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APCI  atomic pressure chemical ionization
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EI   electron impact ionization
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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. 
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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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