. Primer sequences are available on 

request. None of the hypoglycemic subjects exhibited any mutations in the GYS2 gene, 

excluding GSD-0 as a cause for the ketotic hypoglycemia (14).

Age distribution

The median age was 3.3 (2.5 – 3.9) yrs. in the group of patients who became hypo-

glycemic and 6.5 (4.2 – 11.5) yrs. in the group of patients who maintained normoglycemia 

(p = 0.004).

Glucose kinetics

Rates of appearance (Ra glucose) and disappearance (Rd glucose) of glucose: in all subjects, 

a significant decrease in Ra glucose was observed during fasting (p = 0.002; Table 2). The 

mean decrease in Ra glucose between overnight fasting and the end of the test was -31.9 

(-20.3 – -43.5) % in the hypoglycemic subjects and -17.9 (-13.6 – -22.2) % in the subjects 
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who maintained normoglycemia (p = 0.007) (Figure 2). A strong correlation was found 

between plasma glucose levels and Ra glucose during the test in all subjects who became 

hypoglycemic (R 0.80 – 0.93, p-values of 0.005 – <0.001), whereas this correlation was 

less marked in the subjects who maintained normoglycemia (R 0.60 – 0.98, p-values of 

0.085 – <0.001). After overnight fasting, Ra glucose was inversely correlated with age (R 

= 0.93; p <0.001).

Rd glucose decreased significantly during the test (p = 0.002) and almost equaled Ra 

glucose throughout the test in all subjects (Table 2).

Table 2. Plasma glucose, plasma alanine and glucose kinetics after overnight fasting and at the end 
of the test  

Subject Glucose (mmol/L)  Alanine (mmol/L)  Ra glucose (mmol/kg·min)  GNG (mmol/kg·min)  GGL (mmol/kg·min)  Rd glucose (mmol/kg·min)

overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%)

1a 4.8 2.0 -58.3 164 125 -23.8 38.5 21.2 -45.0 16.8 20.4 +21.7 21.8 0.6 -97.3 38.9 21.6 -44.5

2 4.0 2.9 -27.5 173 152 -12.1 37.8 26.8 -29.0 19.9 21.7 +9.2 17.9 5.1 -71.6 37.8 25.2 -33.4

3 4.7 2.5 -46.8 172 100 -41.9 39.6 24.7 -37.6 14.1 10.9 -22.9 25.5 13.8 -45.8 39.6 24.2 -38.9

4 4.0 2.8 -30.0 155 125 -19.3 31.2 24.5 -21.7 15.6 21.1 +35.2 15.6 3.3 -78.9 31.2 23.7 -24.3

5 4.2 2.3 -45.2 197 91 -53.8 38.4 28.4 -26.1 15.3 13.8 -9.4 23.1 14.5 -37.2 39.2 28.8 -26.6

6 4.9 4.4 -10.2 171 166 -2.9 28.9 22.7 -21.6 11.7 14.0 +19.5 17.2 8.7 -49.4 28.5 22.7 -20.4

7 4.9 3.9 -20.4 203 139 -31.5 30.2 22.8 -24.6 8.3 11.1 +33.4 21.9 11.7 -46.6 30.2 23.3 -22.9

8 4.7 3.8 -19.1 153 134 -12.4 25.7 22.2 -13.5 14.5 12.6 -13.5 11.1 9.6 -13.6 25.7 22.1 -13.8

9 4.6 3.2 -30.4 158 135 -14.6 21.7 17.8 -18.2 13.6 15.2 +11.5 8.1 2.6 -67.9 21.8 17.8 -18.2

10 4.8 3.8 -20.8 211 227 +7.6 23.8 21.1 -11.4 13.1 19.2 +46.5 10.6 1.8 -83.1 23.8 21.1 -11.5

11 4.6 3.8 -17.4 222 141 -36.5 19.0 15.2 -20.0 8.5 12.7 +49.4 10.5 2.5 -76.2 19.0 14.1 -25.8

12 5.1 3.9 -23.5 241 174 -37.8 19.9 16.8 -15.7 6.6 5.9 -10.3 13.3 10.9 -18.3 19.9 16.8 -15.8

a Glucose kinetics in this patient were calculated using weight estimated at the 50th percentile

Table 3. Plasma hormones, FFA, ketones and alanine at the end of the fasting test

Parameter Normoglycemic (n=7) Hypoglycemic (n=5) P-valuea

Glucagon (ng/L) 110 (50 – 140) 189 (108 – 650) 0.028

Cortisol (nmol/L) 459 (233 – 1070) 843 (573 – 1116) 0.062

Epinephrine (nmol/L) 1.15 (0.11 – 3.50)  6.46 (0.67 – 8.07) 0.372

Norepinephrine (nmol/L) 1.25 (0.76 – 2.94) 2.34 (1.02 – 4.61) 0.167

FFA (mmol/L) 2.22 (1.02 – 3.08) 2.05 (1.32 – 3.20) 0.685

3-OH-butyrate (mmol/L) 1.7 (0.6 – 2.5) 2.3 (1.4 – 3.7) 0.222

Acetoacetate (mmol/L) 0.71 (0.26 – 1.00) 0.94 (0.66 – 1.47)b 0.131

a Hypoglycemic group vs. normoglycemic group
b n=4
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Table 2. Plasma glucose, plasma alanine and glucose kinetics after overnight fasting and at the end 
of the test  

Subject Glucose (mmol/L)  Alanine (mmol/L)  Ra glucose (mmol/kg·min)  GNG (mmol/kg·min)  GGL (mmol/kg·min)  Rd glucose (mmol/kg·min)

overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%) overnight end test Δ (%)

1a 4.8 2.0 -58.3 164 125 -23.8 38.5 21.2 -45.0 16.8 20.4 +21.7 21.8 0.6 -97.3 38.9 21.6 -44.5

2 4.0 2.9 -27.5 173 152 -12.1 37.8 26.8 -29.0 19.9 21.7 +9.2 17.9 5.1 -71.6 37.8 25.2 -33.4

3 4.7 2.5 -46.8 172 100 -41.9 39.6 24.7 -37.6 14.1 10.9 -22.9 25.5 13.8 -45.8 39.6 24.2 -38.9

4 4.0 2.8 -30.0 155 125 -19.3 31.2 24.5 -21.7 15.6 21.1 +35.2 15.6 3.3 -78.9 31.2 23.7 -24.3

5 4.2 2.3 -45.2 197 91 -53.8 38.4 28.4 -26.1 15.3 13.8 -9.4 23.1 14.5 -37.2 39.2 28.8 -26.6

6 4.9 4.4 -10.2 171 166 -2.9 28.9 22.7 -21.6 11.7 14.0 +19.5 17.2 8.7 -49.4 28.5 22.7 -20.4

7 4.9 3.9 -20.4 203 139 -31.5 30.2 22.8 -24.6 8.3 11.1 +33.4 21.9 11.7 -46.6 30.2 23.3 -22.9

8 4.7 3.8 -19.1 153 134 -12.4 25.7 22.2 -13.5 14.5 12.6 -13.5 11.1 9.6 -13.6 25.7 22.1 -13.8

9 4.6 3.2 -30.4 158 135 -14.6 21.7 17.8 -18.2 13.6 15.2 +11.5 8.1 2.6 -67.9 21.8 17.8 -18.2

10 4.8 3.8 -20.8 211 227 +7.6 23.8 21.1 -11.4 13.1 19.2 +46.5 10.6 1.8 -83.1 23.8 21.1 -11.5

11 4.6 3.8 -17.4 222 141 -36.5 19.0 15.2 -20.0 8.5 12.7 +49.4 10.5 2.5 -76.2 19.0 14.1 -25.8

12 5.1 3.9 -23.5 241 174 -37.8 19.9 16.8 -15.7 6.6 5.9 -10.3 13.3 10.9 -18.3 19.9 16.8 -15.8

a Glucose kinetics in this patient were calculated using weight estimated at the 50th percentile

Rates of gluconeogenesis (GNG) and glycogenolysis (GGL): no significant differences 

were detected between GNG after an overnight fast and at the end of the test, 

even after two sets of analyses: the total group of subjects (p = 0.071), and separate 

analysis of subjects who became hypoglycemic (p = 0.345) and those who maintained 

normoglycemia at the end of the test (p = 0.091). The mean difference was 6.8 (-22.2 – 

35.7) % in the hypoglycemic group and 19.5 (-4.0 – 43.0) % in the normoglycemic group 

(p = 0.465) (Figure 2). 

GGL decreased significantly in all subjects during the test (p = 0.002; Table 2). The 

mean difference in GGL was -66.2 (-35.7 – -96.7) % in the hypoglycemic subjects and 

-50.8 (-25.6 – -76.1) % in the normoglycemic subjects (p = 0.465) (Figure 2).

Discussion

In this study, fasting glucose fluxes, including both glycogenolysis (GGL) as well as 

gluconeogenesis (GNG), were determined in twelve children with previously established 

idiopathic KH. We demonstrated that the significant decrease in plasma glucose seen 

between overnight fasting (14 – 16 hrs of fasting) and the end of the test (20 – 22 hrs 

of fasting) as observed in all twelve subjects, was caused by a significant decrease in 

endogenous glucose production (EGP) and not by an inadequate high peripheral glucose 

uptake. The observed decrease in EGP was significantly more pronounced in those five 
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subjects who became hypoglycemic, indicating an inability to maintain an adequate 

glucose production. This suggests that EGP is the main denominator of plasma glucose 

concentration in children. These data confirm the recent results of Bodamer et al (22), 

who also demonstrated a lower EGP in nine children with KH vs. eleven control subjects. 

However, they did not determine the differential contributions of GGL and GNG to EGP 

in KH.

Our data show that the observed decrease in EGP resulted from a significant decrease 

in GGL without a significant compensatory increase in GNG, despite raised levels of 

plasma FFA, glucagon and epinephrine levels, all potent stimuli of gluconeogenesis 

(23). The gluconeogenic enzymatic pathway has been proven intact since an adequate 

glycemic response to administered gluconeogenic precursors was observed in KH 

patients (5;8). A limitation in the availability of the gluconeogenic amino acid alanine 

potentially hampering an adequate gluconeogenic response has been suggested as a 

factor in the pathophysiology of KH (4;5). Limited availability of alanine has indeed been 

shown to limit gluconeogenesis in children (24). In our study plasma alanine levels were 

significantly lower in those subjects who experienced hypoglycemia. Alanine production 

may be limited in KH as the amino group for alanine synthesis is derived from branched 

chain amino acid oxidation (25;26) and a lower leucine oxidation was detected in KH 

patients (22). 

Despite this, it is not clear if the observed inability to increase GNG sufficiently to 

compensate for decreased GGL during fasting is indeed pathologic. It is known that in 

adults GGL and GNG both contribute approximately 50 % to EGP after an overnight 

fast. During prolonged fasting the relative contribution of GGL decreases as glycogen 

stores become depleted, whereas the contribution of GNG comprises over 90 % of EGP 

beyond 40 hrs of fasting. However, in absolute sense GNG only marginally increases 

during prolonged fasting in adults (27;28). Hypoglycemia is then prevented by inhibition 

of insulin dependent glucose uptake via metabolites of free fatty acids and via production 

of ketone bodies as another alternative energy substrate (29;30).

Figure 2. Mean difference (95 % 
confidence interval) in Ra glucose, 
GGL and GNG between overnight 
fasting (14 -16 hrs of fasting) and at 
the end of the test (20 – 22 hrs of 
fasting) in the hypoglycemic (open 
bars; n=5) and normoglycemic 
subjects (closed bars; n=7).
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Our results suggest that normoglycemia in the five youngest children could not be 

maintained in the presence of a relatively high glucose demand. This high demand can 

be explained by the higher glucose requirement per kg bodyweight in young children in 

comparison to older children and adults as a consequence of the higher brain mass to 

body mass ratio and cerebral glucose utilization being the major contributor to peripheral 

glucose uptake (31;32). Thus, hepatic glycogen stores in young children will become 

more rapidly depleted during fasting, increasing the dependency on gluconeogenesis. 

This would be in line with the observation that a complete remission of KH is usually seen 

with increasing age. 

All our subjects showed an appropriate hormonal response in relation to their plasma 

glucose levels at the end of the test, as well as a physiological increase in plasma FFA 

and plasma ketones in relation to the duration of the fast (17). This suggests a normal 

metabolic and endocrinologic adaptation to fasting. Impaired ketone body utilization 

in our subjects also seems unlikely. Supra-physiological levels of plasma ketones would 

then be expected as well as an increased peripheral glucose uptake. However, peripheral 

glucose uptake decreased almost equally to EGP in all subjects.

Taken together, our results suggest that KH may not be a pathological condition, but 

merely represents a subset of healthy young children with a limited fasting tolerance, 

representing the lower tail of the Gaussian distribution of the normal fasting response in 

children. However, KH remains a disorder that can only be established after full elimination 

of metabolic and endocrinologic diseases that can give rise to ketotic hypoglycemia. 

Therefore, a full diagnostic work-up in all children presenting with unexplained ketotic 

hypoglycemia remains essential. Management of patients with idiopathic KH should 

include recommendations on avoidance of prolonged fasting, especially in the presence 

of an infectious disease. Finally, assessment of fasting tolerance at a later age may be 

important in order to decide on relaxation of the fasting restrictions.

In conclusion, our data suggest that in KH the higher glucose demand in young children 

due to the high brain-to-body mass ratio can not be balanced by EGP during fasting 

because the decrease in GGL is not accompanied by an increase in GNG. A subnormal 

supply of the gluconeogenic amino acid alanine may be indicated in the inability to 

upregulate gluconeogenesis despite hormonal stimulation. We suggest that KH is not a 

pathological condition but represents the lower tail of the Gaussian distribution of fasting 

tolerance in children.
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Abstract

Pathophysiology of hypoglycemia in HMG-CoA lyase (HL) deficiency remains unclear. 

We therefore studied the endogenous glucose production (EGP), peripheral glucose 

uptake (GU), glycogenolysis (GGL) and gluconeogenesis (GNG) during fasting in two 

siblings with HL deficiency using stable isotope techniques. Only the youngest patient 

(age 8.4 yrs) became symptomatic. After 21 hrs of fasting his plasma glucose was 3.1 

mmol/L, plasma ketones were undetectable and plasma 3-hydroxyisovalerylcarnitine 

and 3-methylglutarylcarnitine were increased. During the test, EGP decreased from 

21.72 to 10.89 μmol/kg·min, while GU decreased significantly less: from 21.91 to 14.61 

μmol/kg·min. GGL decreased from 16.19 to 5.54 μmol/kg·min and GNG remained 

almost constant (5.53 to 5.35 μmol/kg·min). Patient 2 (age 15.1 yrs) maintained 

normoglycemia during 24 hrs of fasting. Plasma ketones were undetectable and plasma 

3-hydroxyisovalerylcarnitine and 3-methylglutarylcarnitine remained constant. During the 

test his EGP and GU decreased concomitantly, both from 16.48 to 11.75 μmol/kg·min. 

GGL decreased from 10.01 to 6.65 μmol/kg·min and GNG from 6.47 to 5.10 μmol/

kg·min. These data show that hypoglycemia in HL deficiency results from a mismatch 

between GU and EGP. This mismatch is due to inability to sufficiently reduce GU during 

fasting caused by the complete lack of ketones. This results in rapid depletion of glycogen 

and failure to sustain EGP. Inhibition of gluconeogenesis due to HMG-CoA accumulation 

appears not to play a role as GNG remained constant despite evidence of accumulating 

HMG-CoA. 

Abbreviations

EGP  endogenous glucose production

GGL  glycogenolysis 

GNG  gluconeogenesis

GU  peripheral glucose uptake

FFA  free fatty acids

HL  HMG-CoA lyase

HMG-CoA  3-hydroxy-3-methylglutaryl-CoA

KH  ketotic hypoglycemia

mHS  HMG-CoA synthase

Ra  rate of appearance

Rd   rate of disappearance
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Introduction

3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA) lyase deficiency (HL; OMIM #245050) is a 

rare autosomal recessive disorder of ketogenesis, resulting in episodes of non-ketotic 

hypoglycemia provoked by fasting. The hypoglycemia is considered to be caused by 

either an increased glucose demand exceeding endogenous glucose production (EGP) 

due to complete absence of ketone bodies as an alternate substrate, and/or to inhibition 

of gluconeogenesis caused by accumulated HMG-CoA (1). The differential contribution 

of these mechanisms to the observed fasting induced hypoglycemia has, however, never 

been studied.

We quantified the main fluxes of glucose metabolism during fasting in two siblings 

with HL deficiency in order to study the pathophysiology of hypoglycemia. Endogenous 

glucose production (EGP), peripheral glucose uptake (GU), glycogenolysis (GGL) and 

gluconeogenesis (GNG) were quantified with use of the [6,6-2H2]glucose isotope dilution 

method combined with the deuterated water method (2;3).

Materials and Methods

Subjects

Two patients with HL deficiency were included. HL deficiency was confirmed in both by 

enzymatic analysis (Table 1). 

Patient 1 is the youngest child in a family of nine children in which five died due to 

hypoglycemic incidents in HL deficiency. The diagnosis of HL deficiency was established 

in cord blood. He was started on frequent feedings and had an uncomplicated neonatal 

period. In his first years of life he had several minor metabolic derangements due to 

intercurrent infectious diseases without any neurological sequelae. Fasting is avoided and 

he receives carnitine supplementation.

Patient 2 is the older brother of patient 1. Plasma glucose shortly after birth was 

0.4 mmol/L. He was started on frequent feedings and carnitine supplementation. 

Enzyme analysis in cord blood confirmed HL deficiency. In his first years of life he 

had several hypoglycemic episodes during intercurrent infectious diseases. He has a 

Table 1. Subject characteristics

Subjects Sex Age (y) Height (m) Weight (kg) Enzyme activity (normal range)

Patient 1 M 8.4 1.24 (–1.0 SD) 29.0 (+0.8 SD) 0.2  (15.4 – 27.9) nmoles/min·mg protein*

Patient 2 M 15.1 1.72 (+0.8 SD) 59.0 (+0.5 SD) 0.1  (15.4 – 27.9) nmoles/min·mg protein*

*in leucocytes; Wanders et al, Clin Chim Act 1990; 189(3): 327-334
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mild delay in psychomotor development. Fasting is avoided and he receives carnitine 

supplementation.

All studies were approved by the Institutional Review Board. The older patient and the 

parents gave informed consent prior to the studies.

Study protocol

Both patients were admitted one day before the fasting test. An intravenous catheter 

was inserted into the antecubital vein of both arms after topical application of lidocaine 

cream. One catheter was used for administration of [6,6-2H2]glucose, the other for blood 

sampling. A baseline blood sample was collected to determine background enrichment 

of deuterated water in plasma. Fasting was started at a time considered save based on 

previous experience with fasting in these patients. Prior to fasting both patients consumed 

their regular evening meal and maintained bed rest from that time on. After this evening 

meal they drank deuterium enriched water (>99% pure; Cambridge Isotope Laboratories, 

Cambridge, MA) at a dose of 5 g per kg body water divided in 5 doses within 120 minutes 

(4). The total amount of body water (kg) in the subjects was estimated as 65% (patient 

1) or 60% (patient 2) of body weight (kg) (5). Thereafter, they were only allowed to drink 

tap water enriched to 0.5% with deuterated water until the end of the test. At 8 a.m. 

the next day, after collection of a blood sample to determine background enrichment of 

[6,6-2H2]glucose in plasma, a primed continuous infusion of [6,6-2H2]glucose (>99% pure; 

Cambridge Isotope Laboratories, Cambridge, MA) was started (patient 1: 26.4 μmol/kg 

bolus and 0.33 μmol/kg·min continuous infusion; patient 2: 17.6 μmol/kg bolus and 0.22 

μmol/kg·min continuous infusion) in order to reach an estimated 2 % plasma enrichment 

(6). Thereafter, blood samples were drawn every 30 minutes and more frequently at the 

beginning and end of the test or when the patients became hypoglycemic. Total blood 

volume drawn did not exceed 5% of total estimated blood volume in the subjects. At 

several time points during the test urine was collected for organic acid analysis. Urine 

was stored at 4°C until analysis. Blood samples were centrifuged at 3000 rpm for 10 min, 

after which plasma was collected and stored at -20°C. Blood samples for determination 

of fractional gluconeogenesis were immediately deproteinized by adding an equal 

amount of 10% perchloric acid. These samples were centrifuged at 4000 rpm for 20 

min, after which the supernatant was collected and stored at -20°C. Blood glucose levels 

were monitored every hour and more frequently when glucose levels dropped below 3.5 

mmol/L. The test was terminated either when the blood glucose level was ≤ 2.5 mmol/L 

or when clinical symptoms of metabolic derangement occurred, or at the end of the 

afternoon on the day of the test. After cessation of the test, patients were immediately 

given carbohydrate rich drinks and a meal.

Analytical methods

Plasma glucose, FFA, ketone bodies, acylcarnitines and hormones: plasma glucose levels 

were analyzed with the hexokinase method on a Roche MODULAR P800 analyzer (Roche 

66



Diagnostics GmbH, Mannheim, Germany). Plasma FFA concentration was measured by 

an enzymatic method (NEFAC; Wako Chemicals GmbH, Neuss, Germany). Plasma ketone 

bodies were determined with a fluorometric enzyme method according to Williamson and 

Corkey (7). Acylcarnitines were determined using electrospray tandem-mass spectrometry 

(8). Plasma insulin and cortisol concentrations were determined on an Immulite 2000 

system (Diagnostic Products Corporation, LA, USA). Insulin was measured with a 

chemiluminescent immunometric assay, cortisol was measured with a chemiluminescent 

immuno assay. Glucagon was determined by RIA (Linco Research, St. Charles, MO, USA). 

Norepinephrine and epinephrine were measured by an in-house HPLC method.

Plasma [6,6-2H2]glucose enrichment: plasma glucose enrichments were determined as 

described previously (4). Briefly, plasma was deproteinized with methanol and evaporated 

to dryness. The extract was derivatized with hydroxylamine and acetic anhydride (9). The 

aldonitrile pentaacetate derivative of glucose was extracted into methylene chloride and 

evaporated to dryness. The extract was reconstituted in ethylacetate and injected into 

a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved 

on a J&W DB17 column (30 m x 0.25 mm, df 0.25 μm; J&W Scientific, Folsom, CA). 

Glucose ions were monitored at m/z 187, 188 and 189. The isotopic enrichment of 

glucose was determined by dividing the peak area of m/z 189 by the peak area of m/z 

187, after correction for background enrichment of [6,6-2H2]glucose.

Deuterium enrichment in glucose at position C5 and in plasma water: glucose was 

converted to a hexamethylene tetra-amine (2;4). Hexamethylene tetra-amine was injected 

into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved 

on an AT-amine column (30 m x 0.25 mm, df 0.25 μm; Alltech Associates Inc, Deerfield, IL, 

USA). Hexamethylene tetra-amine ions were monitored at m/z 140 and 141. Deuterium 

enrichment in plasma was determined by a method adapted from Previs et al (10). 

Calculations and statistical analysis

Rates of appearance and disappearance of glucose: the rates of appearance and 

disappearance of glucose in plasma (Ra glucose and Rd glucose), reflecting whole body 

endogenous glucose production (EGP) and whole body glucose uptake (GU) during 

fasting, were calculated with Steele’s non-steady-state equations (11). The fraction of 

the total extracellular glucose pool was assumed to be equal to the extracellular water 

compartment, which was between 20% and 25% of body weight in the subjects studied 

(5). Calculated rates of EGP in the patients were compared to rates of EGP after overnight 

fasting in healthy subjects as predicted by an age-dependent regression model (12).

Absolute gluconeogenesis and glycogenolysis: absolute gluconeogenesis (GNG) 

was calculated by multiplying Ra glucose by the fractional gluconeogenesis. Fractional 

gluconeogenesis was calculated as follows (2):
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[1] 
deuterium enrichment in glucose at C5

fracGNG(%) 100%
deuterium enrichment in plasma water

= ⋅  

Absolute glycogenolysis (GGL) was calculated by subtracting absolute GNG from Ra 

glucose.

Results

Plasma parameters in relation to fasting duration

Plasma glucose, FFA, glucoregulatory hormones, acylcarnitines and ketone body 

concentrations in relation to fasting duration in both patients are reported in Table 2. 

Patient 1 developed symptoms of autonomic dysregulation and metabolic derangement 

after 21 hrs of fasting. At this time plasma glucose concentration was 3.1 mmol/L. Patient 

2 maintained normoglycemia during 24 hrs of fasting. Activated lipolysis, fatty acid 

oxidation and leucine degradation in patient 1 are demonstrated by increased plasma FFA, 

acetylcarnitine, 3-hydroxyisovalerylcarnitine and 3-methylglutarylcarnitine. In patient 2, 

plasma FFA increased to a lesser extent and acetylcarnitine, 3-hydroxyisovalerylcarnitine 

and 3-methylglutaryl-carnitine remained almost constant. No ketone bodies could be 

detected during fasting in both patients.   

Glucose kinetics

Patient 1 (Figure 1): after 16 hrs of fasting EGP was 21.72 μmol/kg·min, which is normal 

for his age (12). A rapid decrease in EGP was observed after 19 hrs of fasting. At the 

Table 2. Plasma parameters during fasting in both patients

Subjects Patient 1 Patient 2

Fasting duration 16 hrs 19 hrs 21 hrs 16 hrs 19 hrs 24 hrs

Glucose (mmol/l) 5.2 4.8 3.1 5.3 5.0 5.1

FFA (mmol/L) 1.19 1.36 3.03 0.36 0.54 1.06

Acetoacetate (mmol/L) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Hydroxybutyrate (mmol/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Acetylcarnitine (μmol/L) 16.51 19.11 39.86 5.21 8.23 6.41

3-Hydroxyisovalerylcarnitine (μmol/L) 0.24 0.34 0.75 0.45 0.45 0.36

3-Methylglutarylcarnitine (μmol/L) 0.31 0.33 0.98 0.22 0.18 0.21

Insulin (pmol/L) 52 ND <15 33 ND 17

Glucagon (ng/L) 55 ND 326 44 ND 52

Cortisol (nmol/L) 703 ND 2113 134 ND 120

ND = not determined
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end of the test EGP was 10.89 μmol/kg·min. Initially, GU equalled EGP (both 21.91 

μmol/kg·min after 16 hrs of fasting). However, a dissociation between EGP and GU was 

observed from 19 hrs of fasting onwards, with EGP becoming increasingly lower than GU 

(Figure 1). GU at the end of test was 14.61 μmol/kg·min.

 After 16 hrs of fasting GGL was 16.19 μmol/kg·min (74.5% of EGP). GGL initially 

decreased at constant rate, but showed a rapid decline at the end of the test to 5.54 

μmol/kg·min at the end of the test (50.9% of EGP). GNG was 5.53 μmol/kg·min at 16 hrs 

of fasting (25.5% of EGP) and remained almost constant until the end of the test.

Patient 2 (Figure 2): after 16 hrs of fasting EGP was 16.48 μmol/kg·min, which is 

normal for his age (12). EGP decreased slowly during the test to 11.75 μmol/kg·min after 

24 hrs of fasting. GU equalled EGP during the whole test.

GGL was 10.01 μmol/kg·min (60.7% of EGP) after 16 hrs of fasting. GGL decreased 

gradually during the test and was 6.65 μmol/kg·min after 24 hrs of fasting (56.6% of 

EGP). GNG was 6.47 μmol/kg·min after 16 hrs of fasting (25.5% of EGP) and 5.10 μmol/

kg·min after 24 hrs of fasting (43.4% of EGP).

Figures 1&2. Glucose kinetics in relation to plasma glucose concentration and fasting duration in 
patients 1 (Figure 1) and 2 (Figure 2). Plasma glucose concentration is depicted in the ‘A’ panels 
in mmol/L and endogenous glucose production (EGP; l), peripheral glucose uptake (GU; ), 
glycogenolysis (GGL; s) and gluconeogenesis (GNG; t) are depicted in the ‘B’ panels in μmol/
kg·min. 
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Discussion

We studied all major glucose fluxes during fasting in two patients with HMG-CoA lyase 

(HL) deficiency in vivo and demonstrated a discrepancy between EGP and GU, causing 

hypoglycemia. EGP is the main denominator of plasma glucose concentration in children 

(13) and adults (14). The rapid decrease in EGP observed after 19 hrs of fasting in patient 

1 resulted in a decrease in plasma glucose concentration. This decrease in EGP was due 

to a decrease in GGL (Figure 1), suggesting glycogen depletion. This fits the absent 

glycemic response to glucagon administration at the time of hypoglycemia observed in a 

patient with HL deficiency (15). However, in healthy individuals, increasing plasma ketone 

concentrations reduce peripheral glucose utilization (16) by decreasing glucose oxidation 

via the inhibition of pyruvate dehydrogenase (EC 1.2.4.1) and phosphofructokinase (EC 

2.7.1.11) (17). In HL deficiency ketone bodies are not synthesized. Therefore, limitation of 

peripheral glucose oxidation via inhibition of these enzymes will not occur. In addition, 

ketone bodies are not available as an alternate substrate source for energy production. 

Both mechanisms will result in sustained glucose utilization, leading to a more rapid 

depletion of glycogen. Indeed, the dissociation between GU and EGP observed in patient 

1 after 19 hrs of fasting demonstrated that peripheral glucose demand could not be 

balanced by EGP, revealing the importance of ketone bodies for glycemic control in vivo. 

In patient 2, glucose requirement per kg bodyweight was significantly lower as a result 

of his advanced age (6;12). As GU equalled EGP during the fasting period, EGP could be 

maintained at a sufficient rate to meet glucose demand (Figure 2). 

It has been suggested that fasting hypoglycemia in HL may result from inhibition 

of gluconeogenesis by accumulating HMG-CoA, impairing gluconeogenesis through 

sequestration of CoA (1). The ensuing low intra-mitochondrial CoA levels may subsequently 

reduce the activity of the acetyl-CoA-dependent pyruvate carboxylase (EC 6.4.1.1), a key 

enzyme in gluconeogenesis (18). In addition, the increased acyl-CoA:CoA ratio might 

decrease the activity of other CoA-dependent enzymes involved in gluconeogenesis (19). 

However, we demonstrated that GNG was not inhibited and remained approximately 

constant during fasting, whereas HMG-CoA was indeed expected to accumulate, as 

illustrated by the continuous increase of 3-hydroxyisovalerylcarnitine and 3-methyl-

glutarylcarnitine in plasma (Table 2). 

In conclusion, we demonstrate that fasting hypoglycemia in HL is caused by the inability 

to reduce glucose utilization during fasting and not by the inhibition of gluconeogenesis 

as a result of HMG-CoA accumulation. Peripheral glucose utilization is maintained due to 

the absence of ketone bodies as an alternate substrate for energy production and due to 

the lack of the inhibitory effect of ketone bodies on enzymes in the glycolytic pathway. 

This results in more rapid depletion of glycogen and a failure to sustain an adequate EGP 

during fasting.
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Abstract

Medium-chain acyl-CoA dehydrogenase deficiency (MCADD) is probably the most common 

inborn error of fatty acid oxidation (FAO). Routine L-carnitine supplementation in the 

treatment of MCADD is controversial. To establish the effects of L-carnitine supplementation 

during prolonged moderate-intensity exercise in MCADD, five patients and three control 

subjects were studied during two hours of moderate-intensity exercise after a twelve hour 

fast. Patients were studied twice, once with and once without L-carnitine supplementation 

(50 mg/kg/day). Blood samples were collected before, during and after exercise, and 

analysed for routine parameters, acylcarnitines and carnitine biosynthesis intermediates. 

Urine was collected before and after exercise, and analysed for acylcarnitines. All patients 

were able to complete the exercise test without any apparent clinical or biochemical 

adverse effects, even without L-carnitine supplementation. A significant rise in plasma free 

fatty acids and octanoylcarnitine levels during exercise was seen in all patients, indicating 

a substantial increase in FAO during exercise. Octanoylcarnitine levels in plasma were 

significantly higher in patients with L-carnitine supplementation, suggesting increased 

clearance of accumulating acylcarnitines. A statistically significant increase of plasma and 

urinary free carnitine levels, as well as of plasma γ-butyrobetaine was seen in MCADD 

patients without L-carnitine supplementation. These data suggest an increase in carnitine 

biosynthesis. In conclusion, although L-carnitine supplementation may promote clearance 

of accumulating acylcarnitines during moderate-intensity exercise, no apparent beneficial 

effect of this supplementation on clinical and biochemical parameters was observed in 

MCADD patients. Our results suggest that MCADD patients are able to increase carnitine 

biosynthesis during exercise to compensate for carnitine losses.

Abbreviations

ALAT  alanine amino transferase

ASAT  aspartate amino transferase

γ-BB  γ-butyrobetaine

CK  creatinine kinase

FAO  fatty acid oxidation

FFA  free fatty acids

MCADD medium-chain acyl-CoA dehydrogenase deficiency

OH-TML   hydroxytrimethyllysine

TML   trimethyllysine 
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Introduction

Prevention of lipolysis by avoidance of fasting is the key in management of patients with 

disorders of fatty acid oxidation (FAO). Frequent carbohydrate rich meals limit fatty acid 

oxidation and prevent the accumulation of FAO intermediates and their CoA esters. Acyl-

CoA esters are considered to contribute to the clinical pathophysiology in patients with 

FAO defects. In addition, patients with defects in FAO are frequently advised to refrain 

from prolonged physical activity, as this stimulates lipolysis and FAO. L-carnitine is widely 

used in the treatment of FAO disorders, as this may promote urinary excretion of toxic 

FAO intermediates and may restore the intramitochondrial acyl-CoA:CoA ratio (1-3). 

Medium-chain acyl-CoA dehydrogenase deficiency (MCADD; MIM #201450) is 

probably the most common disorder of FAO, with a strong predominance in the 

Caucasian populations in north-western Europe (4). Patients with MCADD usually present 

with hypoketotic hypoglycemia during episodes of fasting. Screening for MCADD with 

tandem mass spectrometry has been included in many neonatal screening programs. 

Although it has been shown that patients may exhibit secondary carnitine deficiency 

(5), routine L-carnitine supplementation in MCADD is controversial (6;7). Nevertheless, 

MCADD patients may benefit from L-carnitine supplementation prior to and during 

exercise as the intramuscular concentration of free carnitine, presumably already low in 

MCADD patients because of esterification with accumulating FAO intermediates, might 

further decrease as a result of exercise. Muscle free carnitine concentration has been 

shown to decrease during exercise in healthy subjects (8-11). 

Recently, a study reported a beneficial effect of L-carnitine supplementation 

on exercise performance in MCADD patients during a short incremental exercise 

test (12). To expand the knowledge on the effects of L-carnitine supplementation 

during exercise in MCADD, we studied five MCADD patients with and without  

L-carnitine supplementation (50 mg/kg·day) during two hours of moderate-intensity 

exercise, when FAO is maximally activated (11;13;14). 

Materials and Methods

Subjects

Five patients with MCADD, three males and two females, aged 8, 9, 18, 20 and 39 yrs, 

were studied. All were enzymatically confirmed to be MCAD-deficient. Four patients 

were homozygous for the common 985A>G mutation (15); one patient was compound 

heterozygous for the 985A>G mutation and the 609A>C mutation. All patients were in 

good general health. Three healthy male volunteers, aged 26, 29 and 45 yrs, were studied 

as controls. All subjects had a normal body composition (body mass index 20-25 kg/m2). 
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Written informed consent was obtained from all subjects, or their legal representatives, 

prior to the studies. The study was approved by the local review board.

Study protocol 

All subjects were fasted for 12 hours prior to each exercise test, but were allowed to drink 

water ad libitum. Each subject exercised for two hours on a magnetically braked cycle 

ergometer (E5R, Tunturi Oy Ltd, Finland). Heart rate was monitored continuously and each 

subject exercised at 60% of predicted maximal heart rate, calculated as follows (16):

[1] 60% of maximal heart rate (bpm)  =  (208 – 0.7 · age) · 0.6 

Before (T=0), during (T=60), immediately after (T=120) and one hour after exercise 

(T=180), blood samples were collected, after which subjects were given a carbohydrate 

rich meal. Urine samples were collected prior to and after the exercise.

All patients were studied twice on separate occasions, once without L-carnitine 

supplementation and once after a minimum of 4 weeks of L-carnitine supplementation 

(50 mg/kg·day t.i.d.; Carnitene (Sigma Tau Ethifarma)).

Blood and urine analysis 

All blood samples were analyzed for glucose, free fatty acids (FFA), creatine kinase (CK), 

transaminases (ASAT/ALAT), lactate, pyruvate, 3-hydroxybutyric acid and acetoacetic 

acid. Acylcarnitines and the carnitine biosynthesis intermediates trimethyllysine (TML), 

hydroxytrimethyllysine (OH-TML) and γ-butyrobetaine (γ-BB) were measured using 

electrospray tandem-mass spectrometry (17;18).

Statistical analysis 

Mean values and standard deviations of all blood and urine parameters were calculated. 

Mann-Whitney test and Wilcoxon Signed Ranks test in SPSS (SPSS Inc., Chicago, Illinois) 

were used to determine statistically significant differences. A P-value of <0.05 was 

considered to be statistically significant.

Results

Exercise endurance

All subjects were able to complete the two-hour exercise test without showing any clinical 

symptoms (e.g. muscle weakness, muscle cramps or extreme fatigue), both with and 

without L-carnitine supplementation. The mean calculated distance cycled in the two-hour 

exercise test was not significantly different (P = 0.69) between patients with (50.2 ± 7.4 
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Figure 1. Calculated cycle distance 
(km) in MCADD patients with and 
without  L-carnitine supplementation 
(50 mg/kg·day) after two hrs of mode-
rate-intensity exercise.
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L-carnitine (50 mg/kg day).

km) and patients without (49.1 ± 7.5 km) L-carnitine supplementation (Figure 1). Mean 

calculated distance cycled in the control subjects was 40.4 ± 1.5 km.

Blood parameters

All subjects maintained normoglycemia during the studies. No significant differences were 

observed in plasma CK, ASAT, ALAT, lactate, pyruvate, TML and OH-TML concentrations 

in patients, both with and without L-carnitine supplementation, and healthy control 

subjects before (T = 0), during (T = 60) and after exercise (T = 120 and T = 180). All 

values were normal before exercise and remained within normal limits during and after 

the exercise test. The plasma levels of both 3-hydroxybutyric acid and acetoacetic acid 

were below the detection limit in patients as well as in control subjects before the start 

of exercise. A small, statistically non-significant, increase in the concentration of these 

ketone bodies was observed in all subjects during exercise.

Data on plasma FFA, octanoylcarnitine, free carnitine and γ-BB concentrations 

before, during and after the exercise-test are shown in Figure 2. Plasma free carnitine 

concentration at baseline (T = 0) was below the reference range (21.6 − 64.5 μmol/L; 

(19)) in patients without L-carnitine supplementation, but within the normal range when 

patients were supplemented with L-carnitine at 50 mg/kg·day.

Urine parameters 

Data on the urinary excretion of octanoylcarnitine and free carnitine before and 

after exercise in all subjects are shown in Table 1. MCADD patients on L-carnitine 

supplementation excreted significantly more octanoylcarnitine and free carnitine under 

basal conditions in comparison with the non-supplemented condition. The excretion 

of free carnitine increased significantly during exercise in patients without L-carnitine 

supplementation but not in patients with carnitine supplementation. 
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Figure 2. Plasma FFA, octanoylcarnitine (C8-carnitine), free carnitine and γ-butyrobetaine (γ-BB) 
concentrations (mean ± SD) before, during and after exercise in MCADD patients with () and 
without () L-carnitine supplementation, and control subjects ().
* Significantly different (p<0.05) from MCADD patients without L-carnitine supplementation
# Significantly different (p<0.05) from T=0
a n=3 b n=4 c n=2 d n=1
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Table 1. Urinary octanoylcarnitine and free carnitine excretion (mean ± SD) before and after 
exercise in all subjects.

Subjects Octanoylcarnitine 
(mmol/mmol creatinine)

Free carnitine 
(mmol/mmol creatinine)

Before After Before After

MCADD patients without 2.4 ± 4.3 49.5 ± 43.6# 5.9 ± 9.3 82.8 ± 73.9#

L-carnitine

MCADD patients with 26.2 ± 11.3* 95.3 ± 36.9# 101.5 ± 25.6* 304.2 ± 140.6*

L-carnitine

Control subjects 0.1 ± 0.1 0.1 ± 0.1 15.2 ± 10.8 21.3 ± 21.1

* Significantly different (p<0.05) from MCADD patients without L-carnitine supplementation
# Significantly different (p<0.05) from before exercise

Discussion

L-carnitine supplementation in MCADD is controversial and it is clear that controlled 

studies on the efficacy of L-carnitine are needed. Our goal was to study the effects 

of L-carnitine supplementation in patients with MCADD during prolonged moderate-

intensity exercise, since this closely resembles situations occurring in daily life (e.g. biking, 

walking in the hills). 

All five MCADD patients were able to complete the two hours of moderate-

intensity exercise, both with and without L-carnitine supplementation, without 

experiencing any clinical signs or symptoms. The mean calculated distance cycled in 

the two-hour test was not significantly different between the patient with and without  

L-carnitine supplementation. Although in this open labelled study exercise tolerance was 

not assessed by the measurement of oxygen consumption (Vo2) and carbon dioxide 

production (Vco2), no apparent differences were observed in exercise endurance 

between patients with and without L-carnitine supplementation, and between patients 

and control subjects. This suggests that MCADD patients have a good tolerance for 

prolonged moderate intensity exercise, even when they have subnormal levels of plasma 

free carnitine. In all subjects, lipolysis and fatty acid oxidation were clearly activated 

during the two hour exercise test, as reflected by the (statistically significant) rise of 

plasma free fatty acids in all subjects, and of plasma octanoylcarnitine concentrations 

in MCADD patients (Figure 2). Plasma octanoylcarnitine levels before and after exercise, 

as well as the urinary octanoylcarnitine levels before exercise, were significantly higher 

with L-carnitine supplementation. This suggests that L-carnitine supplementation indeed 

promotes clearance of accumulating intramitochondrial FAO intermediates under these 

conditions. These results are in agreement with those reported by Lee and coworkers 

(12). They also reported a beneficial effect of L-carnitine supplementation on exercise 

tolerance in four MCADD patients during a short incremental exercise test, although 
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this effect was not shown to be statistically significant. A beneficial effect of L-carnitine 

was described before in one patient with MCADD (20). In contrast, we did not observe 

any clinical or biochemical advantageous effects of L-carnitine supplementation during 

two hours of moderate-intensity exercise. This suggests that under the circumstances 

studied, intramuscular depletion of free carnitine did not compromise fatty acid oxidation 

in the MCADD patients. It should be noted that in the study of Lee and coworkers 

patients received 100 mg/kg·day of L-carnitine whereas our patients were given 50 

mg/kg·day. Nevertheless, plasma L-carnitine levels normalized in all our patients (Figure 

2). In addition, Lee and coworkers studied the effects of a short incremental exercise 

test. As subjects exercised at high-intensity at the end of this test, a rapid decrease 

of intramuscular free carnitine due to esterification with acetyl-CoA, as a result of a 

high glycolytic flux, likely occurred in all subjects (9;11). This mechanism may well have 

compromised the intramuscular long-chain fatty acid transport into mitochondria in the 

patients tested without L-carnitine, resulting in the observed efficacy of the L-carnitine 

supplementation. Intramuscular free carnitine depletion most likely did not occur during 

the moderate-intensity exercise used in our study protocol. Therefore, we conclude that 

patients with MCADD may benefit from L-carnitine supplementation during a relatively 

short period of high intensity exercise, but not during prolonged moderate-intensity 

exercise up to two hrs, despite the fact that FAO is maximally activated during the latter 

conditions (11;13;14). However, it cannot be ruled out that MCADD patients may benefit 

from L-carnitine supplementation during moderate-intensity exercise lasting longer than 

two hrs. 

Remarkably, plasma and urinary free carnitine concentrations increased significantly 

during exercise in MCADD patients without L-carnitine supplementation. We 

hypothesize that this increase might be the result of increased de novo synthesis. To 

test this hypothesis plasma carnitine biosynthesis intermediates were determined 

in all subjects. Although no differences were detected in plasma TML and OH-TML 

concentrations, a small, but statistically significant increase in plasma γ-BB was 

observed during exercise in patients without L-carnitine supplementation (Figure 

2). This increase in γ-BB corresponded with that of plasma free carnitine (Figure 2).  

γ-BB is the direct precursor of L-carnitine and can be synthesized in muscle. However, 

since muscle lacks γ-butyrobetaine dioxygenase (BBD; EC 1.14.11.1), the enzyme 

necessary for the conversion of γ-BB into L-carnitine, γ-BB produced in muscle needs to 

be transported via the circulation to the L-carnitine synthesizing organs, mainly liver and 

kidney (21). Probably, the depletion of intramuscular free carnitine will result in increased 

γ-BB biosynthesis in muscle. γ-BB may then be transported to the liver and kidney to be 

converted into L-carnitine, which appears in the circulation. The muscle can then take 

up this L-carnitine to replenish its free carnitine pool. This would explain the correlation 

between the rise in plasma γ-BB and in plasma free carnitine, as observed in this study 

during exercise in MCADD patients without L-carnitine supplementation. In patients on 

L-carnitine supplementation plasma γ-BB levels before exercise were already significantly 
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higher than in patients without supplementation. This is probably caused by splanchnic 

uptake of γ-BB, since supplemented L-carnitine is generally not fully absorbed in the gut 

and can be reduced by intestinal E. Coli to γ-BB (22;23).

In conclusion, patients with MCADD have an excellent tolerance to prolonged 

moderate-intensity exercise. Although L-carnitine supplementation does seem to promote 

clearance of accumulating acylcarnitines, no apparent beneficial effect of L-carnitine 

administration during moderate-intensity exercise was observed in MCADD patients 

in contrast to the observations made during short-term incremental exercise (12). The 

statistically significant increase in plasma and urinary free carnitine levels, in combination 

with the small but significant increase in plasma γ-BB during exercise in patients without 

L-carnitine supplementation, suggest that MCADD patients are able to increase carnitine 

biosynthesis to compensate for carnitine loss in muscle. 
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Abstract

Objective: to study glucose and fat metabolism at rest and during moderate-intensity 

exercise in patients with medium-chain acyl-CoA dehydrogenase deficiency (MCADD).

Study design: contemporary stable isotope methodology with [U-13C]palmitate and  

[6,6-2H2]glucose in combination with deuterated water was applied to compare fat and 

glucose metabolism between four adult patients with MCADD (age: 27.3 ± 9.3 yrs, BMI: 

24.6 ± 3.8 kg/m2) and four matched control subjects (age: 27 ± 4.6 yrs, BMI: 23.4 ± 3.5 

kg/m2) at rest and during 1.5 hrs. of moderate-intensity cycling exercise (50% Wmax).

Results: no significant differences were detected between patients with MCADD and 

control subjects in glucose kinetics, either at rest or during exercise, or in palmitate 

turnover, FFA turnover, whole-body fat oxidation, carbohydrate oxidation, muscular 

glycogen oxidation or fat oxidation from plasma and muscle derived triglycerides during 

exercise. Plasma FFA oxidation was significantly lower in patients at the end of exercise. 

At rest, plasma FFA turnover was significantly higher in patients with MCADD, whereas 

plasma FFA concentrations were not significantly different. Norepinephrine at rest was 

significantly higher in patients with MCADD, but no significant differences in regulatory 

hormones were detected between patients and control subjects at the end of exercise.

Conclusions: whole-body fat oxidation is not impaired and gluconeogenesis is 

stimulated normally in adult patients with MCADD during moderate-intensity exercise. 

Plasma FFA turnover at rest is elevated in MCADD patients and might result in ectopic fat 

accumulation, eventually causing insulin resistance.

Abbreviations

CHO  whole-body carbohydrate oxidation

EE  energy expenditure

EGP  endogenous glucose production

FAO  fatty acid oxidation

FAT  whole-body fat oxidation

FFA  free fatty acids

GGL  rate of glycogenolysis

GNG  rate of gluconeogenesis

MCADD medium-chain acyl-CoA dehydrogenase deficiency

Ra  rate of appearance

Rd  rate of disappearance

Rox  rate of oxidation

RER  respiratory exchange ratio

TG  triglycerides
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Introduction

Patients with medium-chain acyl-CoA dehydrogenase deficiency (MCADD; MIM# 201450) 

are unable to oxidize medium-chain fatty acids, resulting in the accumulation of fatty acid 

oxidation (FAO) intermediates and their CoA and carnitine esters. MCADD is probably the 

most common disorder of FAO (1) and is included in most neonatal screening programs.

MCADD generally presents with lethargy and hypoketotic hypoglycemia, usually following 

an episode of prolonged fasting, especially in combination with an intercurrent infectious 

disease. Under normal conditions patients with MCADD are completely asymptomatic 

(2). Long-term sequelae have been reported in MCADD (3;4), most likely attributable to 

hypoglycemic episode(s) and/or the toxic effects of accumulating CoA or carnitine esters. 

In general, patients with MCADD are managed by avoidance of prolonged fasting. In 

accordance, it is suggested that prolonged exercise should better be avoided.

Since both dietary fat as well as adipose tissue contain predominantly long-chain fatty 

acids (5), patients with MCADD should be able to partially oxidize fat, e.g. by reducing 

palmitic acid (C16:0) to octanoic acid (C8:0) by completing four full cycles of fatty acid 

oxidiation resulting in the production of four acetyl-CoA units. However, whole-body 

fat oxidation rates have never been measured in vivo in MCADD patients. Heales and 

co-workers did measure oxidation of [1-13C]octanoate in four patients with MCADD, but 

failed to detect any impairments in [1-13C]octanoate oxidation rates (6). This might be 

attributed to the activity of other acyl-CoA dehydrogenases with substrate specificity 

overlapping that of MCAD (7).

The etiology of fasting hypoglycemia in MCADD as well as in other disorders of FAO 

remains to be elucidated. Impaired gluconeogenesis due to either insufficient activation 

of pyruvate carboxylase, a key enzyme in gluconeogenesis, caused by low levels of acetyl-

CoA or trapping of CoA in acyl-CoA esters (8) and/or by an increased acyl-CoA:CoA ratio, 

decreasing the activity of other CoA-dependent enzymes involved in gluconeogenesis 

(9), may be implicated. The latter hypothesis is supported by previous observations of 

reduced concentrations of metabolites in the gluconeogenic pathway in mice deficient 

for very-long-chain acyl-CoA dehydrogenase (VLCADD; MIM# 201475) under stressed 

conditions (10).

In the present study we quantified the major fluxes of both fat and glucose metabolism 

using contemporary stable isotope methodology in adult patients with MCADD at rest and 

during moderate-intensity exercise in comparison to matched control subjects. Our goals 

were to establish the capacity of FAO in MCADD and to determine if gluconeogenesis is 

indeed impaired in vivo in MCADD.
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Materials and Methods

Subjects 

Four adult patients with enzymatically confirmed MCADD, three males and one female, 

were studied. All were homozygous for the common 985A>G mutation (11). All patients 

were in good general health. Four adult healthy volunteers were included as control 

subjects and were matched for sex, age and body composition (Table 1). Written 

informed consent was obtained from all subjects prior to the experiments. All studies 

were approved by the Institutional Review Board.

Table 1. Subjects’ characteristics

Subjects Sex Age (y) Height (m) Weight (kg) Body fat (%) Fat-free mass (kg)

Patient 1 M 41 1.78 65.8 17.6 54.2

Patient 2 M 21 1.97 86.2 22.4 66.9

Patient 3 F 22 1.68 73.4 32.8 49.3

Patient 4 M 25 1.85 100.0 31.3 68.7

Control 1 M 32 1.76 70.3 20.6 55.8

Control 2 M 21 1.96 76.4 13.6 66.0

Control 3 F 27 1.77 71.0 30.3 49.5

Control 4 M 28 1.83 94.5 30.8 65.4

Prior to the study

At least one week prior to the experimental trials, an incremental exhaustive exercise test 

was performed on an electrically braked cycle ergometer (Ergometrics er900L, Ergoline, 

Bitz, Germany) to determine individual maximal oxygen uptake (Vo2 max) and maximal 

workload  capacity (12). All subjects refrained from exhaustive exercise and maintained 

a carbohydrate-rich diet three days prior to the experiment. On the evening prior to 

the experiments, subjects consumed a standardized meal containing 54 Energy % (En%) 

carbohydrate, 29 En% fat and 17 En% protein. All subjects remained fasted from 8 pm on 

the evening prior to each experiment.

Patients with MCADD were studied without carnitine supplementation and those who 

were using carnitine supplementation discontinued supplementation two weeks prior to 

the experiments.

Preparation of tracers

All tracers were obtained from Cambridge Isotope Laboratories, Cambridge, MA and 

all were at least 99% pure. All tracer infusion fluids were prepared by the Department 

of Clinical Pharmacy of the Academic Medical Center, Amsterdam, The Netherlands. 
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[6,6-2H2]glucose, [1,2-13C]sodium-acetate and [13C]sodium-bicarbonate were all dissolved 

in 0.9% saline. [U-13C]potassium-palmitate was dissolved in heated (60 °C) sterile water 

and passed through a 0.2 μm filter into preheated pasteurized plasma solution, after 

which it was immediately used in the trial of day 1.

Study protocols (figure 1) 

Day 1 (palmitate and glucose kinetics): on the previous evening subjects were given 

deuterium enriched water (2H2O) at a dose of 5 g per kg body water divided in 5 doses 

within 120 min, to reach 0.5% of deuterium enrichment in body water (13). A blood 

sample was collected before administration of the first dose to check for background 

enrichment of deuterium in plasma water. Hereafter, the subjects were only allowed to 

drink tap water enriched with deuterated water up to 0.5% until completion of the test. 

The next morning, subjects were put in the supine position and intravenous catheters 

were inserted into an antecubital vein of both arms. One catheter was used for infusion 

of [U-13C]potassium-palmitate and [6,6-2H2]glucose and the other for blood sampling. At 

baseline, a blood and breath sample was collected to determine background enrichment 

of tracers in plasma and to determine background enrichment of 13CO2 in expired air. At 

9.30 h a primed continuous infusion of [6,6-2H2]glucose was started (bolus: 8.8 μmol/kg; 

continuous infusion: 0.11 μmol/kg·min) and at 10.00 h a continuous infusion of [U-13C]-

potassium-palmitate was started (0.01 μmol/kg·min) after administration of a bolus of 

actual time (h)

exercise (50% of Wmax)

[U-13C]potassium-palmitate

0900 1000 1100 1200 1300 1400

[6,6-2H2]glucose

Day 1 (palmitate & glucose kinetics)

blood / breath samples

[13C]sodium-bicarbonate

actual time (h)

exercise (50% of Wmax)

[1,2-13C]sodium-acetate

0900 1000 1100 1200 1300 1400

Day 2 (acetate recovery)

breath samples

[13C]sodium-bicarbonate

Figure 1. Study protocols of day 1 (palmitate and glucose kinetics) and day 2 (acetate recovery 
factor). The shaded bars represent doubled rates of tracer infusion during exercise.
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[13C]sodium-bicarbonate to prime the bicarbonate pool (0.74 μmol/kg). At 11.30 four 

blood samples were drawn at 5 minute intervals to determine plasma enrichment of 

[6,6-2H2]glucose and [U-13C]palmitate under basal resting conditions. Additionally, two 

blood samples were drawn at 11.30 h and 11.45 h to determine fractional gluconeogenesis 

under basal resting conditions. Hereafter, subjects started to exercise at a workload of 

50% of the Wmax as determined in the incremental exhaustive exercise test. In order 

to maintain plasma enrichment of [6,6-2H2]glucose and [U-13C]palmitate during exercise 

approximately constant, the infusion rates were doubled to 0.22 μmol/kg·min and 0.02 

μmol/kg·min, respectively. During exercise, carbon dioxide production (Vco2) and oxygen 

consumption (Vo2) were measured every last 10 min of every 15 min of exercise using an 

Oxycon Pro system in mixed chamber mode (Jaeger, Wuerzburg, Germany) and blood 

and breath samples were drawn every 15 min until the end of the test. Blood samples 

were immediately centrifuged at 3000 rpm for 10 min, after which plasma was collected 

and stored at -20°C. Blood samples for determination of fractional gluconeogenesis 

were immediately deproteinized after collection by adding an equal amount of 10% 

perchloric acid. These samples were centrifuged at 4000 rpm for 20 min, after which 

the supernatant was collected and stored at -20°C. The test was terminated after 1.5 

h of exercise, after which subjects were given a carbohydrate-rich drink and a meal to 

replenish losses. All subjects remained fasted during studies.

Day 2 (acetate recovery factor): in order to correct for 13C label trapping in the side 

pathways of the citric acid cycle (14), the acetate recovery factor was determined in all 

subject individually under the exact same conditions as used in study day 1 (15). Only one 

intravenous catheter was needed in order to infuse [1,2-13C]sodium-acetate. During rest 

the infusion rate of [1,2-13C]sodium-acetate was 0.08 μmol/kg·min and during exercise 

this rate was increased to 0.16 μmol/kg·min. Breath samples were collected every 15 min 

during exercise until the end of the test. Study day 2 was done at least 7 days apart from 

study 1 in each subject. 

Termination of exercise in patient 2: patient 2 did not finish the exercise test on 

study day 1 and stopped the test after 45 minutes of cycling because of fatigue and 

lightheadedness. He did not experience any adverse clinical symptoms like muscle pain, 

muscle cramps or nausea and recovered quickly after termination of the test. His plasma 

glucose was within normal range during the whole test. Because of this, data from three 

patients with MCADD were compared to data of the control subjects during the second 

half of exercise.

Analytical methods

Plasma parameters: glucose levels were analyzed on a Beckman glucose analyzer 

(Beckman Coulter B.V., Mijdrecht, The Netherlands). Insulin and cortisol concentrations 

were determined on an Immulite 2000 system (Diagnostic Products Corporation, LA, 

USA). Insulin was measured with a chemiluminescent immunometric assay, cortisol was 

measured with a chemiluminescent immuno assay. Glucagon was determined by RIA 
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(Linco Research, St. Charles, MO, USA). Norepinephrine and epinephrine were measured 

by an in-house HPLC method. Plasma free fatty acid (FFA) levels were measured by an 

enzymatic method (NEFAC; Wako Chemicals GmbH, Neuss, Germany). Acylcarnitines 

were measured using electrospray tandem-mass spectrometry. Lactate was determined 

using an enzymatic Cobas FARA assay (Roche Diagnostics B.V, Almere, the Netherlands).

Plasma [6,6-2H2]glucose enrichment: plasma glucose enrichments were determined as 

described previously (13). Briefly, plasma was deproteinized with methanol and evaporated 

to dryness. The extract was derivatized with hydroxylamine and acetic anhydride (16). 

The aldonitrile pentaacetate derivative of glucose was extracted into methylene chloride 

and evaporated to dryness. The extract was reconstituted in ethylacetate and injected 

into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved 

on a J&W DB17 column (30 m x 0.25 mm, df 0.25 μm; J&W Scientific, Folsom, CA). 

Glucose ions were monitored at m/z 187, 188 and 189. The isotopic enrichment of 

glucose was determined by dividing the peak area of m/z 189 by the peak area of m/z 

187, after correction for background enrichment of [6,6-2H2]glucose.

Deuterium enrichment in glucose at position C5 and in plasma water: glucose was 

converted to a hexamethylene tetra-amine (13;17). Hexamethylene tetra-amine was injected 

into a gas chromatograph/mass spectrometer (HP 6890 series GC system and 5973 Mass 

Selective Detector, Agilent Technologies, Palo Alto, CA, USA). Separation was achieved on 

an AT-amine column (30 m x 0.25 mm, df 0.25 μm; Alltech Associates Inc, Deerfield, IL, 

USA). Hexamethylene tetra-amine ions were monitored at m/z 140 and 141. Deuterium 

enrichment in plasma was determined by a method adapted from Previs et al (18).

Plasma palmitate concentration and [U-13C]palmitate enrichment: plasma free palmitate 

concentration was measured as described by Ruiter et al (19). The carbon enrichment of 

palmitate was measured on a GC/C/IRMS system (HP 6890 GC Agilent technologies, Palo 

Alto, CA, USA, Delta Plus IRMS system Thermo Finningan, Bremen, Germany) Separation 

was achieved on a CP Sil 19 CB column (25m x 0.32 mm, df 0.2 μm, Varian, Palo Alto, CA, 

USA).   
13CO2 enrichment in expired air: enrichment of 13CO2 in expired air was determined 

by gas chromatography continuous-flow, isotope-ratio mass spectrometry (GC-IRMS; 

BreathMATplus, Finnigan-MAT, Bremen, Germany). 

Calculations and statistical analysis

Ra and Rd of glucose, palmitate and FFA: the rates of appearance (Ra) and disappearance 

(Rd) of glucose and palmitate were calculated with Steele’s non-steady-state equations 

(20), corrected for the contribution of the tracer to total compound concentration 

(21). The volume of distribution (pV) was estimated at 160 ml/kg for glucose and at 

40 ml/kg for palmitate (22). The Ra and Rd FFA were calculated by multiplying the Ra 

and Rd of palmitate, respectively, by the ratio of plasma FFA concentration over plasma 

palmitate concentration. As these parameters were calculated from differences between 
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subsequent blood sample data are expressed at the mean time point between the actual 

time points at which the blood samples were drawn. 

Absolute gluconeogenesis and glycogenolysis: absolute gluconeogenesis (GNG) 

was calculated by multiplying Ra glucose by the fractional gluconeogenesis. Fractional 

gluconeogenesis (in %) was calculated as the ratio of deuterium enrichment at position 

C5 in glucose over deuterium enrichment in plasma water (17). Absolute glycogenolysis 

(GGL) was calculated by subtracting absolute GNG from Ra glucose.

Substrate oxidation: as indirect calorimetry could only be reliably assessed during 

exercise conditions, since the Oxycon Pro system was calibrated for exercise and not 

for resting conditions, whole-body fat (FAT) and whole-body carbohydrate oxidation 

(CHO) rates were only calculated during exercise using the non-respiratory quotient (23). 

The rate of palmitate oxidation (Rox palmitate) was calculated from indirect calorimetry, 

plasma palmitate Rd and the appearance rate of 13CO2 in the expired air. The latter 

was corrected for carbon label retention using the acetate recovery factor as described 

previously (22). It has been shown that plasma glucose oxidation (Rox glucose) equals 

Rd glucose during moderate-intensity exercise (24). Plasma FFA oxidation (Rox FFA) was 

calculated by multiplying Rox palmitate with the ratio of plasma FFA concentration over 

plasma palmitate concentration. The contributions of other fat sources, e.g. plasma and 

muscle derived triglyceride oxidation (Rox TG), and muscle derived glycogen oxidation 

(Rox glycogen) to whole-body fat and carbohydrate oxidation could be calculated by 

subtracting Rox FFA or Rox glucose from FAT or CHO, respectively. For the former it was 

assumed that every TG molecule contains three fatty acids and that the molecular mass 

of TG averaged 861 g/mol (25).

Statistical analysis: all data are expressed as median (range). The Mann-Whitney U test 

was used to determine significant differences between patients with MCADD and control 

subjects. A P-value of <0.05 was considered to be statistically significant. All statistical 

analyses were done with SPSS software (SPSS Inc., Chicago, Illinois).

Table 2. Glucose kinetics at rest and during exercise

Parameter MCADD patients Control subjects

Exercise (min) rest 38 83* rest 38 83

Glucose (mmol/L) 5.1 (4.8-5.3) 5.3 (4.7-6.1) 4.2 (4.0-5.0) 5.2 (4.8-5.2) 4.6 (4.4-5.5) 4.2 (3.7-4.8)

EGP (μmol/kg·min) 12.7 (9.0-13.5) 18.7 (16.5-23.0) 29.7 (21.42-56.7) 11.1 (10.1-12.3) 23.3 (17.9-30.1) 33.3 (28.9-64.1)

Rd glucose (μmol/kg·min) 12.4 (9.3-13.8) 20.2 (11.3-24.1) 33.6 (20.0-54.2) 12.3 (10.1-13.1) 24.3 (20.1-31.1) 32.3 (28.8-68.0)

GGL (μmol/kg·min) 5.3 (3.7-7.8) 9.4 (6.3-10.3) 14.1 (10.1-27.5) 4.7 (2.6-6.9) 9.6 (8.2-16.0) 19.5 (15.3-29.4)

GNG (μmol/kg·min) 6.7 (4.7-8.0) 10.7 (6.2-13.9) 15.5 (11.3-29.2) 6.3 (5.4-7.6) 11.2 (9.0-19.8) 14.3 (12.7-34.7)

* n = 3
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Results

Maximal exhaustive exercise test

Vo2 max was 4.08 (2.89-4.23) l/min in patients with MCADD and 3.51 (3.0-3.91) l/min 

in control subjects. Wmax was 308 (225-335) watts in patients and 283 (255-345) watts 

in control subjects. Both were not significantly different between patients and control 

subjects.

Plasma parameters

All subjects remained normoglycemic during the studies (Table 2). Plasma FFA 

concentrations increased in all subjects during exercise (Table 3), as did plasma 

octanoylcarnitine in patients with MCADD (Table 4), indicating activation of FAO during 

exercise. No significant differences were detected during either rest or exercise in plasma 

concentrations of palmitate, FFA, insulin, glucagon, cortisol and epinephrine between 

patients with MCADD and control subjects (Tables 3 and 4). Norepinephrine levels were 

significantly higher in patients with MCADD at rest (P = 0.021; Table 4). 

Respiratory exchange ratio (RER) and energy expenditure (EE)

In all subjects, a decrease in RER was observed during exercise. RER was 0.90 (0.84-0.97) 

in patients with MCADD and 0.87 (0.81-0.88) in control subjects after 38 min of exercise, 

and 0.84 (0.83-0.89) in patients and 0.83 (0.80-0.86) in control subjects after 83 min of 

exercise. No significant differences were detected in RER between patients and control 

subjects during exercise.

EE remained approximately constant during exercise in all subjects as it was 0.53 

(0.43-0.58) kJ/kg·min in patients with MCADD and 0.51 (0.46-0.62) kJ/kg·min in 

control subjects after 38 min of exercise, and 0.45 (0.44-0.63) kJ/kg·min in patients 

with MCADD and 0.52 (0.48-0.61) kJ/kg·min after 83 min of exercise. Differences in EE 

between patients and control subjects were not significant.

Table 2. Glucose kinetics at rest and during exercise

Parameter MCADD patients Control subjects

Exercise (min) rest 38 83* rest 38 83

Glucose (mmol/L) 5.1 (4.8-5.3) 5.3 (4.7-6.1) 4.2 (4.0-5.0) 5.2 (4.8-5.2) 4.6 (4.4-5.5) 4.2 (3.7-4.8)

EGP (μmol/kg·min) 12.7 (9.0-13.5) 18.7 (16.5-23.0) 29.7 (21.42-56.7) 11.1 (10.1-12.3) 23.3 (17.9-30.1) 33.3 (28.9-64.1)

Rd glucose (μmol/kg·min) 12.4 (9.3-13.8) 20.2 (11.3-24.1) 33.6 (20.0-54.2) 12.3 (10.1-13.1) 24.3 (20.1-31.1) 32.3 (28.8-68.0)

GGL (μmol/kg·min) 5.3 (3.7-7.8) 9.4 (6.3-10.3) 14.1 (10.1-27.5) 4.7 (2.6-6.9) 9.6 (8.2-16.0) 19.5 (15.3-29.4)

GNG (μmol/kg·min) 6.7 (4.7-8.0) 10.7 (6.2-13.9) 15.5 (11.3-29.2) 6.3 (5.4-7.6) 11.2 (9.0-19.8) 14.3 (12.7-34.7)

* n = 3
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Glucose kinetics and oxidation

Glucose kinetics in all subjects during rest and exercise are reported in Table 2. No 

significant differences were detected between patients and control subjects during 

either rest or exercise, neither in EGP, Rd glucose, GGL and GNG (Table 2) nor in CHO, Rox 

glucose and Rox glycogen (Figure 2). CHO decreased during exercise in all subjects as did 

Rox glycogen, whereas Rox glucose increased during exercise in all subjects (Figure 2).

Table 3. Palmitate and FFA kinetics at rest and during exercise

Parameter MCADD patients Control subjects

Exercise (min) rest 38 83* rest 38 83

Palmitate (mmol/L) 0.16 (0.12-0.19) 0.16 (0.10-0.26) 0.28 (0.17-0.38) 0.14 (0.10-0.20) 0.12 (0.07-0.19) 0.27 (0.24-0.34)

Ra palmitate (μmol/kg·min) 2.87 (1.72-3.89) 3.33 (2.08-4.27) 4.98 (3.81-5.44) 1.71 (1.01-2.20) 2.55 (1.57-4.07) 5.41 (4.81-5.72)

Rd palmitate (μmol/kg·min) 2.87 (1.79-3.95) 3.30 (2.06-4.04) 4.76 (3.61-5.39) 1.72 (1.03-2.31) 2.49 (1.47-4.03) 5.25 (4.62-5.55)

Rox palmitate (μmol/kg·min) ND 1.84 (0.57-2.18) 2.71 (2.24-3.09) † ND 2.31 (0.90-3.67) 4.42 (3.82-5.32)

FFA (mmol/L) 0.78 (0.51-0.95) 0.81 (0.39-1.30) 1.59 (0.75-2.02) 0.53 (0.45-0.80) 0.48 (0.28-0.65) 1.11 (0.89-1.40)

Ra FFA (μmol/kg·min) 12.55 (8.74-19.96) † 15.75 (9.73-21.87) 27.96 (17.03-28.89) 6.65 (4.41-8.86) 9.82 (6.39-14.14) 20.76 (19.72-23.68)

Rd FFA (μmol/kg·min) 12.57 (9.08-20.29) † 15.10 (9.67-21.69) 26.73 (16.11-28.65) 6.67 (4.50-9.33) 9.58 (6.01-14.00) 19.90 (19.41-23.00)

Rox FFA (μmol/kg·min) ND 8.48 (2.68-10.74) 13.79 (12.59-14.38) † ND 8.82 (3.69-12.74) 17.32 (15.83-20.59)

* n = 3
† P <0.05 as compared to control subjects
ND = not determined

Table 4. Plasma hormones, octanoylcarnitine and ketone body concentrations

Parameter MCADD patients Control subjects

rest end exercise* rest end exercise

Insulin (pmol/L) 61 (45-103) 28 (23-46) 50 (27-77) 25 (<15-34)

Glucagon (ng/L) 52 (35-63) 79 (58-86) 44 (40-66) 70 (49-88)

Cortisol (nmol/L) 294 (251-532) 371 (287-438) 326 (279-378) 391 (279-544)

Epinephrine 
(nmol/L)

0.15 (0.08-0.28) 0.58 (0.45-1.82) 0.29 (0.16-0.40) 1.24 (0.79-2.75)

Norepinephrine 
(nmol/L)

1.46 (0.89-1.92) † 6.80 (4.55-8.24) 0.63 (0.57-0.75) 3.34 (3.09-5.84)

Octanoylcarnitine 
(μmol/L)

2.41 (1.63-4.30) † 10.58 (9.56-13.58) † 0.07 (0.06-0.19) 0.30 (0.23-0.53)

Free carnitine 
(μmol/L)

11.32 (8.73-19.23) † 20.43 (12.75-29.26) 32.21 (25.58-48.93) 32.47 (22.11-47.35)

Lactate (mmol/L) 0.8 (0.5-0.9) 0.9 (0.9-1.0) † 0.8 (0.5-0.9) 2.0 (1.5-2.4)

n = 3
† P <0.05 as compared to control subjects
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Palmitate, FFA and fat kinetics and oxidation

Palmitate and FFA kinetics are described in Table 3. During rest, both Ra FFA and Rd FFA 

were significantly higher in patients with MCADD (P = 0.043). No significant differences 

could be detected in Ra palmitate, Ra FFA, Rd palmitate, Rd FFA, FAT and Rox TG during 

exercise between patients and control subjects. At the end of exercise, Rox palmitate and 

Rox FFA were significantly lower in patients with MCADD (P = 0.034; Table 3 / Figure 2). 

FAT increased in all subjects during exercise, as did Rox palmitate and Rox FFA (Figure 3; 

Table 4). Rox TG remained essentially the same in patients with MCADD, whereas it first 

increased in control subjects during exercise and then decreased during the second part 

of the exercise test (Figure 2).

Discussion

We report on glucose and fat metabolism in patients with MCADD deficiency during rest 

and moderate-intensity exercise after an overnight fast compared to matched healthy 

control subjects. Our data suggest that whole-body fat oxidation is not significantly 

impaired and gluconeogenesis is not inhibited in patients with MCADD under the 

conditions studied. However, basal plasma FFA turnover at rest after an overnight fast 

was significantly higher in patients with MCADD than in control subjects.

Three out of four patients with MCADD were able to complete the 1.5 hrs. of 

moderate-intensity exercise twice without any apparent clinical or biochemical adverse 

affects. Patient 2 did stop to exercise after 45 min. on study day 1 because of fatigue 

and lightheadedness. His biochemical parameters did not differ from the other patients. 

In addition, as he experienced anxiety for the first test, and as he did not experience 

the same symptoms on study day 2, failure to complete the test on day 1 was likely not 

related to the MCADD.

Table 3. Palmitate and FFA kinetics at rest and during exercise

Parameter MCADD patients Control subjects

Exercise (min) rest 38 83* rest 38 83

Palmitate (mmol/L) 0.16 (0.12-0.19) 0.16 (0.10-0.26) 0.28 (0.17-0.38) 0.14 (0.10-0.20) 0.12 (0.07-0.19) 0.27 (0.24-0.34)

Ra palmitate (μmol/kg·min) 2.87 (1.72-3.89) 3.33 (2.08-4.27) 4.98 (3.81-5.44) 1.71 (1.01-2.20) 2.55 (1.57-4.07) 5.41 (4.81-5.72)

Rd palmitate (μmol/kg·min) 2.87 (1.79-3.95) 3.30 (2.06-4.04) 4.76 (3.61-5.39) 1.72 (1.03-2.31) 2.49 (1.47-4.03) 5.25 (4.62-5.55)

Rox palmitate (μmol/kg·min) ND 1.84 (0.57-2.18) 2.71 (2.24-3.09) † ND 2.31 (0.90-3.67) 4.42 (3.82-5.32)

FFA (mmol/L) 0.78 (0.51-0.95) 0.81 (0.39-1.30) 1.59 (0.75-2.02) 0.53 (0.45-0.80) 0.48 (0.28-0.65) 1.11 (0.89-1.40)

Ra FFA (μmol/kg·min) 12.55 (8.74-19.96) † 15.75 (9.73-21.87) 27.96 (17.03-28.89) 6.65 (4.41-8.86) 9.82 (6.39-14.14) 20.76 (19.72-23.68)

Rd FFA (μmol/kg·min) 12.57 (9.08-20.29) † 15.10 (9.67-21.69) 26.73 (16.11-28.65) 6.67 (4.50-9.33) 9.58 (6.01-14.00) 19.90 (19.41-23.00)

Rox FFA (μmol/kg·min) ND 8.48 (2.68-10.74) 13.79 (12.59-14.38) † ND 8.82 (3.69-12.74) 17.32 (15.83-20.59)

* n = 3
† P <0.05 as compared to control subjects
ND = not determined
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An increase in FAT was observed in all subjects during exercise, mainly due to an 

increase in plasma fatty acid oxidation (Figure 2). CHO decreased in all subjects as a result 

of decreased muscle glycogen oxidation, which was only partially balanced by an increase 

in plasma glucose oxidation (Figure 2). This corresponds to previously published data 

on substrate utilization during moderate-intensity exercise obtained in healthy subjects 

(22;26). Both FAT and CHO did not differ significantly between patients with MCADD 

and control subjects during exercise, although plasma FFA oxidation was significantly 

lower in patients at the test. Comparable studies in patients with defects in long-chain 

FAO, VLCADD and carnitine palmitoyltransferase II deficiency (CPT II; MIM# 600650), 

Figure 2. Fat and carbohydrate oxidation during moderate-intensity exercise in patients with MCADD 
(l) and control subjects ( ) (mean ± SEM). The left panel shows whole-body fat oxidation (FAT), plasma 
free fatty acid oxidation (Rox FFA) and fat oxidation from plasma and muscle derived triglycerides (Rox 
TG). The right panel shows whole-body carbohydrate oxidation (CHO), plasma glucose oxidation (Rox 
glucose) and muscle derived glycogen oxidation (Rox glycogen). ‘a’ means n=3.
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indeed demonstrated an impaired FAT during 1 h of moderate-intensity exercise, 

which was fully compensated by CHO as reflected by a higher RER during exercise in 

patients compared to control subjects (27;28). However, as in our study RER did not 

differ significantly between patients and control subjects, FAT and CHO likely contributed 

equally to energy production during exercise. We conclude that whole-body fat oxidation 

was not significantly impaired in patients with MCADD during moderate-intensity 

exercise. As FAO was stimulated through both fasting and exercise we suggest that adult 

patients with MCADD not only have a good tolerance towards overnight fasting but 

also to prolonged moderate-intensity exercise without carnitine supplementation. This 

is supported by previously published data on fasting and exercise tolerance in MCADD 

(29;30). 

No significant differences were detected in EGP, GNG and GGL between patients with 

MCADD and control subjects during both rest and exercise (Table 2). In all subjects, GNG 

and GGL contributed approximately 50% to EGP after an overnight fast during resting 

conditions, in line with previously published data on glucose kinetics after an overnight 

fast in healthy adults (31). During exercise, both GGL and GNG increased resulting in an 

almost threefold increase in EGP in concordance with previously reported data on EGP 

in healthy subjects at an exercise workload of 50% of Wmax (22). It has been suggested 

that hypoglycemia in MCADD may be caused by inactivation of pyruvate carboxylase due  

limited availability of acetyl-CoA, resulting in impaired gluconeogenesis (8). In addition, 

gluconeogenesis may also be hampered by sequestration of CoA due to by accumulating 

acyl-CoA esters, inactivating CoA dependent enzymes involved in gluconeogenesis (9). In 

our study we did not find any evidence of impaired gluconeogenesis in MCADD, as GNG 

during exercise increased to the same extent in both patients and control subjects, despite 

accumulation of FAO intermediates in patients (Table 4). However, skeletal muscle will be 

the predominant site of FAO during exercise and not the liver. Therefore, it is highly likely 

that during exercise in patients with MCADD FAO in hepatocytes still produces sufficient 

acetyl-CoA to stimulate pyruvate carboxylase, without significant sequestration of CoA, 

resulting in a normal upregulation of gluconeogenesis. Impaired gluconeogenesis may 

still play a role in the pathophysiology of fasting hypoglycemia under conditions where 

FAO is upregulated in order to produce ketone bodies.

An unexpected finding was a significantly higher plasma Ra FFA after an overnight 

fast in patients with MCADD compared to control subjects (Table 3), demonstrating a 

higher rate of lipolysis in patients. Recently, this was also reported in a patient with 

3-hydroxyacyl-CoA dehydrogenase deficiency (LCHADD; MIM# 609016), a disorder of 

long-chain FAO. This was suggested to be a compensatory mechanism for failing energy 

production in an attempt to increase fatty acid availability for oxidation by other acyl-

CoA dehydrogenases (32). However, the mechanism causing increased lipolysis was not 

elucidated as no differences were detected in hormones involved in regulating lipolysis. 

In contrast, we showed a significantly higher norepinephrine concentration in plasma 

of patients with MCADD after an overnight fast (Table 4). As catecholamines are the 
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primary activators of lipolysis during fasting (33) the increased rate of lipolysis may be 

explained by the high norepinephrine concentration.

Not only Ra FFA but also Rd FFA was significantly higher in patients. A prominent 

feature in MCADD and other FAO disorders is accumulation of intracellular fat in liver and 

muscle after metabolic derangement (34). The higher Rd FFA as detected in our study in 

patients with MCADD suggests that a higher influx of fatty acids may also contribute to 

intracellular fat accumulation in FAO disorders, already after an overnight fast without 

any signs of metabolic derangement. This might result in an increased risk for insulin 

resistance in patients with FAO disorders as ectopic fat accumulation in liver and muscle 

tissue has been implicated in the pathophysiology of insulin resistance (35). Indeed, 

hepatic insulin resistance was recently reported in LCAD -/- mice, a model for a defective 

long-chain FAO (36). It may therefore be of interest to study insulin resistance in older 

patients with FAO disorders.

In conclusion, we demonstrate that moderate-intensity exercise after an overnight 

fast is well tolerated in adult patients with MCADD as a result of sufficient muscular 

energy production from both FAT and CHO. In addition, gluconeogenesis during exercise 

is increased to the same extent in patients as in control subjects. Finally, the higher FFA 

turnover after an overnight fast may contribute to intracellular fat accumulation, making 

patients with a FAO disorder prone to insulin resistance.
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Abstract

Introduction: recently, evidence has been presented that adult patients with classical 

galactosemia have higher than expected galactose tolerance. This may be caused by a 

decrease of endogenous galactose production with ageing. Alternatively, suppression of 

endogenous galactose production by exogenous galactose might be implicated. The aim 

of this study was to determine if the rate of appearance of galactose is suppressed by 

exogenous galactose.  

Materials and Methods: two adult patients with classical galactosemia and three 

healthy control subjects were given a primed continuous infusion of D-[1-13C] galactose 

to determine the rate of appearance of galactose (GAR, expressed as μmol/kg·h) before 

and during additional galactose supplementation. After initial assessment of GAR (GAR1), 

GAR was determined during doubled (GAR2) or quadrupled (GAR4) galactose infusion. 

Results: GAR1 was 2.48 and 2.44 in patients 1 and 2, and 0.46, 0.34 and 0.39 in control 

subjects 1, 2 and 3 respectively. GAR2 was 2.43 and 2.13 in patients 1 and 2, and 0.57, 

0.38 and 0.47 in control subjects 1, 2 and 3 respectively. In patient 1 the experiment was 

repeated during quadrupled galactose infusion. Here GAR1 was 3.01 and GAR4 was 3.26.

Conclusions: no significant differences between GAR before and during additional 

galactose infusion were found in patients and in control subjects. GAR1 was significantly 

higher in patients than in control subjects. We conclude that the rate of appearance of 

galactose is not influenced by exogenous galactose, at least under short-term conditions, 

in patients with classical galactosemia and in control subjects.

Abbreviations

APE  atom percent excess

GAR  galactose appearance rate

SS  steady-state
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Introduction

In classical galactosemia (MIM #230400) patients are unable to degrade galactose 

through the Leloir pathway due to a deficiency of galactose-1-phosphate uridyltransferase 

(EC 2.7.7.12; GALT) (1). This defect leads to the accumulation of galactose-1-phosphate, 

galactitol and galactonate (2-4). The accumulating galactose-1-phosphate probably 

causes the characteristic and life threatening phenotype of lethargy, feeding difficulties, 

hepatomegaly, icterus and hypotonia after ingestion of galactose in the neonatal period 

(5). Therapy in patients with GALT deficiency consists of a severe restriction of dietary 

galactose. However, despite strict dietary control, long-term complications, including 

cognitive and motor dysfunction, verbal dyspraxia, decreased bone mineral density, as 

well as hypergonadotrophic hypogonadism in females, frequently develop in patients with 

classical galactosemia (6-8). Strong evidence has been presented that these complications 

may be due to de novo production of galactose  (9). The rate of endogenous galactose 

production, which has been shown to decrease with age, amounts to at least 0.5 – 0.8 

gram per day in adult patients with classical galactosemia (10;11). The pathway by which 

endogenous galactose is produced has not been fully elucidated. Galactose may be 

either derived from the breakdown of galactose containing glycoproteins and glycolipids, 

synthesized from UDP-glucose by the pyrophosphorylase pathway (9;12), or produced by 

a combination of these pathways.

Based on the results of oral galactose loading studies (13;14) and a case report of an 

untreated adult patient with a clinical course similar to treated patients (15), it appears 

that at least adult patients with classical galactosemia are more tolerant to exogenous 

galactose than previously thought. This unexpected high galactose tolerance in classical 

galactosemia may be due to a decrease in endogenous galactose production with ageing 

(11), or to an increased capacity of galactose disposal through alternative pathways 

presumed to be involved in the disposal of galactose (16). Alternatively, the high tolerance 

for exogenous galactose may be explained by suppression of endogenous galactose 

production by exogenous galactose, a regulatory mechanism well established in glucose 

metabolism. Indeed, a recent study demonstrated that infusion of D-[1-13C]galactose 

affected the rate of appearance of galactose in one patient with GALT deficiency (10). 

To evaluate the possibility of suppression of endogenous galactose production by 

exogenous galactose, we determined the rate of appearance of galactose (GAR) in 

plasma before and during infusion of additional galactose, using the D-[1-13C]galactose 

dilution method (9;17), in patients with classical galactosemia and in healthy individuals. 
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Materials and Methods

Subjects

After approval of the protocol by the Medical Ethical Committee of the Academic Medical 

Center, Amsterdam, two patients with classical galactosemia, both homozygous for the 

Q188R mutation, and three healthy volunteers were included in our study. Both patients 

were under good dietary control. Patient 1 had no apparent mental, motor or ovarian 

dysfunction. Patient 2 did have mild mental dysfunction, but was self supporting under 

parental supervision. All subjects gave written informed consent for participation prior to 

the study. Subject characteristics are summarized in table 1.

Table 1. Subject characteristics

Subjects Sex Age (y) Weight (kg) Height (cm) Gal-1-Pa (μmol/gHb)

Patient 1 F 21 70 172 0.35 ± 0.04

Patient 2 M 29 72 196 0.38 ± 0.08

Control 1 F 26 55 169 ND

Control 2 F 35 51 159 ND

Control 3 M 27 92 194 ND

a Galactose-1-phosphate levels during the last years of follow-up (mean ± SD)
ND = not determined

Materials

D-[1-13C]galactose (APE 99%) and [U-13C6]galactose (APE 99%) were purchased from 

Cambridge Isotope Laboratories (Cambridge, Massachusetts, USA) and confirmed to 

be 99% pure by GC/MS analysis (see below). Hydroxylamine-HCl and D-galactose were 

purchased from Sigma Aldrich (St. Louis, Missouri, USA). All other reagents were obtained 

from Merck (Darmstadt, Germany).

Infusion studies 

To exclude any interference from dietary sources of galactose, all subjects maintained 

a very strict galactose-restricted diet three days prior to each day of the study (18). All 

subjects were fasted from 18.00 h the night before the day of study. The studies were 

done in supine position. Two intravenous catheters were inserted, one in each arm, for 

blood sampling and infusion of D-[1-13C]galactose and unlabeled D-galactose. Before D-[1-
13C]-galactose infusion was started, a baseline arterialised blood sample was drawn from 

the subjects hand in a heated hand box (55°C) (19). During the studies blood samples 

were collected in heparin Microtainers (Becton Dickinson, Franklin Lakes, NJ, USA) at 
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regular time-intervals. After collection blood samples were immediately centrifuged for 

10 min. at 3000 rpm. at 4°C. Plasma was collected and stored at -20°C until analysis. 

Assessment of diurnal variation in rate of appearance of galactose: to determine if 

the rate of appearance of galactose remained constant during daytime, in order to be 

able to perform a step-up galactose infusion study in one day, control subjects 2 and 

3 were studied on a separate day of study prior to the suppression studies. At 08:00 a 

primed (5.52 μmol/kg) continuous (0.83 μmol/kg·h) infusion of D-[1-13C]galactose was 

started and continued till 16:00. Blood samples were drawn every 30 minutes in order to 

determine GAR. 

Assessment of the initial rate of appearance of galactose (GAR1): the first control 

subject was studied with a primed (38.67 μmol/kg; 7 mg/kg) continuous (5.52 μmol/

kg·h; 1 mg/kg·h) infusion of D-[1-13C]galactose, as described in earlier studies (9;17). 

With this infusion protocol APE proved to be around 90%. In order to reduce the APE 

we changed our infusion protocol, comparable to previously established protocols (20). 

As a result all other subjects were studied with the following infusion protocol: a 5.52 

μmol/kg of D-[1-13C]galactose priming bolus and 0.83 μmol/kg·h of continuous D-[1-13C]

galactose infusion were used. After an equilibration period of 2.5 hours blood samples 

were drawn every ten minutes at isotopic steady-state (SS1) to determine GAR1 (figure 1). 

All studies were started between 07:30 and 08:30.

Assessment of the rate of appearance of galactose during doubled galactose infusion 

(GAR2): after determination of GAR1 in each subject, total exogenous galactose supply 

was doubled in all subjects via an infusion of unlabeled D-galactose at the same rate as 

0

SS1
SS4

D-[1-13C]galactose D-[1-13C]galactose (2x)

D-galactose (2x)

1 2 3 4 5 6 7Infusion time (h)

Blood sampling

Infusion protocol

GAR1 / GAR2

Infusion protocol

GAR1 / GAR4

SS1 SS2

D-[1-13C]galactose

D-galactose

Figure 1. Study protocols. To determine GAR2 an unlabeled D-galactose infusion was started at t = 
3.5 h at the same rate as the D-[1-13C]galactose infusion. To determine GAR4 the D-[1-13C]galactose 
infusion rate was doubled and a D-galactose infusion was started at the same doubled rate at t = 
3.5 h (shaded bars). 
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the D-[1-13C]galactose infusion. After an equilibration period of 2.5 hours blood samples 

were drawn again every ten minutes at isotopic steady-state (SS2) to determine GAR2 

(figure 1). Total galactose infusion during SS2 was 11.05 μmol/kg·h in control subject 1, 

and 1.66 μmol/kg·h in all other subjects.

Assessment of the rate of appearance of galactose during quadrupled galactose 

infusion (GAR4): patient 1 was studied a second time on a separate occasion one month 

later in order to determine GAR while quadrupling exogenous galactose supply. After 

determination of GAR1 (see above) the D-[1-13C]galactose infusion rate was doubled to 

1.66 μmol/kg·h and an unlabeled infusion of D-galactose of 1.66 μmol/kg·h was started 

to quadruple total exogenous galactose supply. After an equilibration period of 2.5 hours 

blood samples were drawn every ten minutes at isotopic steady-state (SS4) to determine 

GAR4 (figure 1). Total galactose infusion during SS4 was 3.31 μmol/kg·h.

Sample preparation, derivatisation and GC/MS analysis

Plasma was deproteinized using perchloric acid. After neutralisation to pH 7 the supernatant 

was passed through a combined anion and cation exchange column (AG1-X8, formate form 

and AG5W-X8, H+ form, 100-200 mesh, 1 g of each; Biorad, Hercules, CA, USA). The eluate 

was evaporated to dryness and resolved in distilled water. Separation of the galactose from 

glucose was achieved by HPLC (Chrompack Carbohydrates-Pb column CP29010; Chrompack 

Inc., Raritan, NJ, USA; Column temp 85 °C, mobile phase deionised water, flow 0.4 ml/min, 

pressure approx. 750 psi). The galactose fraction (retention time galactose approx. 23 min) 

was collected, evaporated to dryness and derivatised with hydroxylamine and acetic anhydrid 

according to the method of Reinauer and coworkers (21).

The aldonitrile pentaacetate derivative was extracted in methylene chloride and 

evaporated to dryness under a stream of nitrogen. The extract was reconstituted in 

ethylacetate and injected into a gas chromatograph/mass spectrometer system (HP 6890 

series GC system and 5973 Mass Selective Detector, Agilent technologies, Palo Alto, CA, 

USA). Separation was achieved on a J&W scientific DB 17 (30 m x 0.25 mm x 0.25 μm) 

capillary column (J&W Scientific, Folsom, CA, USA). GC parameters: head pressure 15 

psi, initial temperature 125 °C for 1.00 min, ramp 1: 20.00°C/min to 190 °C, hold 0.00 

min, ramp 2: 2.5°C/min to 215°C hold 0.00 min, ramp 3: 30°C/min to 280°C hold 5 

min. Injector temperature 250°C and transfer line to mass spectrometer 280°C. Pulsed 

splitless injection of 1.0 ul, pulse pressure 24 psi for 0.5 min, purge flow split vent 99.8 

ml/min at 1.50 min.  Retention time of galactose: approx. 13 min. 

Mass spectrometric detection was achieved using EI ionization at 70 eV and selected 

ion monitoring at m/z 212 for unlabelled galactose m/z 213. Ion source temperature 

was 230°C, quadrupole temp 150°C. Data acquisition and quantitative calculations were 

performed using the HP Chemstation software. 
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Determination of isotopic steady-state and calculation of GAR

APE was calculated for each time point using the peak areas (PA) of ion 212(m) and ion 

213(m+1) in the following equation:

[1] 
−

= ⋅
+ −

13 12 13 12
bsln

13 12 13 12
bs ln

(PA C / PA C) (PA C / PA C)
APE(%) 100%

1 [(PA C / PA C) (PA C / PA C) ]

in which ‘(PA-13C/PA-12C)bsln’ is a correction factor for the natural abundance at m+1 in 

galactose, determined in each subject before initiation of D-[1-13C]galactose infusion. 

To determine if steady-state (SS) was indeed reached after 2.5 hours of equilibration, 

the calculated APEs of the different time points were put in a scatter graph and a linear 

regression analysis was done. Steady-state was defined as a non-significant (P > 0.05) 

deviation from zero of the slope of the regression line and a coefficient of variation less 

than 10% in the APE values during steady-state.

Initial rate of appearance of galactose (GAR1) was calculated using the following 

equation:

[2] 
⋅

m ⋅ = −1
1

I 100
GAR ( mol/kg h) I

APE(SS )
 

in which ‘I’ is the rate of D-[1-13C]galactose infusion in μmol/kg·h and ‘APE (SS1)’ is the 

average APE of three consecutive time points in SS1. 

Rate of appearance of galactose during doubled (GAR2) and quadrupled (GAR4) 

galactose infusion was calculated using equation (2) with the correction for unlabeled 

galactose infusion:

[3] 
⋅

m ⋅ = − +2 4
2 4

I 100
GAR or GAR ( mol/kg h) (I i)

APE(SS orSS )

in which ‘I’ is the rate of D-[1-13C]galactose infusion in μmol/kg·h, ‘i’ the rate of unlabeled 

galactose infusion in μmol/kg·h, ‘APE (SS2)’ the average APE of three consecutive time 

points in SS2 and ‘APE (SS4)’ the average APE of three consecutive time points in SS4.
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Results

Initial rate of appearance of galactose (GAR1)

In order to determine if the rate of appearance of galactose remained constant during 

daytime, we calculated APE from plasma samples collected every 30 minutes in control 

subjects 2 and 3 in separate experiments. APE did not fluctuate significantly between 

10:00 and 16:00, and the slope of both regression lines between the APEs of consecutive 

time points did not deviate significantly from zero (see figure 2). GAR was 0.51 μmol/

kg·h in control subject 2 and 0.40 μmol/kg·h in control subject 3 in these experiments. 
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Figure 2. Atom percent excess (APE) in control subjects 2 (upper graph) and 3 (lower graph) 
undergoing a primed continuous D-[1-13C]galactose infusion to determine GAR during daytime. 
Linear regression analysis showed steady state to be present from 10:00 to 16:00 in both subjects 
(control 2: y(%) = 62.16(±5.19) − 0.03(±0.39)x, R2 = 0.0006, Sy.x = 2.66, p = 0.938 and control 3: 
y(%) = 67.37 (±5.13) − 0.08(±0.39)x, R2 = 0.0037, Sy.x = 2.63, p = 0.843). Coefficient of variation 
during steady state was 4% in both subjects.

Steady-state in isotopic enrichment was reached in all suppression studies within 2.5 

hrs after initiation of D-[1-13C]galactose in both patients (see figure 3) and the three 

control subjects (data not shown). GAR1 was significantly lower in the control subjects 

than in both patients and was comparable between control subjects and between both 

patients (see table 2). 
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Figure 3. Atom percent excess (APE) in patient 1 (upper graph) and patient 2 (lower graph) during  
D-[1-13C]galactose infusion (GAR1, closed diamonds), and during combined D-[1-13C]galactose and 
unlabelled D-galactose infusion to double exogenous galactose supply (GAR2, open boxes). Steady 
state regression lines for GAR1 and GAR2 in both patients are shown.

Table 2. GAR during step-up galactose infusion

Subjects Total galactose
infusion during SS1

a
GAR1

b Total galactose infusion 
during SS2/SS4

c
GAR2 / GAR4

b

Patient 1 0.83 2.48 1.66 2.43

Patient 2 0.83 2.44 1.66 2.13

Patient 1(B)d 0.83 3.01 3.31e 3.26f

Control 1 5.52 0.46 11.05 0.57

Control 2 0.83 0.34 1.66 0.38

Control 3 0.83 0.39 1.66 0.47

a Rate of D-[1-13C]galactose infusion (μmol/kg·h)
b GAR (μmol/kg·h)
c Rate of D-[1-13C]galactose infusion + rate of unlabeled galactose infusion (μmol/kg·h)
d Patient 1 was studied during quadrupled galactose infusion on a separate occasion
e Galactose infusion during SS4
f GAR4
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Rate of appearance of galactose during doubled (GAR2) and quadrupled 
(GAR4) galactose infusion 

Doubled galactose infusion (GAR2): steady-state in isotopic enrichment was reached 

within 2.5 hours after initiation of the additional unlabeled galactose infusion in both 

patients (see figure 3) and the three control subjects (data not shown). No significant 

differences were observed between GAR1 and GAR2 in both patients and the three 

control subjects (see table 2).

Quadrupled galactose infusion (GAR4): in patient 1 the experiment was repeated on 

a separate study day one month later, were GAR was determined when quadrupling 

galactose infusion. No significant difference between GAR1 and GAR4 was observed in 

this patient (see table 2).

Discussion

Our main objective was to establish if exogenous galactose suppresses the rate of 

appearance of galactose. Such a mechanism may explain why patients with classical 

galactosemia appear to be more tolerant to exogenous galactose than expected. In 

addition, if endogenous galactose production is suppressed by exogenous galactose, a 

higher dietary intake of galactose may be safe in patients with classical galactosemia, 

as the total load of galactose in the body will then remain the same. Although this will 

not decrease the risk of long-term complications, the ability to consume more galactose 

containing food without an increased risk of complications may improve quality of life, as 

a recent study revealed that the strict diet has a significant negative influence on quality 

of life in galactosemia (22).

The observation that GAR is significantly lower in healthy control subjects than in 

patients with classical galactosemia (10;11;20;this study) suggests that a high dietary 

galactose intake may indeed suppress GAR. However, the results of our study did not 

reveal any significant differences between GAR in the initial steady-state (GAR1) and GAR 

during doubled or quadrupled galactose infusion (GAR2 and GAR4) in both patients with 

classical galactosemia as well as in healthy subjects. As in our first experiments in patients 

1 and 2 the total galactose infusion rate during doubled exogenous galactose supply was 

still lower than the expected GAR for their age group (11), we repeated the experiment in 

patient 1 while quadrupling total galactose infusion.. Again no suppression of GAR was 

detected. The observation that comparable GARs were found in all three control subjects, 

while total exogenous galactose supply during the experiment was almost seven times 

higher in control subject 1 than in control subjects 2 and 3, also suggests that GAR is not 

suppressed by exogenous galactose. Finally, in an untreated adult patient with classical 

galactosemia who consumed relatively high amounts of galactose, the endogenous 

galactose release was found to be comparable to the one in treated adult patients (15). 
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The absence of an effect of exogenous galactose on GAR favours the hypothesis 

that a substantial proportion of total endogenous galactose production is derived from 

the turnover of galactose containing glycoproteins and glycolipids, since exogenous 

galactose is unlikely to influence this process. In addition, it has recently been shown 

in vitro that accumulation of galactose-1-phosphate inhibits the activity of UDP-hexose 

pyrophosphorylases by raising the Km for glucose-1-phosphate without affecting Vmax 

(23), making endogous galactose formation through the pyrophosphorylase pathway 

less likely.

Our results, however, are discordant with recent data in literature. In their study, Berry 

and co-workers used a D-[1-13C]galactose infusion rate of 1.10 μmol/kg·h during the first 

8 hours and 2.21 μmol/kg·h during the second 8 hours of the experiment in one patient 

with classical galactosemia (10). A reduction of 45% in GAR was found during the second 

8 hours of D-[1-13C]galactose infusion. The discrepancy between these results and the 

results of our study may be due to tracer cycling, caused by a difference in infusion 

time of the tracer (7 hrs in our study vs. 16 hrs in the study by Berry and coworkers). 

When using an isotopic tracer to determine the rate of appearance of the tracee (stable 

isotope dilution), the tracer can be recycled into the plasma pool via other metabolic 

pathways, causing an additional tracer “infusion”. This will cause a higher enrichment 

of the tracee and will thus lead to an underestimation of the appearance rate of the 

tracee. This mechanism has been well established in the use of isotopic glucose tracers 

to determine endogenous glucose production (24). As galactose-1-phosphate produced 

by galactokinase (EC 2.7.1.6) can be reconverted into galactose by a reverse phosphatase 

reaction (5), direct cycling of the carbon label between galactose and galactose-1-

phosphate will occur, causing an underestimation of the galactose appearance rate. 

In healthy individuals galactose-1-phosphate is rapidly degraded in the Leloir pathway, 

limiting direct tracer cycling. The inability of patients with classical galactosemia to 

degrade galactose-1-phosphate via the Leloir pathway makes them therefore more prone 

to direct tracer cycling. However, since the whole body pool of galactose-1-phosphate in 

patients with classical galactosemia by far exceeds the free galactose pool, it is unlikely 

that direct cycling of the carbon label does contribute significantly to plasma APE in 

infusion studies lasting only for a few hours. This assumption is supported by recent 

work of Schadewaldt and coworkers (11). However, if D-[1-13C]galactose is infused over 

a longer period of time, as was the case in the protocol used by Berry and coworkers 

(10), or with higher tracer infusion rates, cycling of the carbon label may well influence 

plasma APE as the galactose-1-phosphate pool will slowly become more saturated with 

the carbon label.

The observed lower GAR in healthy subjects compared to patients with classical 

galactosemia may, despite the results of our study, be the result of prolonged exposure 

to high exogenous galactose loads in healthy subjects, resulting in down regulation of 

transcription or translation of genes involved in galactose metabolism. The total infusion 

time of exogenous galactose in our study might then have been too short to have any 
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effect on GAR. An alternative explanation for the observed difference in GAR may be 

rapid intracellular degradation of endogenously produced galactose via the Leloir pathway 

in healthy individuals, which will result in an underestimation of GAR as determined by 

D-[1-13C]galactose dilution. This hypothesis is supported by the observation that GAR 

appears to be even higher in patients with galactokinase deficiency (MIM #230200) than 

in patients with classical galactosemia homozygous for the common Q188R mutation (11), 

who have been shown to have some residual GALT activity (25;26) and can, in contrast 

to galactokinase deficient patients, still degrade some of the endogenously synthesized 

galactose via the Leloir pathway. This also implies that no absolute value for the rate of 

endogenous galactose production can be determined with D-[1-13C]galactose dilution. 

It therefore remains to be established if the results obtained by these studies can be 

extrapolated to whole body galactose metabolism. However, GAR has been shown to be a 

reasonably accurate parameter for the rate of endogenous galactose production (10;11).  

We conclude that GAR is not influenced by short-term exogenous galactose 

supplementation, neither in patients with classical galactosemia nor in healthy individuals. 

These results cannot explain the higher than expected galactose tolerance in patients with 

classical galactosemia. Although our short-term data seem to exclude the possibility of 

suppression of GAR by exogenous galactose, suppression of GAR by long-term exposure 

to higher amounts of exogenous galactose cannot be excluded. Studies on the long-term 

effects of exogenous galactose on GAR in GALT deficient patients are therefore needed. 

Finally, although the turnover of galactose containing glycoproteins and glycolipids seems 

the most favourable option, the exact pathway of GAR still remains to be established.
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Abstract

Plasma oxalate concentration and urinary oxalate excretion have been shown inaccurate 

parameters to monitor endogenous oxalate production (EOP) in patients with primary 

hyperoxaluria type 1 (PH1) and renal insufficiency. A reliable parameter is needed in these 

patients to evaluate the efficacy of therapeutic interventions. Therefore, we devised 

a stable isotope oxalate tracer method to quantify the rate of appearance of oxalate 

(Ra oxalate). Three adult patients with PH1 and three adult control subjects, all with a 

preserved renal function, were given a primed continuous infusion of [1,2-13C]sodium-

oxalate lasting 8 hrs. Every hour a blood sample was drawn and acidified to determine 

plasma [1,2-13C]oxalate enrichment. During tracer infusion all urine of the subjects was 

collected to determine urinary oxalate excretion. Isotopic equilibrium was reached after 

approximately 360 min of tracer infusion in the patients and after 120 min in the control 

subjects. Ra oxalate calculated from plasma [1,2-13C]oxalate enrichment at isotopic 

equilibrium was 0.031, 0.029 and 0.024 μmol/kg·min in patients 1, 2 and 3, and 0.015, 

0.017 and 0.016 μmol/kg·min in control subjects 1, 2 and 3, respectively. Urinary oxalate 

excretion was well reflected by Ra oxalate in all three patients, but was lower than Ra 

oxalate in controls. This suggests overestimation of Ra oxalate in control subjects, possibly 

due to in vitro oxalogenesis despite adequate plasma acidification. We conclude that Ra 

oxalate is accurately determined in patients with PH1 using our stable isotope method 

and may be used to monitor therapeutic interventions in patients with PH1 and renal 

insufficiency.

Abbreviations

AGT  alanine:glyoxylate aminotransferase

EOP  endogenous oxalate production

GFR  glomerular filtration rate

PH1  primary hyperoxaluria type 1

Ra oxalate rate of appearance of oxalate in plasma

TTR  tracer/tracee ratio
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Introduction

In primary hyperoxaluria type 1 (PH1; MIM# 259900) the liver specific peroxisomal 

enzyme alanine:glyoxylate aminotransferase (AGT; EC 2.6.1.44), which catalyzes the 

transamination of glyoxylate to glycine, is either deficient or mistargeted to mitochondria 

instead of peroxisomes (1). Alternatively, glyoxylate can be oxidized to oxalate, a non-

functional end metabolite of the glycine oxidative pathway, which is then excreted in urine. 

Therefore, the deficiency or mistargeting of AGT causes an excess production of oxalate in 

patients with PH1, which may result in the formation of a highly insoluble calcium-oxalate 

salt (2). This causes crystalluria, renal stone formation and nephrocalcinosis with a high 

risk for renal insufficiency and eventually end-stage renal disease (3;4). As a consequence 

of renal insufficiency calcium-oxalate accumulates in other tissues and organs, resulting 

in systemic oxalosis, which may finally severely damage organs such as heart, eyes, bone 

and skin (5). The process of systemic oxalosis starts when glomerular filtration rate (GFR) 

falls below 60 ml/min·1.73 m2 (6).

Only patients with specific gene mutations leading to Gly170Arg or Phe152Ile 

substitution in the AGXT gene encoding AGT have been shown to respond to pyridoxine 

supplementation with a decrease of urinary oxalate excretion, probably because pyridoxal-

5-phosphate is an essential co-factor for AGT (7;8). Currently, the only therapeutic 

option for the other patients with PH1 is a liver transplantation in order to eliminate the 

enzymatic defect of AGT, often combined with a kidney transplantation to restore renal 

function. However, this procedure has significant morbidity and mortality (9). Therefore, 

new therapeutic strategies are needed aimed at reducing endogenous oxalate production 

(EOP) in patients with PH1. Directions of interest include pharmacological interventions in 

the glyoxylate pathway, hepatocyte cell transplantation, recombinant gene therapy and 

colonic degradation of endogenous oxalate by Oxalobacter formigenes (10;11). In order 

to evaluate therapy efficacy an appropriate marker is needed. It has been shown that 

plasma oxalate concentration may remain elevated up to years after liver transplantation, 

due to the wash-out of accumulated oxalate in tissues (9;12). Therefore, plasma oxalate 

concentration is not a reliable marker for EOP in PH1, as is urinary oxalate excretion in 

patients with renal insufficiency. Even in patients with PH1 and a preserved renal function, 

elevated levels of plasma oxalate may mask the efficacy of treatment due to sustained 

hyperoxaluria. This is emphasized by a recent study in which no effect of OTZ, a potential 

glyoxylate lowering agent, on urinary oxalate excretion could be detected in two patients 

with PH1 (13), whereas this effect was demonstrated in healthy individuals (14). 

The determination of the rate of appearance of oxalate (Ra oxalate) in plasma, reflecting 

both EOP and oxalate wash-out from tissues, should be a more accurate parameter to 

evaluate therapy efficacy in patients with PH1 and renal insufficiency. Several studies 

have quantified oxalate production in patients with PH1 using 14C labeled oxalate 

(15-18), but this method is ethically not applicable in clinical practice because of the 

obvious disadvantage of using a radioactive tracer in vivo. Therefore, we developed a 
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stable isotope dilution method to quantify Ra oxalate. In the present paper this method 

is described.

Materials and Methods

Study subjects (Table 1)

Three adult patients with PH1 were included in this study. Patients 2 and 3 are siblings. 

AGT deficiency was established either by measurement of AGT activity in a liver biopsy 

specimen (19) or by mutation analysis of the AGXT gene (7). The patients were compared 

with three healthy adults. Renal function as assessed by GFR estimated from serum 

creatinine (20) was lower in patients with PH1 than in control subjects, but still above 

the threshold at which systemic oxalosis progressively occurs (6). Patient 1 is pyridoxine 

responsive, whereas patients 2 and 3 are not. Patient 2 is treated with hyperhydration and 

supportive medication (magnesiumhydroxide and dihydrotachysterol), whereas patient 3 

is currently only treated with supportive medication.

All studies were approved by the Institutional Review Board. All subjects gave informed 

consent prior to the studies.

Study protocol

Three days prior to the study all subjects maintained a low-oxalate diet to eliminate dietary 

influences during studies. All subjects started fasting 12 hrs before the start of the study 

and remained fasted throughout the whole study. They were allowed to drink water 

Table 1. Subject characteristics

Subjects Sex Age
(y)

Height
(m)

Weight
(kg)

Enzyme activity  
(normal range)*
nmol/min·mg 

protein

Mutation 
analysis‡

allele 1 / allele 2

Plasma 
creatinine

μmol/L

GFR†

ml/min · 
1.73 m2

Patient 1 M 28.2 1.82 67.6 9.8 (135 – 179) ND 74 102.0

Patient 2 F 20.0 1.65 52.7 ND c.33_34insC / 
c.33_34insC

107 63.1

Patient 3 F 23.2 1.78 70.6 ND c.33_34insC / 
c.33_34insC

83 68.2

Control 1 M 30.6 1.79 63.0 ND ND 56 144.5

Control 2 M 30.6 1.94 91.2 ND ND 53 123.0

Control 3 F 22.3 1.75 68.0 ND ND 58 106.9

* Horvath et al Clin Chim Acta 1995;243(2):105-114
† van Woerden et al Kidney Int 2004;66(2): 746-752
‡ estimated from serum creatinine; Levey et al Clin Chem 2007;53(4): 766-772
ND = not determined
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ad libitum. Two intravenous catheters were inserted into an antecubital vein of each 

arm. One catheter was used for administration of [1,2-13C]sodium-oxalate (99% pure; 

Cambridge Isotope Laboratories, Cambridge, MA) and the other for blood sampling. 

After collection of a baseline blood sample to determine the background enrichment of 

[1,2-13C]oxalate in plasma, a primed continuous infusion of [1,2-13C]sodium-oxalate was 

started. The priming bolus of [1,2-13C]sodium-oxalate was 0.11 μmol/kg in patients and 

0.011 μmol/kg in control subjects, and the continuous infusion rate of [1,2-13C]sodium-

oxalate was 1.25 nmol/kg·min in patients and 0.125 nmol/kg·min in control subjects. 

These infusion protocols were designed in order to reach a plasma [1,2-13C]oxalate 

enrichment of approximately 5%, based on previously published data on urinary oxalate 

excretion (15;17;21). Infusion of [1,2-13C]sodium-oxalate was continued for 8 hrs in all 

subjects. Every hour a blood sample was drawn in order to determine [1,2-13C]oxalate 

enrichment in plasma. Blood samples were collected in heparin Microtainers (Becton–

Dickinson, Franklin Lakes, NJ, USA), which were immediately centrifuged at 3000 rpm 

for 10 min. Exactly 1 ml of plasma was transferred into a glass tube containing 0.4 

g sodium chloride (in quadruple). Plasma was acidified with 37% hydrochloric acid in 

order to precipitate protein and in order to eliminate any possible oxalate formation from 

ascorbate (22). Hereafter, the acidified plasma was stored at -20°C until analysis.

Prior to initiation of [1,2-13C]sodium-oxalate infusion all subjects were asked to void in 

order to empty their bladder. Hereafter, all urine was collected from the subjects until 

the end of [1,2-13C]sodium-oxalate infusion in order to calculate urinary oxalate excretion 

during studies. Urine was acidified immediately after collection and was stored at -20°C 

until analysis (23).

Analytical methods

Plasma oxalate concentration and [1,2-13C]oxalate enrichment: plasma oxalate concen-

tration and [1,2-13C]oxalate enrichment were determined in separate runs. Briefly, the 

acidified plasma was extracted twice with 4 ml ethylacetate and dried under a stream 

of nitrogen. The O-t-butyldimethylsilyl-quinoxalinol derivative of oxalate was formed with 

o-phenylenediamine and MTBSTFA /pyridine. An aliquot was injected into a GC/MS system 

(HP 6890 series GC system and 5973 Mass Selective Detector, Agilent Technologies, Palo 

Alto, CA, USA). Separation was achieved on a CP-SIL 19CB capillary column (30 m x 0.25 

mm x 0.15 μm, Varian, Middelburg, The Netherlands). Selected ion monitoring (EI), data 

acquisition and quantitative calculations were performed using the Agilent Technologies 

Chemstation software. The oxalate derivative was monitored at m/z 333 for oxalate and 

m/z 335 for [1,2-13C]oxalate. For quantification of the enrichment a standard curve with 

known enrichments of [1,2-13C]oxalate was derivatized as described before. Oxalate tracer/

tracee ratio’s were calculated as described by B.W. Patterson et al (24). 

In order to measure plasma oxalate concentration, [1,2-13C]oxalate was added to the 

acidified plasma as an internal standard. A correction was made for the contribution of 
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the tracer to the internal standard peak. Oxalate concentration in the plasma samples 

was then calculated from a standard curve with known concentrations of oxalate.

Urinary oxalate and creatinine concentration: urinary oxalate concentration was 

determined by ion chromatography (Dionex-DX 300) (25). Urinary creatinine concentration 

was determined using spectrophotometry according to the Jaffé method.

Calculations

Rates of oxalate appearance (Ra oxalate) and disappearance (Rd oxalate): Ra oxalate was 

calculated with Steele’s steady-state equation (26). In the presence of isotopic steady-

state Ra oxalate equals Rd oxalate and therefore also reflects the rate of oxalate clearance 

from plasma.

Rate of urinary oxalate and creatinine excretion: the rate of urinary oxalate excretion 

(μmol/kg·min) was calculated by multiplying urinary oxalate concentration (μmol/L) by 

total urinary volume (L), which was then divided by the collection time (min) and by 

bodyweight (kg) in order to calculate the rate of urinary oxalate excretion in all subjects. 

The rate of urinary creatinine excretion (μmol/kg·min) was calculated in the same way in 

all subjects.

Results

Plasma enrichment of [1,2-13C]oxalate and Ra oxalate

Plasma enrichment of [1,2-13C]oxalate expressed as TTR (%) in all subjects is shown 

in Figure 1. An increase in TTR during studies was observed in all three patients until 

approximately 360 min of [1,2-13C]sodium-oxalate infusion. Hereafter, TTR reached a 

plateau in all three patients. In the control subjects, TTR remained constant after 120 min 

of [1,2-13C]sodium-oxalate infusion.

In all subjects, Ra oxalate was calculated using the mean TTR in the blood samples 

at t=360, t= 420 and t= 480 min. Ra oxalate was 0.031, 0.029 and 0.024 μmol/kg·min 

in patients 1, 2 and 3, respectively. In control subjects 1, 2 and 3 Ra oxalate was 0.015, 

0.017 and 0.016 μmol/kg·min, respectively.

Plasma oxalate concentration

Median (range) plasma oxalate concentration at isotopic equilibrium was 8.6 (8.6-9.6), 

11.3 (11.1-11.8) and 10.1 (9.8-10.7) μM in patients 1, 2 and 3, and 3.2 (2.6-4.1), 3.7 

(3.3-5.1) and 3.7 (3.4-4.2) μM in control subjects 1, 2 and 3, respectively.

Urinary oxalate and creatinine excretion

Urinary oxalate excretion during [1,2-13C]sodium-oxalate infusion was 0.035, 0.031 and 

0.035 μmol/kg·min in patients 1, 2 and 3, and 0.002, 0.005 and 0.004 μmol/kg·min 
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in control subjects 1, 2 and 3, respectively. Urinary creatinine excretion during [1,2-13C]

sodium-oxalate infusion was 0.15, 0.16 and 0.14 μmol/kg·min in patients 1, 2 and 3, and 

0.14, 0.15 and 0.13 μmol/kg·min in control subjects 1, 2 and 3, respectively.

Discussion

In this paper a novel stable isotope dilution method is described in order to quantify 

oxalate kinetics in plasma. This method may be used as a parameter to evaluate the 

efficacy of therapeutic interventions in patients with PH1 and renal insufficiency, since 

plasma oxalate concentration and urinary oxalate excretion are not reliable parameters 

for endogenous oxalate production (EOP) in these patients.

We used a primed continuous infusion of [1,2-13C]sodium-oxalate in order to quantify Ra 

oxalate in both patients with PH1 and age matched healthy control subjects. Renal function 

was comparable in all subjects as their urinary creatinine excretion rate was approximately 

similar. Previously, a single injection stable isotope method with [1,2-13C]sodium-oxalate 

has been described to quantify oxalate turnover (27). However, single injection [14C]oxalate 

methods have been shown to overestimate oxalate turnover when compared to constant 

[14C]oxalate infusion methods as with the former a non-negligible amount of tracer will 

already be excreted in urine prior to homogenous distribution of the tracer throughout 

the pool, causing an erroneously high calculated rate of oxalate turnover (15). In addition, 

numerous blood samples are generally required to accurately calculate substrate turnover 

in plasma from the decay in isotopic enrichment of single injection of a substrate tracer. 

Therefore, we choose to device a primed continuous oxalate tracer method as this would 

be a more clinically applicable method to quantify Ra oxalate.

After approximately 360 min of a primed continuous infusion of [1,2-13C]sodium-

oxalate a steady-state in plasma isotopic enrichment was reached in the patients with 

PH1. In control subjects, a steady-state in isotopic enrichment was already present after 

Figure 1. Plasma [1,2-13C]oxalate 
enrichment expressed as TTR (%) in 
patients with PH1 (closed symbols) 
and control subjects (open symbols) 
during 8 hrs of a primed continuous 
[1,2-13C]sodium-oxalate infusion.
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only 120 min of [1,2-13C]sodium-oxalate infusion. The latter is consistent with a previous 

study using a primed continuous infusion of [14C]oxalate in healthy subjects (15). This 

difference in equilibration period between patients and control subjects is caused by 

the higher metabolic pool of oxalate (the product of plasma oxalate concentration and 

of oxalate distribution volume) in patients with PH1 as compared to healthy subjects 

(6;17;18), as a steady-state in plasma [1,2-13C]-oxalate enrichment can only be achieved 

when the oxalate tracer has been evenly dispersed throughout the whole metabolic pool. 

This also implicates that a longer equilibration period or a higher priming bolus of [1,2-13C]

sodium-oxalate is needed in patients with PH1 and renal insufficiency.

Ra oxalate calculated at isotopic equilibrium was in the same range in all three patients 

and closely resembled urinary oxalate excretion. Since GFR in the patients was above the 

threshold at which systemic oxalosis is suggested to occur (6), and almost all oxalate is 

cleared from plasma by renal clearance (28), Ra oxalate was expected to equal urinary 

oxalate excretion. This is indeed reflected by our data. Furthermore, our data suggest that 

daily oxalate production in patients with PH1 would amount to 2.55 mmol per day. This is 

in concordance with a previous estimate of daily oxalate production in patients with PH1 

(15). Finally, although a high variation in plasma oxalate concentration has been reported 

in the patients with PH1, plasma oxalate concentration in our patients as quantified 

with our method was consistent with reported data on plasma oxalate concentration in 

patients with PH1 with a preserved renal function (6;15;17). Therefore, Ra oxalate may be 

accurately quantified in patients with PH1 after a primed continuous infusion of [1,2-13C]

sodium-oxalate lasting at least 360 min as described in the present paper.

In healthy control subjects, however, Ra oxalate was higher than expected as it exceeded 

urinary oxalate excretion several fold. Daily oxalate production in healthy subjects would 

amount to 1.72 mmol per day based on the Ra oxalate data and to 0.41 mmol per day 

based on the urinary excretion data. The latter is in good agreement with previous data on 

daily urinary oxalate excretion in control subjects (15;17;28). This suggests that Ra oxalate 

as determined by our method is overestimated. Furthermore, although a large variation 

has been reported in plasma oxalate concentration in healthy subjects, as summarized in 

a recent study describing a stable isotope dilution method to quantify plasma oxalate and 

glycolate concentration in vitro (29), plasma oxalate concentration as determined in our 

control subjects was in the higher reported range. The same dilemma was encountered 

in the study of France et al who described a single injection [1,2-13C]sodium-oxalate 

method to quantify Ra oxalate and found a daily oxalate production rate of 1.89 mmol 

in a healthy subject (27). These authors contributed this high production rate of oxalate 

to in vitro oxalogenesis from ascorbate despite acidification of the plasma samples after 

collection. We cannot rule out that some in vitro oxalogenesis from ascorbate occurred 

before analysis of the samples as this has been shown to occur in acidified frozen urine 

during prolonged storage (23). If so, this will have caused an overestimation of plasma 

oxalate concentration and of Ra oxalate in control subjects. Alternatively, urinary oxalate 

excretion could have been underestimated in control subjects due to precipitation of 
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oxalate with calcium in vitro. This seems less likely, however, as urinary super saturation 

is low in control subjects (30) and urinary acidification has been shown effective in 

preventing calcium-oxalate precipitation (23). Since both Ra oxalate and plasma oxalate 

concentration are higher in patients with PH1, the relative contribution of in vitro 

oxalogenesis to total oxalate concentration in the plasma samples and Ra oxalate is 

smaller in patients than in control subjects and is probably negligible in patients with 

renal insufficiency exhibiting a much higher plasma oxalate concentration. To limit the 

influence of possible in vitro oxalogenesis on the determination of Ra oxalate and plasma 

oxalate concentration, plasma samples should be immediately acidified and analyzed as 

soon as possible after their collection.

In conclusion, the reported stable isotope method to quantify Ra oxalate seems 

accurate in patients with PH1, but not in control subjects. This method may be used to 

monitor therapeutic interventions in hyperoxaluric patients with renal insufficiency as 

plasma oxalate concentration and urinary oxalate excretion are inaccurate parameters of 

EOP in these patients.
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General discussion     

In this final chapter the advantages and disadvantages of the use of stable isotope 

techniques in vivo are summarized as well as a number of factors that should be taken 

into account when undertaking tracer studies. Finally, general conclusions are presented 

on the use of in vivo stable isotope techniques in the field of inborn errors of metabolism 

and future directions for in vivo metabolic research in this field are suggested.

Advantages of stable isotopes in in vivo metabolic research

Several characteristics of stable isotope tracers contribute to their applicability in metabolic 

research in vivo (1). Foremost, stable isotope tracers do not emit any radiation, which is 

why they can be safely administered to human subjects and handled by researchers and 

analysts without any special precautions. Therefore, they can be used in the same subject 

in consecutive studies without any harm. Another important advantage of stable isotope 

tracers over radioactive tracers is that several different tracers can be administered at the 

same time without interfering with one another, as different labelled compounds can be 

analyzed separately using chromatography in combination with mass spectrometry. Hence, 

the functionality of several metabolic pathways can be assessed in one study, thereby 

limiting the number of subjects needed to answer different research or clinical questions. 

Additionally, no realistic radioactive isotopes exist for certain chemical elements, whereas 

stable isotopes for these elements are available (e.g. for nitrogen and oxygen). Because 

of these characteristics stable isotope tracers are ideally suited for use in humans and 

especially in the pediatric population as they can be safely applied in children for both 

metabolic research as well as for routine clinical applications (2;3). An example of the 

latter is the assessment of fat or carbohydrate malabsorption in children by quantification 

of 13CO2 production from orally administered 13C labelled fat or carbohydrates (4;5).

In this thesis, the potential value of stable isotope infusion techniques for in vivo 

metabolic research is demonstrated for normal physiology as well as for unravelling 

pathophysiological mechanisms in different inborn errors of metabolism:
l	 expanding insight in normal (fasting) physiology in humans
l	 obtaining reference values for human biochemical functionality at various ages 
l	 unravelling pathophysiological mechanisms in inborn errors of metabolism
l	 functional assessment in vivo of (the) complete metabolic pathway(s) affected by an 

inborn error of metabolism instead of focusing on kinetic properties of the affected 

enzyme(s) in vitro
l	 monitoring (therapeutic) interventions in patients with an inborn errors of metabolism

Although potentially a very powerful tool in both research and clinical practice several 

factors and limitations have to be taken into account when using stable isotope 

techniques. These will be outlined below.
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Considerations for using stable isotope techniques in vivo

A major assumption used in all stable isotopes studies is that a tracer will behave 

biochemically exactly the same as its unlabeled endogenous counterpart. However, It 

has been shown that this assumption is not always valid. This especially holds true for 

deuterium as the mass of deuterium (2H) is twice as high as of hydrogen (1H). Several of 

these isotopic effects of deuterium have been established, including reduction of protein 

and nucleic acid synthesis, changes in enzyme reaction rates, disturbance of the division 

rate of cells and morphological changes of cells (3). From animal studies it is known that 

these toxic effects of deuterium only occur at a body water enrichment of 10% to 20%, 

whereas deuterium enrichment of 30% to 40% has been shown potentially lethal (6;7). 

This toxic threshold, however, is far in excess of the percentage of deuterium enrichment 

in body water used in human metabolic research (8) which rarely exceeds 1.5%. Still, even 

at 0.5% deuterium enrichment, a transient vertigo can occur which is likely to be caused 

a gravitational effect of deuterium in vestibular fluid (9). Until now, no side-effects of 

other stable isotopes like 13C, 15N and 18O have been detected, possibly because the 

mass difference of these isotopes with their naturally most abundant counterpart is too 

small to cause any biological significant effects (10). Therefore, the use of deuterium at 

a low dosage and of other stable isotopes at much higher dosages is deemed safe in 

human metabolic research.

Secondly, thorough modelling of the possible metabolic pathways and their fluxes 

in which the tracer may be involved is crucial for the successful interpretation of the 

data obtained. If not modelled correctly, misinterpretation of metabolic fluxes will result 

in erroneous conclusions which may have far-reaching consequences. In most stable 

isotope dilution studies one single homogenous pool is assumed to quantify substrate 

kinetics. A prerequisite for this non-compartmental model is that the metabolite of 

interest only enters and exits via the pool in which the tracer is administered and from 

which samples for tracer analysis are collected (e.g. the plasma pool) (11). Although this 

prerequisite is certainly met for some substrates (e.g. glucose during fasted conditions 

(12)), this model will not be accurate for substrates which are metabolized in intracellular 

compartments during the time period of the tracer experiment. Although it is sometimes 

possible to quantify the metabolism of a tracer from an intracellular pool indirectly (e.g. 

intracellular degradation of [1-13C]leucine can be assessed by quantifying plasma [1-13C]

alpha-ketoisocaproate (KIC) enrichment (13)), it is in most cases not feasible to sample 

the different intracellular pools in vivo. For these circumstances a multi-compartmental 

model has to be devised in order to quantify substrate kinetics as accurately as possible. 

These models are based on assumptions on the substrates’ exchange rates between 

the different metabolic pools, which are estimated from the decay in enrichment of a 

single tracer bolus administered in the sampling pool (14). Because of these necessary 

assumptions multi-compartmental models are more difficult to use and in addition more 

prone to error. 
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Thirdly, when using a 13C labelled tracer in a stable isotope dilution method to quantify 

the rate of appearance (Ra) of a substrate, one should be aware of the possibility of the 

tracer recycling back into the sampling pool, as this will underestimate the actual Ra of the 

substrate. This mechanism has been well established with 13C labelled glucose tracers (15).

Fourthly, the application of stable isotope techniques in human research not only 

requires extensive knowledge about metabolic pathways but also theoretical knowledge 

on, and practical experience with, the complex analytical methodology. Designing (new) 

tracer studies has been shown both time-consuming and costly as high investments 

have to be made in analytical equipment and personnel in order to be able to execute 

these studies. Therefore, tracer studies should only be undertaken in (collaboration with) 

specialised centres with the necessary expertise and logistics.

Finally, in vivo stable isotope studies are both invasive as well as time-consuming for 

the patient, his/her family and the nursing and medical staff. These studies generally 

involve drawing of numerous blood samples and collection of urine and/or breath 

samples, generally to be followed by several weeks up to even months for all analytical 

tests and data analysis to be completed. Therefore, their use in everyday clinical practise 

will remain limited, and these studies will be mostly used in research settings.

Future directions of research

Many research and clinical questions still remain to be answered in the field of inborn 

errors of metabolism. Clinical important questions that need to be resolved and may 

probably best be answered by the use of well designed tracer studies include:
l	 Optimizing natural protein content in protein restricted diets according to age in patients 

with disorders of branched-chain amino acid oxidation, including methylmalonic 

aciduria (MMA), proprionic aciduria (PA) and maple syrup urine disease (MSUD).
l	 Assessing carbohydrate and fat metabolism in patients with various disorders of 

energy metabolism, both in rest and during normal daily activity, in order to optimize 

therapeutic strategies and quality of life in these patients.

General conclusion

In this thesis, the potentials and limitations of in vivo stable isotope methodology in the 

field of inborn errors of metabolism are illustrated in different studies conducted in patients 

with various metabolic disorders. The fact that with a limited amount of study subjects 

research and clinical questions can be answered satisfactory using tracer techniques 

makes them a very powerful tool in the field of inborn errors of metabolism, especially 

for translational research. However, it should be noted that, although numerous research 
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and clinical applications for in vivo stable isotope studies are of interest, the limitations 

of these techniques should be thoroughly taken into account before undertaking  

tracer studies, since these can result in problems that may prove to be insurmountable. 

Therefore, these studies should only be conducted in (collaboration with) centres with 

vast expertise in in vivo stable isotope methodology. 
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Summary





At present, several hundreds of different inborn errors of metabolism have been 

characterized. Many of these disorders have a severe clinical phenotype. In the last 

decades, knowledge about the pathophysiology of metabolic disorders has rapidly 

progressed, resulting in improved treatment strategies and better quality of life for 

patients. This has also lead to the inclusion of numerous metabolic disorders in newborn 

screening programs worldwide. 

However, the pathophysiological mechanism(s) in many metabolic disorders still remain 

unresolved. Until now most research in the field of inborn errors of metabolism has 

focused exclusively on the enzymatic defect and the subsequently raised or diminished 

concentrations of metabolites in the affected pathway(s). Although this approach has 

resulted in essential knowledge, this ‘static’ form of research does not provide information 

on the actual biochemical flux through the metabolic pathway in vivo, thereby limiting 

the interpretation of the data obtained with respect to the functional consequences of 

an enzymatic defect.

The aim of this thesis was to study the dynamics of affected metabolic pathways in 

different inborn errors of metabolism in vivo with use of contemporary stable isotope 

methodology, in order to expand knowledge on the pathophysiology in these disorders. 

In addition, new insights in normal physiology were also obtained. In chapter 1 the 

different stable isotope techniques used in this thesis are described as well as an outline 

of the studies performed.

In chapter 2 an age-dependent regression model for endogenous glucose production 

(EGP) in humans from birth to late adulthood is described. This model was based on data 

of the rate of appearance (Ra) of glucose in plasma, as determined with the [6,6-2H2]-

glucose dilution method, obtained in children and adults in studies performed by our 

group over the last decade. Furthermore, the relation between EGP and estimated brain 

weight is studied, also after normalisation for body composition since this changes 

significantly from childhood to adulthood. It is concluded that the established regression 

model accurately estimates minimal glucose requirement after an overnight fast during 

resting conditions in healthy subjects and may be used for designing evidence based 

glucose supplementation protocols for children as well as for interpretation of data from 

studies on EGP in children with various disorders, including inborn errors of metabolism. 

In addition, it is suggested that cerebral glucose uptake per gram estimated brain weight 

remains more or less constant throughout all ages. 

Patients with glycogen storage disease type 1 (GSD-1) have been shown in previous 

studies to still produce glucose up to 50% of normal despite the absolute deficiency of 

glucose-6-phosphatase, the final enzyme in the pathway of EGP. This enigma remained to 

be resolved. In chapter 3 we demonstrate glucose production from both glycogenolysis 

(GGL) and gluconeogenesis (GNG) in a patient with GSD-1a during a short fasting 

period. In addition, glucose kinetics were also quantified in a patient with fructose-1,6-
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bisphosphatase deficiency, an absolute defect of hepatic and renal gluconeogenesis, 

demonstrating glucose production via GNG up to 20% of normal. Based on these data, 

and the fact that recently a second glucose-6-phosphatase was functionally characterized 

in muscle, it is suggested that muscle may contribute to EGP via both GGL and GNG 

during fasting.

Idiopathic ketotic hypoglycemia (KH) is the most common cause of hypoglycemia in 

childhood. The etiology of this disorder is still poorly understood. Therefore, in chapter 

4, EGP, GGL, GNG and glucose uptake (GU) were quantified during a standardized fasting 

test in twelve children, aged 2.5 to 11.5 yrs, with documented KH. We demonstrate 

that the five youngest subjects became hypoglycemic during fasting due the inability to 

sustain an adequate EGP from both GGL and GNG. GNG was not increased when GGL 

became decreased during fasting, which may have resulted from a limitation in the supply 

of alanine, an important gluconeogenic amino acid. However, since glucose requirement 

per kg body weight is much higher in young children, because of their higher brain-to-

body mass ratio, it is suggested that KH is not a disease entity but merely represents the 

lower tail of the Gaussian distribution of fasting tolerance in children.

In chapter 5 glucose kinetics during fasting were quantified in two siblings with HMG-

CoA lyase deficiency, a disorder of both ketogenesis and leucine degradation. Fasting 

hypoglycemia in this disorder was suggested to result from either the inability to produce 

ketones and/or inhibition of gluconeogenesis via accumulation of HMG-CoA metabolites. 

We show that hypoglycemia in the youngest patient resulted from a mismatch between 

EGP and GU, due to the lack of the glucose sparing of effect of ketones. GNG was 

not inhibited despite accumulation of HMG-CoA metabolites. This demonstrates the 

importance of ketogenesis for glycemic control during fasting.

Patients with medium-chain acyl-CoA dehydrogenase deficiency (MCADD), the most 

common disorder of fatty acid oxidation (FAO), are unable to oxidize medium-chain fatty 

acids, resulting in the accumulation of medium-chain FAO intermediates. It has been 

suggested that this may lead to intramitochondrial carnitine depletion, further hampering 

FAO. The role of L-carnitine supplementation in MCADD, however, remains debated. In 

chapter 6a five MCADD patients with and without L-carnitine supplementation were 

studied in comparison to three healthy control subjects during fasting and moderate-

intensity exercise. All subjects were able to complete the two hour exercise test without 

any clinical or biochemical adverse effects, also without L-carnitine supplementation. In 

patients with MCADD without L-carnitine supplementation an increase in free carnitine 

and its precursor was seen during exercise, suggesting upregulation of carnitine 

biosynthesis to compensate for carnitine losses. The results of this non-isotopic study 

were used to safely design a follow-up study (chapter 6b).
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Energy metabolism in adult patients with MCADD during moderate-intensity exercise after 

an overnight was studied in chapter 6b in comparison to control subjects matched for 

sex, age, and body composition. Our objective was to determine to what extent FAO is 

hampered under stressed conditions in MCADD. In addition, fasting hypoglycemia, which is 

a prominent clinical feature in MCADD and all other disorders of FAO, has been suggested 

to be the result of inhibition of gluconeogenesis. Therefore, glucose kinetics were also 

studied. No significant differences were detected between patients with MCADD and 

control subjects in either whole body fat and carbohydrate oxidation or in EGP, GNG and 

GGL. Therefore, FAO does not seem impaired after an overnight fast and during prolonged 

moderate-intensity exercise in adult patients with MCADD. Patients were able to increase 

gluconeogenesis to the same amount as control subjects. However, FFA turnover at rest 

was significantly higher in patients, which could result in ectopic fat accumulation. This 

would make patients with a disorder of FAO more prone to insulin resistance.

Patients with classical galactosemia have to maintain a galactose restricted diet in order 

to prevent accumulation of toxic galactose-1-phosphate. However, it has been shown 

that patients exhibit a significant endogenous galactose production, leading to a process 

of auto-intoxication. If this endogenous galactose production is suppressed when dietary 

galactose content is increased, thereby maintaining the net galactose balance, dietary 

restrictions for patients with classical galactosemia could be relaxed improving their 

quality of life. In chapter 7 the possibility of such a feedback mechanism is studied. 

However, as endogenous galactose production remained essentially the same during 

step-up galactose infusion, it is concluded that endogenous galactose production is not 

suppressed by exogenous galactose supplementation.

In primary hyperoxaluria type 1 (PH1) an excess hepatic production of oxalate, a non-

functional end-metabolite that aggregates with calcium, causes renal insufficiency and 

eventually results in end-stage renal failure. This leads to tissue accumulation of oxalate. 

Because of this, plasma oxalate concentration and urinary oxalate excretion remain 

elevated after a combined liver and kidney transplantation. Therefore, plasma oxalate 

concentration is not a reliable parameter to monitor therapeutic interventions in patients 

with PH1 as is urinary oxalate excretion in patients with PH1 and renal insufficiency. In 

chapter 8 a stable isotope dilution method is presented in order to quantify Ra oxalate. 

This parameter could be used to monitor therapeutic interventions in patients with PH1 

and renal insufficiency.

Finally, in chapter 9 a general discussion is presented outlining the advantages and the 

limitations of in vivo stable isotope techniques in the field of inborn errors of metabolism. 

In addition, future directions for in vivo stable isotope research in metabolic disorders 

are suggested. It is concluded that stable isotope methodology offers a potentially very 

powerful research tool. However, extensive biochemical and analytical expertise as well 
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as sufficient financial means are required to conduct these studies. Therefore, these 

studies have limited applicability in daily clinical practice and should only be performed in 

(collaboration with) specialized centres.  
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Samenvatting





In totaal zijn er momenteel honderden verschillende stofwisselingsziekten bekend. De 

meeste van deze ziekten zijn zeer ernstig. In laatste tientallen jaren is er veel ontdekt 

over de pathofysiologie van deze aandoeningen, wat heeft geleid tot een sterke 

verbetering in behandelingsmogelijkheden en een betere kwaliteit van leven voor 

patiënten. Daarnaast hebben deze kennis en de behandelingsmogelijkheden wereldwijd 

geleid tot het includeren van meerdere, tot zelfs tientallen in enkele staten van de USA, 

stofwisselingsziekten in neonatale screeningsprogramma’s.

Ondanks de sterk toegenomen kennis blijven er nog vele pathofysiologische vragen over 

verschillende stofwisselingsziekten bestaan. Tot nu toe heeft het meeste onderzoek 

naar stofwisselingsziekten zich primair gericht op het vaststellen van het enzymatische 

defect en op de daardoor verhoogde en verlaagde metabolieten in het aangedane 

biochemische pad. Hoewel deze benadering veel essentiële kennis heeft opgeleverd, 

wordt met deze ‘statische’ vorm van onderzoek geen informatie verkregen over hoe het 

aangedane biochemische pad daadwerkelijk in de patiënt functioneert. Dit beperkt de 

interpretatie van de verkregen data met betrekking tot de functionele consequenties van 

het enzymatische defect.

Doel van dit promotieonderzoek was om de dynamiek van aangedane biochemische 

paden bij patiënten met verschillende stofwisselingsziekten te onderzoeken met 

behulp van stabiele isotopen technieken om hierdoor de kennis over pathofysiologische 

mechanismen die bij deze ziekten een rol spelen te vergroten. Hierbij is ook meer kennis 

verworven over de normale fysiologie. In hoofdstuk 1 worden de verschillende gebruikte 

stabiele isotopen technieken beschreven en worden de verschillende uitgevoerde studies 

kort uiteengezet.

In hoofdstuk 2 wordt een leeftijdsafhankelijk regressie model voor endogene (lichamelijke) 

glucose productie (EGP) in mensen van geboorte tot ouderdom beschreven. Dit model is 

gebaseerd op metingen van EGP in kinderen en volwassenen verkregen met de [6,6-2H2]-

glucose verdunningsmethode in studies uitgevoerd door onze onderzoeksgroep in de 

afgelopen jaren. Daarnaast wordt de relatie tussen EGP en geschat hersengewicht 

bestudeerd, aangezien de hersenen een belangrijke rol spelen in de regulatie van 

EGP. Deze relatie wordt verder gepreciseerd door het toepassen van correctie voor de 

verschillen in lichaamssamenstelling tussen kinderen en volwassenen. Geconcludeerd 

wordt dat het verkregen regressie model de glucose behoefte bij gezonde individuen 

in rust na een nacht vasten nauwkeurig inschat. Het model kan worden gebruikt om 

gevalideerde protocollen voor glucose suppletie bij kinderen op te stellen en om de 

gegevens over EGP zoals verkregen uit studies verricht in kinderen met verschillende 

aandoeningen, waaronder de stofwisselingsziekten, te vergelijken met controle waarden. 

Daarnaast laat dit hoofdstuk zien dat de glucose behoefte van de hersenen per gram 

geschat hersengewicht zeer waarschijnlijk nagenoeg constant blijft met toename van de 

leeftijd.
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Bij patiënten met glycogeen stapelingsziekte type 1 (GSD-1) is in eerdere studies 

aangetoond dat zij in staat zijn om tot 50% van normaal glucose te produceren, ondanks 

het feit dat ze het laatste essentiële enzym in het biochemische pad van de glucose 

productie, het glucose-6-fosfatase, missen. Tot op heden werd dit niet goed begrepen. 

In hoofdstuk 3 wordt aangetoond dat een GSD-1a patiënt in staat is tot het produceren 

van glucose uit zowel glycogeen afbraak als uit glucose nieuwvorming (gluconeogenese). 

Daarnaast wordt aangetoond dat een patiënt met fructose-1,6-bisfosfatase deficiëntie, 

een absoluut defect van gluconeogenese in zowel lever als nier, nog tot 20% van normaal 

glucose via gluconeogenese produceert. Op basis van deze gegevens, en op het feit dat 

recent een ander functioneel glucose-6-fosfatase in spier is gekarakteriseerd, menen wij 

dat het goed mogelijk is dat spier kan bijdragen aan EGP via zowel glycogeen afbraak als 

gluconeogenese.

Idiopatische ketotische hypoglycemie, oftwel de ‘peuterhypoglycemie’, is de meest 

voorkomende vorm van hypoglycemie op de kinderleeftijd. De oorzaak van hypoglycemiën 

bij deze kinderen wordt nog steeds niet goed begrepen. Daarom werden in hoofdstuk 4 

alle hoofdpaden van het glucose metabolisme bestudeerd tijdens een gestandaardiseerde 

vastentest bij twaalf kinderen in de leeftijd van 2.5 tot 11.5 jaar met onbegrepen ketotische 

hypoglycemiën. Hierbij tonen wij aan dat de jongste vijf kinderen hypoglycemisch 

werden omdat ze niet in staat waren om EGP op een adequaat niveau te houden als 

gevolg van een significante daling in de glycogeen afbraak zonder een significante 

stijging van de gluconeogenese. Dit laatste kan het gevolg zijn van een beperking in 

de toevoer van alanine, een belangrijk aminozuur wat wordt gebruikt als bouwsteen in 

de gluconeogenese. Aangezien de glucose behoefte per kg lichaamsgewicht bij jongere 

kinderen relatief hoog is, doordat ze een grotere hersengewicht / lichaamsgewicht ratio 

hebben, wordt gesuggereerd dat kinderen met idiopatische ketotische hypoglycemiën 

zich in de onderste staart van de normale verdeling van vastentolerantie in kinderen 

bevinden en niet per definitie een ziekte hebben.

In hoofstuk 5 wordt het glucose metabolisme beschreven bij twee broers met HMG-CoA 

lyase deficiëntie, een stoornis in zowel de productie van keton lichamen als in de afbraak 

van het aminozuur leucine. Als oorzaken voor het ontstaan van hypoglycemiën tijdens 

vasten, een belangrijk symptoom van deze aandoening, worden het onvermogen van het 

produceren van keton lichamen en/of remming van de gluconeogenese door stapeling 

van HMG-CoA metabolieten genoemd. Wij tonen aan dat de hypoglycemie die ontstaat 

bij de jongste patiënt tijdens vasten, de oorzaak is van een wanverhouding tussen glucose 

aanmaak en glucose verbruik door het afwezig zijn van het glucose sparende effect van 

keton lichamen tijdens vasten. De gluconeogenese werd niet geremd ondanks stapeling 

van HMG-CoA metabolieten. Dit laat het belang van keton lichamen voor het behouden 

van normoglycemie gedurende vasten zien.
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Patiënten met medium-chain acyl-CoA dehydrogenase deficiëntie (MCADD), de 

meest voorkomende stoornis van de vetzuuroxidatie, zijn niet in staat om middellange 

vetzuren te verbranden, wat resulteert in de ophoping van middellange vetzuuroxidatie 

metabolieten. Dit zou weer kunnen leiden tot een tekort aan carnitine, wat de verbranding 

van langketen vetzuren dan ook zou beperken. Nochtans is het nut van het geven van 

L-carnitine suppletie in MCADD niet eenduidig bewezen. In hoofdstuk 6a worden vijf 

MCADD patiënten onderzocht met en zonder L-carnitine suppletie gedurende vasten en 

middelzware inspanning in vergelijking tot drie gezonde controle proefpersonen. Alle 

proefpersonen waren in staat de twee uur durende inspanningstest te ondergaan zonder 

klinische of biochemisch nadelige symptomen te ondervinden, ook zonder L-carnitine 

suppletie. Bij MCADD patiënten zonder L-carnitine suppletie werd een toename van het 

vrije carnitine en de directe precursor hiervan in plasma gezien gedurende inspanning. 

Dit suggereert dat de eigen productie van carnitine wordt opgehoogd in patiënten om te 

kunnen compenseren voor het carnitine verlies gedurende inspanning. De resultaten van 

deze studie, waarbij geen gebruik is gemaakt van stabiele isotopen, zijn gebruikt om een 

tweede inspanningsstudie in MCADD patiënten op te zetten (hoofdstuk 6b).

In hoofdstuk 6b wordt het energiemetabolisme in volwassen patiënten met MCADD 

onderzocht gedurende middelzware inspanning na een nacht vasten in vergelijking tot 

controle proefpersonen die goed vergelijkbaar zijn voor wat betreft geslacht, leeftijd en 

lichaamssamenstelling. Het doel was om vast te stellen in hoeverre de vetzuuroxidatie bij 

MCADD patiënten wordt beperkt. Daarnaast werd het glucose metabolisme onderzocht 

om te bepalen of de gluconeogenese in MCADD wordt geremd, aangezien wordt 

gesuggereerd dat dit ten grondslag kan liggen aan de vasten hypoglycemie, wat een 

belangrijk symptoom is bij MCADD en bij andere stoornissen van de vetzuuroxidatie. Er 

werden geen significante verschillen tussen MCADD patiënten en controles gevonden wat 

betreft totale vet- en koolhydraatverbranding, EGP, gluconeogenese en glycogenolyse. 

Dit suggereert dat de vetzuuroxidatie in volwassen MCADD patiënten gedurende 

inspanning na een nacht vasten niet wordt beperkt en dat de gluconeogenese normaal 

wordt opgereguleerd. De basale vrije vetzuur productie en opname vanuit plasma tijdens 

rust was wel significant hoger in patiënten, wat kan leiden tot ectopische vetophoping. 

Dit zou patiënten met een stoornis in de vetzuuroxidatie meer gevoelig maken voor het 

ontwikkelen van insuline resistentie.

Patiënten met klassieke galactosemie moeten levenslang een streng galactose beperkt 

dieet houden om de stapeling van het toxische galactose-1-fosfaat te voorkomen. Er 

is echter gebleken dat patiënten ook een significante endogene galactose productie 

hebben, wat leidt tot een proces van auto-intoxicatie. Als deze endogene galactose 

productie onderdrukt zou worden bij toename van de hoeveelheid galactose in het dieet, 

waarbij de netto hoeveelheid galactose in het lichaam niet veranderd, zouden de dieet 

beperkingen voor galactosemie patiënten wat versoepeld kunnen worden. Dit zou hun 
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kwaliteit van leven ten goede zou komen. In hoofdstuk 7 wordt de mogelijkheid van een 

dergelijk terugkoppelingsmechanisme onderzocht. Aangezien de endogene galactose 

productie niet veranderde bij een stapsgewijze verhoging van galactose infusie, wordt 

geconcludeerd dat endogene galactose productie niet wordt onderdrukt door exogene 

galactose toediening.

De ziekte primaire hyperoxalurie type 1 (PH1) wordt veroorzaakt door een overmatige 

aanmaak van oxaalzuur, een niet functionele eindmetaboliet die uiteindelijk in o.a. de 

nieren gemakkelijk neerslaat met calcium, leidend tot nierschade, nierinsufficiëntie en 

uiteindelijk nierfalen. Dit leidt weer tot stapeling van oxaalzuur in andere weefsels. 

Hierdoor blijven de plasma oxaalzuur concentratie en de renale oxaalzuur uitscheiding 

langdurig verhoogd na een gecombineerde lever-, waarmee het enzymatische defect 

wordt weggenomen, en niertransplantatie. Dit maakt dat plasma oxaalzuur concentratie 

en de urine oxaalzuur uitscheiding niet altijd betrouwbare parameters zijn om 

therapeutische interventies in PH1 mee te vervolgen. In hoofdstuk 8 wordt een stabiele 

isotopen methode gepresenteerd die het mogelijk maakt om de verschijningssnelheid van 

oxaalzuur in plasma te bepalen. Deze methode kan gebruikt worden om therapeutische 

interventies te evalueren in patiënten met PH1 en nierinsufficiëntie.

Tot slot wordt in hoofdstuk 9 een algemene discussie gepresenteerd waarin de voordelen 

en de beperkingen van het gebruik van stabiele isotopen technieken in patiënten met 

een stofwisselingsziekte worden besproken. Verder worden suggesties gedaan voor 

toekomstig stabiele isotopen onderzoek in het veld van de stofwisselingsziekten. 

Geconcludeerd wordt dat stabiele isotopen methodologie potentieel een zeer krachtige 

onderzoekstechniek is in dit veld, maar dat wel belangrijk is zich te realiseren dat zowel 

uitgebreide biochemische als analytische kennis noodzakelijk zijn om deze studies 

adequaat uit te kunnen voeren. Daarnaast zijn deze studies relatief kostbaar. Dit maakt 

dat stabiele isotopen technieken maar zeer beperkt zullen kunnen worden ingezet in de 

dagelijkse klinische praktijk en dat deze studies alleen maar uitgevoerd kunnen worden in 

(samenwerking met) gespecialiseerde centra.
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HET dankwoord. Het meest gelezen, een absoluut heilig onderdeel van ieder proefschrift. 

En terecht. In slechts enkele pagina’s heeft de promovendus de gelegenheid om iedereen 

te bedanken die heeft bijgedragen aan zijn/haar proefschrift. Dit maakt het misschien 

ook wel één van de moeilijkste onderdelen om te schrijven, want hoe kan je in het kort 

uitdrukken hoeveel mensen je hebben geholpen en gesteund?

Hierbij dan mijn ‘abstract’ van dankbetuiging.

Allereerst wil ik natuurlijk mijn promotores en co-promotor bedanken: 

Prof. dr. F.A. Wijburg. Beste Frits, waar begin ik met jou te bedanken? De warme en 

persoonlijke manier waarop jij mij, en je andere promovendi, de afgelopen jaren hebt 

begeleid is echt uniek. Na ons eerste gesprek over mijn mogelijke promotietraject wist 

ik dat ik de juiste keuze had gemaakt. Met je aanstekelijke enthousiasme voor zowel 

onderzoek als kliniek weet je iedereen in korte tijd aan je te binden, met mij was het niet 

anders. Voorafgaand aan onze levendige discussies over onderzoeksvoorstellen en data 

interpretatie vroeg je altijd eerst hoe het met mij was en wist dan ook echt wat er op dat 

moment belangrijk voor mij was buiten het onderzoek om. Hoe druk je agenda ook is, ik 

kan altijd even bij je binnen lopen. Ook heb je mij erg geholpen bij het bemachtigen van 

een opleidingsplaats Kindergeneeskunde waarvoor ik je intens dankbaar ben. Kortom, ik 

ben zeer vereerd dat je mijn promotor bent en dat ik je de afgelopen jaren persoonlijk 

heb mogen leren kennen. Ik hoop nog jaren met je te mogen samenwerken.

Prof. dr. H.P. Sauerwein. Beste Hans, toen ik voor het eerst aanschoof bij een 

ochtendbespreking van de metabole groep werd ik behoorlijk geïntimideerd door het 

wetenschappelijke gewicht van de bespreking en haar deelnemers: dit was ‘harde’ 

klinische wetenschap op hoog niveau en jij was de kapitein op dit schip, centraal 

gepositioneerd in de kamer. Deze eerste indruk is nooit helemaal verdwenen. Ik heb veel 

bewondering voor je uitgebreide kennis en je capaciteit om discussies tot de kern terug 

te brengen. Vele malen heb ik na een artikelbespreking je kamer licht duizelend verlaten 

en dan even nodig gehad om te bevatten wat er nu allemaal was gezegd. Ik wil je enorm 

bedanken voor je betrokkenheid bij het uitvoeren van de proeven, er zijn er maar weinig 

voorbij gegaan zonder dat je even kwam kijken en zelfs vanuit je skivakantie belde je 

om te vragen hoe het ging. Ik ben er trots op dat ook jij mijn promotor bent en dat ik 

onderdeel heb mogen zijn van jouw metabole groep.

Dr. M. Duran. Beste Ries, tijdens mijn promotiejaren heb ik mogen profiteren van je 

encyclopedische kennis over biochemische paden en metabole ziekten. Jouw pensioen 

zal niet alleen gevoeld worden binnen het AMC, en in het bijzonder binnen de vakgroep 

Klinisch Metabole Ziekten, maar zeker ook binnen het actieve werkveld van de metabole 

ziekten wereldwijd. Dit is mij zeer duidelijk geworden op de SSIEM congressen die ik heb 

bezocht. Ik ben dan ook zeer vereerd dat je de taak van co-promoter voor mijn promotie 

hebt willen aanvaarden. 
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De leden van mijn promotiecommissie:

Prof. dr. R.J.A. Wanders. Beste Ronald, jij bent voor mij de derde promotor van dit 

proefschrift. Ooit begon ik mijn wetenschappelijke carrière in het AMC bij jou in het 

GMZ. Tijdens mijn promotie heb je altijd meegedacht over mijn studies en daar ben ik je 

zeer dankbaar voor.

Prof. dr. H.S.A. Heymans. Destijds heeft u mijn wetenschappelijke stage aan de Children’s 

Hospital Research Foundation in Cincinnati begeleid. Naderhand heeft u mij voorgesteld 

aan Ronald Wanders en Frits Wijburg, hetgeen uiteindelijk heeft geresulteerd in dit 

proefschrift.  Ik ben u hier zeer dankbaar voor. Uw visie op de Kindergeneeskunde is uniek 

en inspirerend en ik ben zeer vereerd om door u te worden opgeleid tot kinderarts.

Prof. dr. E. Fliers, prof. dr. J.B. van Goudoever en prof. dr. F. Kuipers wil ik zeer hartelijk 

danken voor de bereidheid om zitting te nemen in mijn promotiecommissie en voor de 

tijd die zij hebben geïnvesteerd in het beoordelen van mijn proefschrift.

Dr. A.A.M. Morris I would especially like to thank for taking the time to evaluate my thesis 

and for flying over from Manchester to participate in my thesis defence. I’m honoured to 

have such an acknowledged clinical expert in the field of inborn errors of metabolism on 

my PhD committee.

Mensen die direct betrokken zijn geweest bij de verschillende studies:

Geen enkele studie in dit proefschrift was mogelijk geweest zonder de vrijwillige deelname 

van patiënten met diverse stofwisselingsziektes. Ik ben deze groep mensen heel erg 

dankbaar voor hun bereidheid mee te werken aan mijn studies. Het mogen bestuderen 

van jullie bijzondere biochemische constitutie is een voorrecht en heeft als resultaat dat 

steeds meer kennis wordt verkregen over het normale functioneren van de menselijke 

stofwisseling en dat steeds meer nieuwe therapieën kunnen worden ontwikkeld voor 

diverse stofwisselingsziektes.

Dr. Ir. M.T. Ackermans. Beste Mariëtte, zonder jouw bijdrage was er van dit proefschrift 

ook zeker weinig terecht gekomen. Met veel geduld heb je me altijd de theorie achter 

de verschillende gebruikte stabiele isotopen technieken en daarbij behorende analytische 

processen uitgelegd. Ik heb het altijd zeer gewaardeerd dat je mij zelfstandig mijn gang 

hebt laten gaan in het stabiele isotopen lab.

An Ruiter. Beste An, het bovenstaande feit heeft voor jou een hoop extra werk 

opgeleverd. Jij moest mij namelijk praktisch wegwijs maken in het lab en mijn vele vragen 

over analytische procedures beantwoorden. Daarnaast heb je het leeuwendeel van mijn 

monsters weggepipetteerd. Veel dank voor alles.

Dr. A.M. Bosch. Lieve Annet, met jou heb ik afgelopen jaren veel mogen delen: mijn 

eerste studie, je bureau en je computer (waarop je dan regelmatig dubieuze download 

software aantrof), mijn spanningen en onzekerheden als beginnend arts-assistent en 

de lol bij het maken van filmpjes voor Frits. Ik hoop nog lang samen met je te mogen 

werken. 
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Saskia van der Crabben. Lieve Saskia, jij hebt mij destijds bijgestaan in het opzetten en 

uitvoeren van mijn eerste studie en hebt me altijd op weg geholpen als ik weer iets niet 

begreep of gedaan moest krijgen. Ik vind het erg jammer dat je niet meer in het AMC 

werkt, maar hoop nog lang met je in contact te blijven.

Thessa Westphal en Klaske Honig. De steunpilaren van de vakgroep Klinisch Metabole 

Ziekten. Wat heb ik veel aan jullie gehad bij het uitvoeren van de stabiele isotopen 

vastenproeven. Heel veel dank!

Mart van der Plas. Zonder jouw hulp had ik de MCADD studie nooit kunnen uitvoeren. 

Veel dank voor je geweldige inzet en veel succes met je eigen promotie.

Luc van Loon en René Koopman. Veel dank voor het meedenken met de MCADD studie 

en het afnemen van de spierbiopten bij de patiënten. Die data beloven nog een mooi 

staartje aan mijn promotie te gaan geven!

Christiaan van Woerden. Het heeft even geduurd, maar uiteindelijk hebben we de PH1 

studie tot een prachtig einde weten te brengen. Ik vind het geweldig om in dezelfde 

week met jou te promoveren en verheug mij erg op ons feest.

Fijne collega’s:

De onderzoekers van de metabole groep. Saskia, Regje, Gideon, Maarten, Lars, Mirjam, 

Anne en Mireille, mede ploeteraars in de duistere wereld van de stabiele isotopen. 

Hoewel ik nooit echt een bewoner van F5 ben geweest heb ik de afgelopen jaren veel 

met jullie mogen delen. Wel zal ik altijd de enige blijven die nog nooit een clamp heeft 

uitgevoerd!

Medewerkers van het laboratorium Genetisch Metabole Ziekten. Jos en Petra, ik wil jullie 

zeer hartelijk danken voor het geduld dat jullie altijd hebben gehad in het begeleiden 

van mijn experimenten. Lodewijk, dank voor je input op mijn studie protocollen en 

resultaten. Die galactokinase remmer komt er ooit! Annelies en Nico wil ik danken voor 

het beantwoorden van de vele telefoontjes over uitslagen. Hans en Sander, bij jullie liep 

ik ooit mijn eerste stage. Het stage verslag is nu echt bijna af… Fred en Naomi, koning en 

koningin van de carnitine, dank voor het meten van de CABIO’s. Ference en Marc, veel 

dank voor het ter beschikking stellen aan de wetenschap van jullie benen! De AIO’s uit 

het GMZ, erg gezellig dat ik altijd mocht aanschuiven bij jullie etentjes.

De afdeling klinisch metabole ziekten. Bianca van Maldegem en Carolien Boelen, dank 

voor de kamergezelligheid, het mogen gebruiken van jullie computers en de wijze raad 

op zijn tijd. Henk, geestelijk vader van de metabole ziekten in het AMC, dank voor de vele 

spiesen tijdens je geweldige barbecues! Malika (hou die duim op de voorruit!), Josanne 

(heel veel succes in Maastricht, we zullen je hier missen!), Nadia, Anouk, Hans, Amber, 

Marlies (wanneer wordt er weer geclubd?) en Quirine, het was enorm gezellig om samen 

met jullie de promovendi groep van Frits te vormen. Marja, jij bedankt voor je secretariële 

ondersteuning.

Anders, Jeroen, Reinout, Florine, Leontien, Anne-Fleur en de dames van de PSA, hou de 

mythe van de kelder in leven! 
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Familie en vrienden:

Lieve pap, voor jou heeft mijn promotie denk ik een extra dimensie. Ik heb veel 

bewondering voor de zorg en toewijding die je jouw patiënten altijd hebt kunnen geven. 

Geniet nu van je welverdiende pensioen.

Lieve mam, jouw liefde en zorgzaamheid zijn voor mij en voor vele anderen altijd een 

enorme steun geweest. Ik ben je hier zeer dankbaar voor.

Annekoos en Wytse, mijn lieve zus en broer, ik ben blij dat we ondanks onze drukke 

levens elkaar nog zo regelmatig zien. Dank voor jullie betrokkenheid!

Paul en Wouter, mijn paranimfen. Het Amsterdamse avontuur begon samen met jullie en 

nu werken we alledrie in het AMC. Ik vind het geweldig dat jullie aan mijn zijde staan bij 

mijn promotie.

Als laatste natuurlijk mijn lieve Myrthe. Vanaf onze eerste dag samen leef ik in een waas 

van continue verliefdheid. De afgelopen maanden heb ik mijn aandacht tussen jou en 

mijn proefschrift moeten verdelen. Heel veel dank voor je steun en begrip. Ik hou enorm 

veel van je.

Lieve, lieve Mare. Als ik dit schrijf ben je net twee dagen bij ons en nu al verdrink ik 

volledig in je grote stralende ogen. Ik verheug me er ontzettend op om je beter te leren 

kennen en je het leven te zien ontdekken.
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begon hij met zijn studie Geneeskunde aan de Universiteit van Amsterdam. Tijdens zijn 
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