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10 General introduction

The fire of life

The discovery of creating and maintaining fire is probably one of the first achievements 
by which our early ancestors were able to harness nature. The idea that combustion is 
in fact the essence of life was first conceived by the French scientist Antoine Lavoisier. 
In his “Mémoire sur la combustion en général”  published in 1777 (Lavoisier, 1777) 
he described experiments showing that living organisms as well as fire produce heat 
and require oxygen in order to be kept “alive”. The linkage between “fire” and “life” 
became increasingly evident in experiments he conducted together with Laplace.  
They measured heat production as a result of respiration, by incasing a guinea pig in 
a direct calorimeter, consisting of a small chamber, which had the outer shell filled 
with ice melting to maintain a constant temperature of 0°C. The amount of ice melted 
was directly proportional to the heat loss from the living animal inside the chamber, 
allowing thus the study of “metabolic rate” (MR). In those experiments, they found 
that the heat produced as a consequence of MR was associated to units of carbon 
dioxide and concluded that animals produce heat by a combustion reaction similarly 
to that in a burning candle. Other important findings of Lavoisier were that heat 
production and hence gas exchange increase when exercising or when having eaten 
a meal. He further found great inter-individual variation concluding that the “fire 
of life” does not burn as bright in all individuals. The fact that combustion and heat 
production takes place in all cells in the body (and not in the lungs as was erroneously 
concluded by Lavoisier) was discovered by the German physiologist Heinrich Gustav 
Magnus (Magnus, 1845). Indeed, a relation between heat production and the size 
of the body size became evident from the work of Max Kleiber (Kleiber, 1947).  In 
his study in several species ranging largely in size, he found a relation between daily 
energy expenditure and body weight.  A best fit of a linear relation between the two 
yielded an equivalent of 66.6 BWkg0.75, meaning that as animals have a larger size, 
the correlated energy expenditure increases at a rate of ¾ to that of body mass. This 
relation appears to be largely consistent in animals across the entire kingdom.
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Energy balance

Around the time Kleiber performed his experiments, scientific interest rose towards 
the mechanisms in the body that kept certain parameters between boundaries.
In particular Walter B. Cannon is known for coining the concept of ‘homeostasis’, 
meaning a balance of certain body parameters around a certain set point (Cannon, 
1932).   
Regulation of energy balance is an example of such a regulatory system.  The concept 
of energy balance is simple: energy balance = energy intake – metabolic rate. A 
positive energy imbalance is a result of energy intake being higher that metabolic 
rate and results in energy being stored, primarily as fat leading to weight gain (such 
in overweight and obesity).  Negative energy balance results of energy intake being 
less than metabolic rate thus leading to weight loss (such as in famines, anorexia 
nervosa and other diseases). Kennedy realized in the 1950s that energy intake over 
time matched energy needs and that a signal related to the amount of stored fat in the 
body  served as a factor to keep the two equated (Kennedy et al., 1953). While energy 
intake represents solely the net energy absorbed and available as fuel to cells, MR is 
composed by basal metabolic rate (BMR), digestion and absorption of food (thermic 
effect of food (TEF) and physical activity (PA) metabolic rate (PA-MR). 
To answer how MR and its components are regulated and may contribute to the 
regulation of energy balance, several methods have been employed in the measurement 
of MR, and these include in a chronological order 1) direct calorimetry, 2) indirect 
calorimetry, and 3) the doubly labeled water method. In the first part of this thesis, 
I describe investigations on the applicability and validity of the latter technique in 
humans and mice under a variety of conditions, and particularly focus on the role of 
physical activity on energy balance.  In the second part, I focus on the consequences 
of physical activity for energy balance regulation in mice, and in their offspring.
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Assessment of the Fire of Life

DLW history and applications

Doubly-labeled water (DLW) is a stable isotope tracing method that allows the 
determination of “free-living” metabolic rate without the need of restricting the 
subject. This characteristic has favored many different studies of behavioral energetics 
in humans and a wide variety of free-roaming animals (Schoeller et al., 1986b; 
Stephenson et al., 1994; Boyd et al., 1995; Piersma et al., 2003; Wikelski et al., 2003). 
The method is based on the simple fact that hydrogen leaves the body primarily via 
water turnover, whereas oxygen leaves the body both via water turnover and via 
carbon dioxide as a product of oxidation of metabolic fuels. Therefore, the difference 
between the two turnovers must be proportional to the amount of CO2 produced, 
which can be converted to MR in a straightforward way.  
In the early 1950s, Lifson and McClintock were the first to employ 18O to study the 
role and fate of inspired oxygen in respiration, and they are credited for proposing the 
idea to use it for the assessment of MR and for the first use in laboratory mice (Lifson 
et al., 1955; McClintock and Lifson, 1957; Lifson and McClintock, 1966). Since then, 
the number of biological and clinical studies using the DLW technique has risen each 
year.

Assumptions and limitations

The stable isotope method is based on three principal assumptions as reported 
originally by Lifson and McClintock work: 1) the rates of all pool sizes and rates 
of water intake and output remain constant; i.e., “the steady-state assumption”, 2) 
there is no isotope incorporation into or release from products, or both, other than 
CO2 and water, 3) the proportion of water loss which is evaporative and the isotope-
fractionation factors are known. 
The “steady-state assumption” is often violated since the body water pool is under 
constant dynamic change. The assumption is also violated when systematic changes 
in body weight occur. As modeled by Nagy (Nagy, 1980), a reduction in the body 
water pool is more susceptible to produce errors in estimated rCO2 than increases in 
the body water pool over the course of measurement (see figure 1). 
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The second assumption is frequently violated too. Several studies have shown that 
some of the isotopes of water become incorporated into no-aqueous molecules 
via ionic exchange or anabolic pathways resulting in larger pool sizes and isotopic 
fractional washout rates than if the isotopes labeled only H2O and CO2 in the body. 
This phenomenon is observed every time the method is applied on the dilution space 
(N) ratio of 2H and 18O (ND/NO). Importantly, the 2H pool is usually 3-4% larger 
than the 18O pool, but this can range among studies, for example due to variation in 
the amount of non-aqueous exchangeable hydrogen and oxygen and/or to analytical 
variation. In fact, the peculiar characteristic of 2H to incorporate into the C-H bonds of 
triacylglycerol has been used in biomedical science to measure triglycerides synthesis 
in vivo (Hellerstein, 1996) and the measurement of 2H labeling of tryglicerides-
bound glycerol can be carried parallel to rCO2 production by the application of DLW  
(Bederman et al., 2006).

Figure 1: percentage error in calculated rates of CO2 production due to use of linear (dashed 
line) or exponential (continuous line) relation between initial and final body water. Adapted 
from (Nagy, 1980).
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Therefore, the error introduced in fattening (extremely lipogenic) mammals cannot 
be excluded, and has been reported by Haggarty to result in underestimating the rate 
of CO2 production (rCO2) by 6.7% in fast growing ad libitum feeding pigs,  possibly 
due to incorporation of 2H and 18O in de-novo synthesized fats (Haggarty et al., 1994). 
In this paper Haggarty et al.  theorized  that a genetically obese Zucker rat, which has 
a very high rate of lipogenesis relative to body size, has an underestimated rCO2  of 
approximately 4% (Haggarty et al., 1994). Nagy et al., when discussing the potential 
errors in the DLW underlies that if incorporation occurred the error on the estimated 
rCO2 could be up to 25% (Nagy, 1980).  On the other end, little oxygen is thought 
to be exchanging with non-aqueous fluids even if being a major component of the 
organic fraction of the body.  A possible oxygen flux in the body other than through 
water and CO2 turnover is the irreversible incorporation of oxygen from CO2 into 
body molecules like urea in the ornithine-arginine synthesis cycle (Speakman and 
Racey, 1988; Speakman et al., 2001). Schoeller et al. estimated that the exchangeable 
oxygen would result in a 0,7% overestimate on total body water (TBW) in humans 
(Schoeller et al., 1980). Another possible route for oxygen loss may be through ketone 
production that is elevated when fasting or feeding a western-type diet (Galvin et 
al., 1968; Krebs and Hems, 1970; Dierks-Ventling and Cone, 1971; Oussadou et al., 
1996). If the production of excess ketones is not sufficiently metabolized they will 
accumulated in the urine and breath.
The third assumption is related to the estimation of fractionated evaporative water 
loss (RG) through breath or skin. Since information about the individual fractionate 
d evaporative water loss cannot be easily retrieved, the use of a group estimate or 
an assigned value for RG will decrease within subject precision and thus reduces 
precision of calculation of rCO2 in individuals. It was initially assumed by Lifson 
and McClintock (Lifson and McClintock, 1966) that the fraction of water loss due 
to evaporation was about 50% of the total water turnover (RG=0.5). Later Speakman 
reported that a RG value of 0.25 was more accurate (Speakman et al., 1993). Other 
attempts to measure individual RG (measured by the difference between water 
intake and fecal and urinary water loss) showed a large variability and range of values 
between subjects, from a minimum of 0.33 (Roberts et al., 1986) to 0.66 maximally 
(Schoeller et al., 1986a). This sort of values could introduce a ±3% errors in the final 
rCO2 estimate, which may be larger than effect sizes  in metabolic studies (James 
et al., 1988) (see figure 2). The RG is caused by the collective evaporation through 
breath and skin, and by transpiration. Furthermore, these extra elimination routes 
will have different degrees of fractionation. 
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The measurement of RG flux is determined by the fluxes in breath and skin, by 
transpiration. Furthermore, these extra elimination routes will have different degrees 
of fractionation. The measurement of RG in each individual subject under study is 
hard to do, and will be a complicating factor in applying the DLW method. 
Attempts have been proposed by using a triple-labeled water adding another stable 
isotope of oxygen to the mixture (17O) (Haggarty et al., 1988) or by adding the tritiated 
radioactive isotope of hydrogen (3H). Unfortunately both the precision of the mass 
spectrometer, the high cost of 17O and the radioactivity of tritium have complicated 
these approaches.

Implication: obesity and the fire of life

In our current society, obesity is considered a major risk factor for impairment of 
sustainable health (WHO, 2013).  Obesity is often related to a number of metabolic 
derangements such as insulin resistance, dyslipidemia, high blood pressure, chronic 
low-grade inflammation, and visceral fat deposition, collectively named the 
“metabolic syndrome” (Eckel et al., 2005).  

Figure 2: the effect of assuming an evaporative water loss of 0.5 on the percent error of 
computer rCO2 (based on the data of sedentary woman). As reported by (Haggarty et al., 
1988).
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Depending on the severity and combination of these derangements, they have a high 
likelihood of developing into life-threatening diseases including type-II diabetes, 
cardiovascular disease, atherosclerosis and even neurodegenerative diseases (Potenza 
and Mechanick, 2009; Cai, 2013).
From a societal point of view, the origins of obesity and the metabolic syndrome 
seem deceptively simple; an unhealthy lifestyle characterized by eating too much 
junk-food (i.e., generally consisting of high palatable energy dense items) and a lack 
of physical activity have been frequently mentioned as propelling factors. Indeed, 
considering the first law of thermodynamics, stating that energy can neither be 
created nor destroyed but transformed from one form into another, the simple 
observation is that obesity results from a positive energy balance in which energy 
intake exceeds one’s metabolic rate. However, the dissociation of an obesogenic 
trait from an obesity-resistant one may rely on a dazzling complexity of interactions 
from cellular genetics, transcriptomics, metabolomics to higher order adaptive 
strategies that may have maladaptive consequences in a changing environment. In 
fact, the evolutionary pressure on these traits probably produced several genotypes 
to be successful in storing excess energy when available and survive periods of food 
scarcity, or - by default - increasing foraging effort, thus physical activity.
A plausible explanation of the increased incidence of obesity is that enhanced 
metabolic flexibility has witnessed a “nutritional transition” between the periodic 
availability of food in the paleolithic hunter-gathering environment to an environment 
with an unprecedented high availability of food and an increase in mechanical 
devices that defray physical activity (Lanningham-Foster et al., 2003; Levine, 2004b; 
Popkin, 2006). The genes underlying a positive energy balance have been named 
“thrifty genes” (Chakravarthy and Booth, 2004).  However, obesity results more 
likely from a gene x environment interaction rather than solely from genes driving 
towards maximized weight irrespective of the environment. Whether obesity results 
from an excessive energy intake, a reduced metabolic rate or both, is currently under 
intense debate. Speakman and Westerterp concluded that energy expenditure did 
not declined since the 1980s (Westerterp and Speakman, 2008) while other studies 
showed that physical activity has declined by a much greater extent than food intake 
(Sothern, 2004; Swinburn and Egger, 2004; Kimm et al., 2005).
Human predisposition to fat and weight gain by overfeeding have a high degree of 
inter-individual variation and the mechanisms that render some individuals with 
a greater capacity to accumulate adipose tissue are still unclear (Sims et al., 1973; 
Bouchard et al., 1990; Diaz et al., 1992; Bouchard et al., 1994).  Levine found evidence 
that part of the individual variability could be explained by an increase in “non-
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exercise activity thermogenesis”, also known as NEAT (Levine et al., 1999; Levine, 
2004a). Indeed, the most variable component of metabolic rate is physical activity 
(PA) (20-50% of total MR).

Developmental plasticity of health and disease

In the past decades we observed an increased incidence of obesity which currently 
reaches epidemic proportions. Wang and colleagues estimated that by 2030 around 
86% of the adult American population will be overweight with 51% of them being 
obese (Wang et al., 2008). The WHO in 2008 estimated that more than 1.4 billion 
adults are overweight concluding that more than 10% of the world’s actual adult 
population was obese (WHO 2013).
The epidemic of obesity not only affects adults but is increasingly observed to occur 
already in childhood. The WHO estimated in 2011 that more than 40 million children 
under the age of five were overweight, reporting a rise in the incidence also in low- 
and middle-income countries (WHO 2011). A growing body of literature shows 
that the perinatal environment and in particular nutrition of the mother during 
pregnancy and breastfeeding can have long lasting effects on the offspring (Lucas, 
1991; Barker et al., 1993). In the late 1980s, Barker et al. found a strong correlation 
between low birth weight and later deaths by coronary heart diseases and pushed 
forward the developmental origin of health and disease hypothesis. He postulated 
that fetal under-nutrition in middle gestation, which leads to disproportionate fetal 
growth, programs later coronary heart diseases (Barker et al., 1989). Later it was 
found that a low birth weight was also associated with parameters of the metabolic 
syndrome, including insulin resistance. Lucas in 1991, defined  “programming” as 
the general process whereby a stimulus or insult in a critical period of development 
has lasting or life-long significance. He furthermore demonstrated that early post-
partum nutrition can be a critical period for low birth weight babies impacting on 
growth and development (Lucas, 1991). An interesting example of mothers having 
limited food supplies in early pregnancy occurred during the Dutch winter famine 
in the Second World War (Roseboom et al., 2001; Rooij et al., 2006). The children of 
these mothers had more frequent cardiometabolic and immunological derangements 
later in life. Studies performed in humans are obviously largely retrospective and 
assess associations between parameters without establishing causal relations, 
resulting in difficult, and even sometime wrong interpretations.  To investigate the 
causal mechanisms underlying perinatal programming, several animal models of 
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both fetal over-, and under-nutrition have been developed (Ainge et al., 2010). The 
phenomenon known as fetal programming has been described in several different 
species (Ainge et al., 2010; Li et al., 2011; Sullivan et al., 2011), and undoubtedly 
presents a key mechanism in many, if not all, animal species in which rapid changes 
in the environment can impact on the offspring in an adaptive way. Rodent studies 
have particularly advanced this field because of a relative short gestation and the fact 
that they can be easily manipulated. Humans and rodents have different intervals for 
the development of energy balance regulatory systems, which can be a complicating 
factor. For instance, in humans hypothalamic feeding circuits are already developed 
prenatally (Grove et al., 2005), while in rodents these circuits develop predominantly 
post-natally during lactation till the third week after parturition (Djiane and Attig, 
2008). Therefore, care should be addressed when projecting results from animal 
experiments directly to human conditions.  Nevertheless, it has been shown that 
birth weight predicts life span, having several implications towards ageing research, 
and this is true for both rodents and humans (Ozanne and Nicholas Hales, 2005).
The adaptive as well as the pathophysiological mechanism underling fetal 
programming are still largely unknown.  Although there has been a tremendous  
focus on early hypothalamic development in the feeding circuits (Bouret et al., 2004; 
Bouret and Simerly, 2007; Chen et al., 2009), there are only a few studies investigating 
the effects of programming in metabolic rate and physical activity (Vickers et al., 
2003).  The nutritional/hormonal status of the mother can affect the susceptibility 
of the offspring to develop metabolic syndrome later in life both by mismatching 
(undernutrition + overnutrition) and by matching offspring nutrition (overnutrition 
+ overnutrition). Understanding the mechanisms behind the effects of maternal 
diet on offspring energy balance will allow us to develop preventive strategies aimed  
at solving human health problems at the root, and not only treating the observed 
symptoms. In this thesis, the specific contribution of voluntary physical activity (PA) 
in energy balance regulation is investigated, and how voluntary PA can impact on 
adiposity and insulin resistance in adult humans and mice, and how it interferes with 
programming effects of high fat (HF) diet during pregnancy and lactation. 
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Physical activity and its contribution to energy balance

PA is a fundamental aspect of daily animal life: gathering food, reproduction, and 
escape from predators but also leisure activities such as in sports in humans.  A great 
body of literature has documented the positive effects of exercise in improving quality 
of life by promoting mental and physical health benefits such as feeling of wellness 
and improving cardio-metabolic health and insulin sensitivity (Scully et al., 1998). 
Therefore, physical activity plays a major role in policy making for the preventions of 
obesity, diabetes and cardiovascular disease (see WHO 2013).   
On the short term, PA will increased blood flow and oxygen demand increasing 
glucose disposal by enhanced insulin sensitivity (Dengel et al., 1996). On the long 
long-term the body will adapt to increase exercise levels and increase oxygen 
consumption, increasing cardiac capacity and reducing heart rate and blood pressure 
and shift from type I glycolytic fibers to type II lipolytic ones (Röckl et al., 2007).
PA levels have been found to vary greatly among individuals of the same species 
and as well among different species. A large body of studies ranging from rodents to 
humans showed that the ability and the propensity to be physically active have some 
genetic basis (Dishman, 2008).
In humans as well as in rodents, the propensity to PA can be multifactorial and 
related to major personality traits (Rhodes and Smith 2006). Furthermore in both 
humans and rodents physical exercise can be rewarding and even addictive (Aidman 
and Woollard, 2003; Kanarek et al., 2009). Energy devoted to PA can be further 
subdivided in volitional exercise (Kotz 2008, Ravussin 1986) and “non-exercise 
activity thermogenesis “NEAT”, that is the energy expended for everything we do 
except sleeping, eating or engaging in volitional exercise (i.e. fidgeting, body posture, 
daily activities) (Levine, 2004a). 
To study inter-individual variability and “innate” physical activity and correlated 
metabolic responses one may utilize selectively bred mice for wheel-running behavior, 
and these are available through the work of Prof. Theodore Garland Jr. (Garland, T., 
Jr. et al., 2011). The metabolic and behavioral characteristics of these mice will be 
discussed in the following paragraph.
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“Garland mice” selection procedure and their metabolic 
phenotype

Selection procedures first described in 1998 by Swallow et al. (Swallow et al., 1998) 
were carried out by the team of Prof Garland at the University of Wisconsin, Madison, 
USA and later in the University of California, Riverside, USA. Shortly, a founding 
population of male and female outbred mice (n=112) Hsd:ICR house mice (Mus 
domesticus) were obtained from Harlan Sprague Dawley (USA) (genergation -2). 
After random pairing (generation -1), offspring mice were randomly assigned to 8 
lines that each contained 10 pairs of mice. Offspring from these mice were again 
randomly paired within each line and later their offspring (generation 0) were finally 
submitted to a running-wheel selection procedure. Half of the lines (control lines 
1, 2, 4, 5)  were randomly selected while the other half (selected lines 3,6,7,8) of the 
highest running female and male mice from each individual family were chosen as 
breeders for further generations. Three extra pairs of mice (second highest runners 
from highest running families; and randomly chosen for the control line) were 
selected to ensure at least 10 families per generation. Running wheel activity selection 
took place between six and eight weeks of age. At that time mice were given access 
to running wheel cages (wheel circumference 1.12 m) for six consecutive days and 
wheel running activity was recorded. The selection criteria used was average number 
of revolutions per day on day five and six.  
Ten pairs from  two of the selectively bred lines (line 7 and 8) and from one control 
line (control, C or line 2) (generation 45) were shipped to The Netherlands. The lines 
were maintained at our facilities with further selection for wheel-running activity 
(till generation 56). Offspring of these mice was used for the experiments described 
in this thesis. For simplicity, we did not study selection line 3 and 6, both of which 
exhibit the “mini-muscle” phenotype, caused by a Mendelian recessive allele with 
many pleiotropic effects (Garland et al., 2002; Hartmann et al., 2008).
Mice selectively bred ran on average 2.7 times more than control randomly bred 
mice already at generation 16, and similar differences were sustained throughout the 
following generations (Garland Jr, 2003). Mice display also home cage hyperactivity 
in the absence of a running wheel (Zombeck et al., 2011). As a consequence of the 
selection procedure, selected mice present several morphological, physiological and 
behavioral adaptations. Active lines have lower body mass mainly due to a reduction 
in fat content  and have an enhanced insulin-stimulated glucose uptake (Dumke 
et al., 2001). They do not differ in their adaptive thermoregulatory mechanisms 
(Rhodes et al., 2000). Furthermore, they display an increased mass-adjusted food 
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consumption, increased daily energy expenditure, and a high maximal rate of oxygen 
consumption during forced treadmill exercise and  increased fat oxidation (Meek 
et al., 2009; Jónás et al., 2010). On a high-fat diet, the trait for increased physical 
activity protects female mice from diet-induced obesity, despite the fact that they are 
markedly hyperphagic compared to control mice that do become obese (Vaanholt 
et al., 2008). These effects are less pronounced in males from the selectively-bred 
lines, pointing towards a sex-specific penetration of the physical hyperactivity trait 
(Garland, T. et al., 2011). No difference was found in open field activity or defecation 
(Bronikowski 2001) while selected lines have higher anxiety and emotionality (Jonas 
2010). Furthermore, compared to controls, selected lines have lower circulating 
plasma leptin levels (also when correcting for body adiposity) (Girard et al., 2007), 
this thesis) and high “baseline” corticosterone levels without an impaired immune 
function (Downs et al., 2012). 
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Aim of this thesis

The aim of this thesis is subdivided into two main parts:

- Validating the doubly-labeled water method and evaluate its applicability in 
both clinical and laboratory conditions in the study of energy balance.

- Investigate the metabolic/behavioral changes in control outbred mice and 
mice selectively bred for high running-wheel activity as a consequence of high-
energy diet feeding during adulthood, during pregnancy and lactation, as well as 
combinations of these.

In chapter 2 we developed an analytical protocol that improves overall accuracy 
and measurement time of DLW samples, how to optimize and check the validity 
of the analysis. In chapter 3 we validated the use of salivary isotopic enrichment 
following DLW application in humans and compared this against blood isotopic 
enrichments for use in clinical metabolic studies.  We further proposed an energy 
intake protocol based on dietary recordings of the subjects under study. In chapter 4 
we investigated the validity and the best applicable technique in mice under different 
nutritional conditions and body adiposity status comparing the DLW method to 
indirect calorimetry. In chapter 5 we assessed potential constraints in high-physical 
active mice and successful reproduction subjected to a high-fat diet or a low-fat 
standard laboratory diet. To further characterize their energetic profile we applied 
the DLW method in control and selectively bred highly-active mice to measure 
metabolic rate and milk energy output at peak lactation. In chapter 6 we investigated 
the consequences of feeding a high energy (HE) diet rich in fat and sugar during 
pregnancy and lactation in control and highly active mice on metabolic parameters 
in the offspring. Specifically, we addressed whether mice previously found to be 
resistant to HE-diet induced obesity would be resistant also to the programming 
effect of maternal HE-feeding.  In addition, the consequences of these treatments on 
running wheel behavior were tested at 8 weeks and 10 month of age.   
Finally, the data presented in the thesis are summarized and discussed in chapter 7.
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Abstract

The Doubly Labeled Water method is an established way of determining the 
metabolic rate in humans and animals, with the advantage that the subjects need not 
be confined. The method, however, needs accurate determination of both the d2H 
and d18O isotope values over a wide range of enrichments.
In this paper we describe a number of crucial steps in the process of isotope 
determination in body fluids. These steps include micro-distillation, correction of 
the measurements for sample-to-sample memory and calibration of the isotope 
scales over many orders of magnitudes. Contrary to several protocols and guidelines 
available, we take highly enriched samples into account too, as they are required for 
studying the metabolic rate of birds and small mammals.
Our memory correction algorithm assumes the existence of three water "pools" that 
have different sizes and exchange rates with the injected samples. We show that the 
method can correct even huge memory signals, without the need for "true" values.
For our isotope scale calibration, we made a set of gravimetrically prepared, labeled 
waters with well-known isotope values.
Our quality assurance includes a scheme for easy calculation of the error propagation, 
leading to a reliable estimate of the analytical error in the metabolic rate.
With the presented building blocks, we show how to assure a reliable and accurate 
isotope analysis for the DLW method, both for human and animal applications. 
Although our measurements have been performed using isotope ratio mass 
spectrometry, most of the procedures are useful for laser spectrometry too.
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Introduction

Analysis of the relative abundance of stable isotopes of oxygen and hydrogen is applied 
in several scientific disciplines including hydrology and paleo-climate, (Dansgaard, 
1964; Uemura et al., 2012) atmospheric research (Batenburg et al., 2011; Welp et al., 
2011) and the clinical/biomedical field (Stein et al., 1987; Ainslie et al., 2003). With 
respect to the latter field, one application, that uses both the isotopes 2H and 18O for 
the assessment of the metabolic rate (MR), is referred to as the doubly-labeled water 
(DLW) method. The method is based on the simple fact that hydrogen leaves the body 
primarily via water turnover, whereas oxygen leaves the body both via water turnover 
and via carbon dioxide as a product of oxidation of metabolic fuels. Therefore, the 
difference between the two turnovers must be proportional to the amount of CO2 

produced, which can be converted to MR in a straightforward way.  
Because metabolic processes hardly discriminate between the rare 2H and the far 
more abundant 1H, or between 18O and the abundant 16O, and because the natural 
abundance of 2H and 18O is sufficiently low, these isotopes can be successfully used 
as tracers to quantify water and CO2 fluxes. Thus, after initial enrichment of living 
organisms with known concentrations of 2H and 18O, assessment of the elimination 
rates of these isotopes allows estimation of MR. For this reason, the DLW method has 
been widely used in studies of behavioral energetics in humans and a wide variety of 
free-roaming animals because, as opposed to gas exchange measurements in indirect 
calorimetry, subjects can behave normally in their natural environment while 
assessment of MR is in progress (Boyd et al., 1995; Kashiwazaki et al., 1995; Shaffer et 
al., 2001; Clusella Trullas et al., 2006). In the early 1950s, Lifson and McClintock were 
the first to employ 18O to study the role and fate of inspired oxygen in respiration, 
and they are credited for proposing the idea to use it for the assessment of MR 
(Lifson et al., 1955; Lifson and McClintock, 1966; Schoeller et al., 1986b). However, 
for a long time, its use was limited due the extremely high costs of the 18O stable 
isotope. In 1973, for example, it was estimated that application of this method in a 
single 70kg human would cost ~US$50.000 (Speakman, 1998). This situation only 
improved after a massive enlargement of the market thanks to the demand for18O 
in human PET scans. Due to its ease of production through electrolysis, 100% 2H 
water has always been relatively inexpensive. The most commonly used techniques 
for measuring hydrogen and oxygen isotopes at natural abundance are Isotope Ratio 
Mass Spectrometry (IRMS) and, more recently, laser spectroscopy (van Trigt et al., 
2001; Thorsen et al., 2011). 
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However, the DLW methodology for assessing MR uses a wide range of isotopic 
enrichments, and therefore the well-established analytical procedures for analysis of 
natural abundance isotope ratio measurements need some crucial adaptation. These 
include the use of an extensive set of gravimetrically produced reference waters over 
the whole range of enrichment, a careful treatment of samples, and correction for 
memory effects. Furthermore, as the samples are usually blood, urine or saliva, a 
pretreatment step in the form of micro-distillation prior to measurement is necessary.
In the literature, descriptions and protocols about the DLW method are present, 
mostly organized through the IAEA. These publications, however, exclusively deal 
with DLW usage on humans, where the enrichment levels are quite modest, and the 
IRMS techniques resemble those for natural waters. In the field where we have been 
mostly active, however, dealing with birds and small mammals, the enrichments 
of both 2H and 18O can be over 3-4 orders of magnitude on the d-scale. Since the 
technique is based on the different disappearance rates of the two isotopes in the body 
water pool, both 2H and 18O need to be quantified with sufficient and comparable 
accuracy over these orders of magnitudes. 
In this paper we describe procedures for optimizing the DLW methodology in the 
same chronological sequence as the treatment of the samples themselves. We start 
with describing the preparation of the samples and describe the actual measurement. 
Then the data analysis is discussed, with first the correction process for sample 
memory, then the calibration of the isotope scales, and finally the estimation of 
analytical errors. Our measurement protocols are the result of two decades of 
experience with both natural, and these isotope enriched waters. 
Although described here for IRMS, most of the procedures are useful for laser 
spectroscopy too.

Sample preparation and Measurement

Sample fluids of choice (i.e., water/saliva/blood/urine) for the DLW analysis 
are generally flame-sealed in 25μL glass capillaries (e.g, Vitrex Medical, Herlev, 
Denmark) as soon as possible after collection. The rapid sealing of the glass capillaries 
is fundamental to avoid changes in enrichments by fractionation (i.e., evaporation of 
relatively lighter isotopes) or, more importantly, by contamination and dilution (i.e, 
by mixing with air moisture, etc), which changes the isotopic ratios of the sample. 
Arrived in our laboratory, we carefully visual inspect the capillary tubes, and only 
those that were properly sealed and of which the content did not shrink due
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to evaporation, are prepared for measurement. 
Non-pure samples such as blood cannot be injected directly into the pyrolysis process. 
This is not only to prevent practical problems (such as clogging the injection syringe), 
but also for principal reasons: substances in the blood other than water form a non-
negligible portion of the O and H atoms, and by co-injecting them one would dilute 
the sample by an unknown and variable amount.
For these reasons, all samples are distilled prior to analysis. Because of the small 
amount of water (10-15 µL) and the vulnerability of the water to dilution by 
environmental water vapour, we use vacuum micro-distillation units, in which the 
water is quantitatively distilled and transferred into the small insert vials for the 
pyrolysis injection system. Figure 1 shows one of the micro-distillation units.

Figure 1: one of the micro-distillation systems. Indicated are: the heated area, where the intact 
capillary is brought into, and where it is cracked after evacuation of the system; the temporary, 
thicker freeze finger, where the water is initially collected; the sample inset tube, where the 
water finally ends up; the vacuum line. The typical height of the system is 15 cm.
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The principle is as follows: first the intact capillary is brought into the system. Then, 
the system is closed and evacuated to 10-3 mBar or better. The upper parts of the 
system, where the capillary is, are heated, while the thicker finger at the bottom, 
directly below the capillary, is immersed in liquid nitrogen. Then the capillary tube is 
cracked, and the water starts to evaporate and is collected as ice in the liquid nitrogen 
freeze finger. The process can take several minutes, since the capillary contains air as 
well. When the condensation process has completed, the system is again evacuated. 
Finally, the thicker freeze finger is thawed, while the small freeze finger to the front, 
consisting of the inset tube for the sample vials, is put into liquid nitrogen. This 
evaporation-freezing step is fast, since now only pure water vapor is present. If all 
water is collected in the small inset tube, the liquid nitrogen is removed, and the 
system is filled with dry nitrogen gas to atmospheric pressure. Finally, as soon as the 
inset tube is at room temperature again, the system is opened and the inset tube is 
quickly transferred to a vial and closed by a septum. 
We use eight parallel systems, and all pressures, transferring times etc. are kept 
constant. To each batch of samples an appropriate set of our (isotope-enriched, see 
below) reference waters (RW) is added. These follow the same preparation routine; i.e., 
put into sealed-off glass tubes, and micro-distilled. The original RW are abbreviated 
“BEW” (for “ biomedicine enriched water”), while the distilled ones are called “BED”.
The water transfer in the distillation system is complete, but we cannot avoid addition 
of some extra water. This is water that remains in the system even while pumping the 
system to high vacuum, as it is adsorbed to the glass of the system. This amount of 
water will dilute all samples that we distil. To assess this effect present in our systems, 
we compared the isotopic values for our local RW after extraction by above mentioned 
procedures (i.e., by the micro-distillation procedure from flame-sealed capillaries) 
with the values for direct measurement of these RW. The results are shown in figure 2. 
The difference between the original “BEW” RW and the distilled “BED” ones grows 
linearly with the assigned value of the RW’s. This shows that the dilution water has 
natural isotopic composition, so it is not left over from the previous distilled sample. 
Rather, it is air moisture adsorbing to the previously evacuated glass while opening 
the system for a new sample, or it might be collected in the short time the distilled 
water is open to the surroundings. The amount of “dilution” water can be deduced 
from the slope of the fit curve in figure 2, and amounts to 1.3% of the total water, or 
to about 150 nL. Over the years, we have monitored this BEW-BED difference, and 
it is rather constant.
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After preparation of the samples, volumes of 0.12µL are injected with an auto-sampler 
(CTC Pal, CTC Analytics, Zwingen, Switzerland) through a heated septum into a 
high temperature pyrolysis unit (HT-Pyro) consisting of a glassy carbon reactor 
with a temperature of >1300 °C (Hekatech, Wegberg, Germany). The products of 
pyrolysis are H2 and CO gasses, which are led by a continuous helium flow through 
a GC column to separate the two gasses in time into our continuous flow IRMS 
(GV Instruments IsoPrime, Manchester, UK), where d2H values are analysed in the 
produced H2 gas, and d18O values in CO. Samples are only injected as pure (distilled) 
waters Each sample is injected 6 times (in 0.12 µL aliquots) for d2H analysis, followed 
by three more injections for d18O analysis. Although in principle each injection can 
be analyzed for both d2H and d18O, our experiences with switching the IRMS (high 
voltage and magnet) settings back and forth for each sample is that it makes signal 
backgrounds less stable. Furthermore, analyzing an injection sequence for just one 
of the isotopes is much faster than for both, such that our procedure is hardly slower 
than six injections with analysis of both isotopes. 
A batch of samples always contains four different RW’s included in the calibration 
process. The RW samples are each analysed on three different positions in a batch, to 
make sure that eventual drifts are recognized. 

Figure 2: the differences determined for the long-term averages of  d2H measurements for the 
un-distilled (BEW) and distilled (BED) reference waters plotted against their assigned values. 
The difference between them grows linearly with the assigned value of the RM’s. This shows 
that the distillation process adds some water to the sample to be distilled, and that this water 
has natural isotopic composition. The amount of “dilution” water amounts to 1.3% of the total 
water, or to about 150 nL.
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Memory correction

Due to the large range of isotope signals and a high sample-to-sample variability 
of the  d2H and  d18O values, measurements suffer from contaminating remnants 
of previous samples, referred to as “memory” effect (Olsen et al., 2006). This effect 
can cause severe deviations, leading to strongly reduced analysis quality. Our HT-
Pyro system is known to suffer from such memory effect and, in general, all analysis 
systems dealing with water are prone to such effects (Speakman, 1998). A main cause 
for such an effect may be the physical and chemical characteristics of water being an 
easily adsorbing and “sticky” molecule (Morse et al., 1993). While in our case we have 
found that the micro-distillation system is virtually memory-free, several other parts 
of the total preparation chain might in principle contribute to the memory effect. In 
most of the cases the origin of this memory effect cannot be directly addressed in an 
individual entity, but it is rather caused by several “pools” that are in direct exchange 
with the sample being measured. Small measures can be employed to partially avoid 
it, for example by a syringe cleaning procedure: flushing the syringe using samples as 
a wash agent or by cleaning during subsequent injection the needle with ethanol or 
acetone. Frequent replacement of the glassy carbon tube in the HT-Pyro oven keeps 
the memory effect down, too.
Avoiding large steps in  d2H and  d18O in the analysis sequence will obviously keep 
the influence of memory effects limited. This, however, is a strategy that cannot be 
followed successfully for DLW analysis with its large range of isotopic enrichments, 
especially if the subjects under study are small mammals or birds. A widely applied, 
but crude method to deal with the memory effect is to perform multiple injections of 
the same sample and discard results until a stable value is achieved.
A principle disadvantage of this method is smaller, but long lasting memory effects 
will not be recognized. Furthermore, the method is wasteful in terms of time, sample 
and use of the HT-Pyro system (syringes, septa and oven). Therefore, we decided 
for a thorough correction approach, based on a fundamental model of how memory 
effects come about. The principal idea of our model is to assume the existence of a 
number of water “pools”, each with a different amount of water. Even though the 
precise sources of the memory are unknown, this model resembles the true shape of 
“memory”. We assume that during each injection a fraction of the water of the pools 
is replaced by the same amount of the freshly injected water.
The parameters of the model are then the relative sizes of the pools     
relative amount of sample injected, the exchange fraction             ,the isotopic 
composition of the pools                     and of course the number of pools                   
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represents the value being measured for a certain injection into the IRMS system. 
The size of the pools (relative to the amount of water injected) determines their 

total influence, whereas the exchange fraction determines how many fresh injections 
are still influenced by the original pool water. During each of the injections, the pools 
change in their isotopic composition due to the exchange with sample water, but 
not in size. We have neglected the possibility that the pools influence each other 
in composition. In our stepwise approach of the exchange process we find for the 
measured value for the injection of a certain sample:

          

Where is the “true” isotope ratio of the jth  injection. The second term describes 
the amount of injected sample water that is taken up by the pools, whereas the third 
term sums up the amounts of water from the different pools, each with its specific 
isotopic composition, that are transferred to the sample and thus influence the 
measurement result. The isotope ratios of the pools change too, according to:

For each injection we can thus deduce the memory-corrected “true” value if 
we know the characteristics of the pools:
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The model is only valid when all  and                  . 
Compared to other memory correction algorithms published in recent years (Olsen 
et al., 2006; Gröning, 2011) our method has several advantages that are beneficial 
when dealing with very large variations in d-values. First, we have de-coupled size 
and effect of memory in the way we describe the pools: their size and their exchange 
per injection are two separate fit parameters. Second, we do not only describe the 
memory effect on the actual sample, but also perform “book keeping” of the d-values 
of the pools. In this way, we do not need the assumption that after a certain amount 
of samples the “true” value of a sample has been reached. It enables us also to even 
correct the first values of a batch for memory. Moreover, in our generalized model, 
the number of pools is flexible and may be adapted to the system in use. Finally, the 
sizes and exchange rates of the pools form a good diagnosis of our HT-Pyrolysis 
system.
Before developing an algorithm in which we can fit the full set of parameters needed, 
we first investigated the characteristics of the memory effect for d2H in a simple manner 
(actually resembling the earlier work in (Olsen et al., 2006) and (Gröning, 2011), but 
with much larger differences in d2H -values). We used two of our laboratory known 
RW’s: a natural water GS-48A (d2H = -81 ‰) and an enriched one from an older 
series of reference waters TLW-5 (d2H = 34200‰). The first one is used for analysis 
of background samples for DLW and work on natural waters, while the second is the 
most highly enriched water standard that our IRMS can handle. 
The sequence TLW-5 – GS-48A is the largest change in d-value that can possibly 
occur in a normal measurement batch and therefore the most stringent test of our 
memory correction scheme*.  
For the test, first TLW-5 was injected into the HT-Pyro oven for 35 times, followed 
by a sequence of 35 injections with GS-48A. We assumed for this introductory work 
that 35 injections were sufficient to bring the composition of the pools in equilibrium 
with the injected water. We then focused on the transition from TLW-5 to GS-48A. 
We calculated the relative remnant of TLW-5 in GS-48A:
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* To make the situation even more stringent, we also used a glassy carbon tube that was close to its end of operation, 
since then memory effects tend to be large.
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Figure 3: relative remnants of a highly 2H-enriched water TLW-5 (d2H = 34200‰) that has 
been injected 35 times, carried over to natural water GS-48A (d2H = -81‰) measurements for 
d2H values on a semi-logarithmic scale. The memory effect is clearly visible. On the right hand 
y axis this memory effect is expressed in the number of per mil by which the measured d2H 
value for GS-48A is higher than its assigned value. The lines are the results of a double and 
triple exponential fit to the data. Clearly, the fit with three exponential functions is superior, 
demonstrating the necessity of using three pools.

Where indices (48) and (5) indicate GS-48A and TLW-5 respectively, and subscripts 
m and a indicated “measured” and “assigned” values. Figure 3 shows this fraction 
plotted against the injection number on a semi-logarithmic scale. The memory effect 
is clearly visible. On the right hand y axis this memory effect is expressed in the 
number of per mil by which the measured d2H value for GS-48A is higher than its 
assigned value. The characteristic exchange time of each pool manifests itself by an 
exponential decay with this characteristic time (and thus a straight line in figure 3). 
The number of exponential terms needed for a proper fit indicates the number of 
pools needed. Figure 3 shows fits with both two and three exponential functions. 
Clearly, the triple exponential fit is superior. The third exponent is needed to cover 
the long residence time memory effect that is still present after 35 injections. This 
indicates the presence of three main virtual sources of contamination with short- 
medium-, and long-term resident times of water in the various parts of the injection 
system (i.e. syringe, oven, injection piece, etc...). 
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Figure 3 also shows the inappropriateness of the “brute-force” method: even after 20 
injections or more, memory effects still play a significant role. 
While this test shows us that there are clearly three memory pools involved, we 
cannot straightforwardly translate the fit coefficients of the function in figure 3 to 
pool sizes and exchange rates. This is due to the dynamical character of the pool 
system: the d2H values of the pools change during every injection, depending on 
the isotope values of the water that is injected. What we can compare, though, is the 
quality of the memory correction based on the triple exponential fit and the pool 
correction method for the data in figure 3. Figure 4 shows the memory-corrected 
results. Both algorithms perform equivalently, but the exponential fit needs the 
assigned value of GS-48A as an a priori value, whereas the pool correction method 
arrives at the assigned value solely based on the raw data. Upon looking at figure 4, 
one has to realize once more that memory corrections have been extremely large in 
this case (many hundreds to over 1000 ‰ for the first injections), and that correction 
for this memory is very successful indeed. For a normal batch containing samples 
and RW’s, the pool fit approach is straightforward. Equations (2) and (3) are easy 
to implement in a spreadsheet, along with the relative standard deviations for the 
(normally 6) injections per sample. We use the relative standard deviation (that is 
the standard deviation divided by the average value), such that samples, from natural 
to highly enriched, have equivalent influence on the optimization process. We use 
the Microsoft Excel “Solver”, a built-in optimization tool, to minimize the sum of 
the relative standard deviations throughout the batch, using all six pool coefficients 
(three relative pool sizes and three exchange rates) as parameters. We exclude the 
relative standard deviations from those samples of which the d-values do not differ 
much from the preceding samples, as these carry only less significant information 
about the memory effect. The algorithm is thus not dependent on assigned values 
for reference waters, but instead the information for all samples, including the 
unknowns, is exploited for the memory correction. Furthermore, the algorithm is 
not susceptible to instrument drifts. Before starting the optimization process, with 
the pool coefficients set to their initial values (based on previous fit results), the initial 
pool d2H values are optimized through minimizing the relative standard deviations 
of the first 3 samples, for which we usually choose three times the same natural water 
(The starting values of the pools influence only those initial samples significantly). 
Figure 5 shows an example of a DLW analysis batch before and after applying the 
correction algorithm. Also the d2H values of the three pools, as they develop over the 
course of the batch, are shown. Whereas the isotope content of pool 1 adapts quickly 
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Figure 4:  the memory-corrected results for GS-48A (see figure 3) for both the triple exponential 
and the pool model fit. Both algorithms perform equivalently, but the exponential fit needs 
the assigned value of GS-48A as an a priori value, whereas the pool correction method arrives 
at the assigned value solely based on the raw data.

Figure 5: a typical measurement series for d2H on a set of natural and enriched waters 
(although with more injections per sample than normal), demonstrating the effectiveness of 
our three pools memory correction algorithm. The measured, raw d2H values are indicated by 
the open circles, whereas the black circles show the memory-corrected values.
Also the d2H values of the three pools, as they develop over the course of the batch, are shown. 
Whereas the isotope content of pool 1 adapts quickly to that of the injected water, pool 2 
needs considerably more injections, and pool 3 does not reach the injected value at all, not 
even after 18 injections.
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to that of the injected water, pool 2 needs considerably more injections, and pool 3 
does not reach the injected value at all, not even after 18 injections.
table 1 shows the d2H results of the individual samples in this batch, both before and 
after memory correction, for the series of samples shown in figure 5. All samples 
were regarded as individual samples that each were injected 9 times (and for d2H 
analysis only in this particular case). In this way the stability of both the instrument 
and the memory correction were tested. Whereas the “raw” results would be totally 
unacceptable, the memory corrected ones give excellent reproducibility and small 
standard deviations. The reproducibility of the natural water sample N0 throughout 
the measurement batch is good as well: averaging the average values for N0 yields 
9.7‰, with a standard deviation of 1.0 ‰. In normal batches, as explained before, 
we inject samples 9 times, analyze the first 6 for d2H only, and the final three for 
d18O only. We have been using this memory correction scheme successfully with our 
HT-Pyro system for nearly six years now. Over the years, the pool coefficients show 
a consistent pattern. The average values for the last three years are shown in table 2.

s ample raw average raw s tandard 

deviation 

memory corrected 

average 

memory corrected 

s tandard deviation 

N0 105 72 11.6 0.7 

N0 29 7 10.1 1.8 

N0 16.8 2.1 7.9 0.5 

TL W-1 1410 100 1533.5 2.6 

TL W-1 1506 8 1533.0 1.0 

TL W-3 5020 240 5346 5 

TL W-3 5265 19 5342 6 

N0 400 300 9 4 

N0 84 24 9.8 1.8 

TL W-4 10000 700 10860 30 

TL W-4 10660 60 10830 20 

TL W-2 3300 500 2731 6 

TL W-2 2830 30 2729 6 

N0 280 180 9 4 

N0 81 19 11 4 

 

Table 1: d2H results, before and after memory correction

Table 1: d2H results (in ‰), both before and after memory correction, for the series of samples 
shown in figure 5. All samples were analyzed in sets of 9 injections. In this way the stability 
of both the instrument and the memory correction were tested. Whereas the “raw” results 
would be totally unacceptable, the memory corrected ones give excellent reproducibility and 
small standard deviations. The reproducibility of the natural water sample N0 throughout the 
measurement batch is good as well: averaging the average values for N0 yields 9.7‰, with a 
standard deviation of 1.0 ‰
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Pool 1 appears to be a rather small pool, that exchanges almost at once with the 
injected sample. It is likely that this pol is found in the syringe. Pool 2 is intermediate 
in both size and exchange rate, whereas pool 3 has the largest relative size, and by 
far the lowest exchange coefficient. For the three obtained d18O values, we follow the 
same memory correction procedure, but in that fitting process the memory effect 
appears to be substantially smaller and only one pool is always sufficient. Its average 
value and standard deviation is also shown in table 2. It is logical that, thanks to the 
six prior injections of the same sample, the first pool with the fastest rate has already 
been equilibrated with the sample being measured, and is thus invisible. From table 
2 we see that the only d18O pool has the same exchange coefficient as the second 
d2H pool, while its size is about half that of d2H. The latter is again caused by the 6 
prior injections. Interestingly, the third d2H pool has no counterpart for d18O. Lower 
memory for d18O than for d2H has been observed several times for systems dealing 
with water. In earlier work in our group (Kerstel et al., 1999) we have proposed 
H-specific exchange between water vapor and glass walls (“chemisorption”). Other 
authors observe a difference in memory effect between d2H and d18O, too (Penna et 
al., 2012), without discussing what causes this difference. Our memory correction 
model is able to discriminate between d18O and d2H memory in more detail. This fact 
sheds some light on the cause of this memory effect.

isotope coefficient value σ
n1 0.07 0.02
λ1 0.89 0.07

n2 0.19 0.07
λ2 0.16 0.09

n3 0.32 0.06
λ3 0.028 0.011

n1 0.1 0.05
λ1 0.17 0.04

δ2H

δ2H

δ2H

δ18O

Table 2: the average values and standard deviations for the pool coefficients over the last three 
years. The n's are the relative sizes of the pools, the l‘s the exchange coefficients. For d2H, 
pool 1 is rather small, with a high exchange coefficient. Pool 2 is intermediate in both size 
and exchange rate, whereas pool 3 has the largest relative size, and by far the lowest exchange 
coefficient. 
For d18O using only one pool is always sufficient. Its average value and standard deviation is 
also shown. It has the same exchange coefficient as the second d2H pool, while its size is about 
half that of d2H. The third d2H pool has no counterpart for d18O. 

Table 2: average pool coefficients over the last three years.
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Calibration

With our IRMS system we normally analyse DLW samples covering an isotopic 
enrichment from near natural abundance up to 25000 ‰ for d2H and 3000 ‰ for 
d18O (all d-values are with respect to VSMOW). Because the differential decay of 
d2H and d18O values is the basis of the DLW methodology, it is crucial that both 
the d2H and d18O values measurements are properly calibrated over several orders 
of magnitude. As opposed to natural abundance measurements, the main concern 
is the maintenance of the proper isotope scales in highly enriched regions. The 
problem is not so much scale non-linearity (although that, too, happens at the highest 
enrichments that we deal with), but rather the “slope” of the scale, that these scales 
do not suffer from stretching or shrinking over the full range, and that 1 per mil 
difference is indeed 1 per mil.
For isotope measurements on natural waters, scale stretching or shrinking is an 
acknowledged problem, too. Therefore, the international d2H and d18O isotope scales 
have been defined using two calibration waters, VSMOW (defined to be 0‰ for 
both d2H and d18O), and SLAP, which is about the “lightest” natural water in the 
world (defined to be -428 ‰ for d2H and -55.5‰ for d18O). For our highly enriched 
waters, however, using these two anchor points would imply an extreme case of 
extrapolation, and it would with certainty lead to unacceptable errors. Therefore, to 
calibrate DLW measurements on a daily basis, we use a range of eight DLW RW’s 
that we prepare by gravimetrically mixing highly-enriched 2H and 18O water with 
demineralized tap water (typical abundance of d2H = -44 ‰ and of d18O = -6.4 ‰). 
We have prepared such series several times, the latest series, called “biomedicine 
enriched water” (BEW), being prepared in 2008. The stock-enriched waters from 
which we prepared our BEW RW’s are purely 2H water (>99.9 %, Sigma-Aldrich, 
Netherlands), and 18O water with high enrichment levels (≈ 98%, specified to 0.1%, 
ROTEM industries, Rehovoth, Israel). 
For the preparation of our latest series of enriched RW’s, we first produced a mixture 
of 2H and 18O-water (around 21.3 and 12.7 grams, respectively, determined with 0.1 
mg precision) in which the d2H value was about eight times that of d18O value. This 
ratio was chosen because it is similar to the DLW mixtures that are generally used 
in DLW experiments, (Visser et al., 2000; Schubert et al., 2009)and provides the 
optimum signal-to-noise ratios for the d2H and d18O measurements. It also takes into 
account that the 18O enrichment (by MR and water turnover) decreases faster than 
the 2H enrichment (by water turnover alone).
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Different amounts of this “mother solution”, ranging from 0.4 to 12 g, were put into 
small glass flasks, in which the quantity could be weighed to 0.1 mg precision. These 
small glass flasks were subsequently immersed in glass bottles that were filled with 
about 1000 g (weighed to 0.1 g precision) of demineralized local tap water that had 
been collected previously in one large 10 kg quantity. In this fashion the relative 
precision of the weights of the small quantity of DLW, and the large quantity of 
demineralized water were the same, and by immersing the whole flask we were sure 
that the entire quantity was indeed mixed with the large batch of water. After this 
process, the bottles with RW were closed and stored for two weeks, to ensure complete 
mixing (the bottles were gently shaken periodically during these two weeks). Then, 
the lids on the bottles were replaced by adjustable volume bottle-top dispensers (type 
ceramus, Hirschmann, Eberstadt, Germany).
Table 3 shows the set of eight DLW reference waters that we prepared in this way, 
along with the preparation uncertainties that we achieve. These uncertainties are 
smaller than the measurement uncertainty of any of these waters.
The BEW are vulnerable mostly to dilution by ambient water vapor. Isotopic 
fractionation due to evaporation of the waters is much less of a problem. To avoid 
this risk we adopted the dispenser system, and above all, we produced relatively large 
quantities. The RW’s we produce in this fashion have proven to be stable for many 
years. Every time we produce new RW’s with the gravimetrical method (either for 
ourselves or as service to other laboratories), we check our then current set of existing 
RW’s. So far, any drift has been absent. Should one out of the set be subject to drift 
(e.g. by its dispenser not being leak-tight), we would be able to observe this through 
its relation with the two adjacent RW’s. As soon as 2/3 of the water has been used, we 
replace the whole set by a freshly prepared one.
As explained above, the RW are treated identically to the samples, such that the micro-
distilled versions of them, called BED, are used to calibrate the batches of samples. By 
using the gravimetrically determined values as “true” value for our BED set of RW, 
we automatically correct all samples for the dilution effect of the distillation system.
A batch of samples always contains four different RW’s included in the calibration 
process. The RW samples are each analyzed on three different positions in a batch, to 
make sure that eventual drifts are recognized. The calibration analysis is performed 
through both a linear and a quadratic fit of the measured RW values to the assigned 
ones. In most of the cases the quadratic function does not produce a better fit and 
the linear fit function is used.  Only for the highest levels of enrichment used in 
DLW research (in the range of our RW BEW-7 and BEW-8, see table 3), scale non-
linearity in the IRMS starts to become significant, and the quadratic fit therefore 
performs significantly better. After calibration, the (usually four) RW are checked 
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Table 3: d2H and d18O values, the preparation uncertainty based on gravimetric mixing, and 
the maximum deviations accepted in a calibrated batch of measurements, of a set of eight 
RW and two “natural” waters (all values are in ‰ with respect to VSMOW). The maximum 
deviations consist of an absolute part (3 and 0.4 ‰, respectively, for d2H and d18O), and a part 
proportional to the values (0.5% and 0.2% of the values). The maximum deviations for the 
natural waters are valid when they are analyzed in a batch that also contain highly enriched 
waters (BEW-4 or higher). For series with low enrichments only (BEW-2 and lower, this is the 
case for all measurements on humans) the values are a factor of two better.

preparation preparation

uncertainty uncertainty

GS-49 1.7 3 0.39 0.4

GS-48 -43 3 -6.5 0.4

BEW-1 878.9 0.6 5 111.46 0.06 0.6

BEW-2 1373.1 0.7 6 174.57 0.07 0.8

BEW-3 2212.8 0.7 9 281.81 0.07 1.2

BEW-4 3615.6 0.8 15 460.95 0.08 1.9
BEW-5 5987.5 1 24 763.87 0.1 3
BEW-6 9605.1 1.3 40 1225.85 0.13 5
BEW-7 15720 2 60 2006.8 0.2 8
BEW-8 25811 3 100 3295.4 0.3 13

max dev δ 
18Ο max devReference material δ 

2Η

both on their measured value and the spread of the multiple measurements (both the 
spread between the multiple sequential injections and the spread/deviations between 
the measurements in earlier and later stages of the batch). Both the deviation of 
the average value in a batch from the assigned value, and the standard deviation 
of the multiple measurements should stay below certain values (see table 3). These 
maximum deviations are the quadratic addition of an absolute part (3 and 0.4 ‰, 
respectively, for d2H and d18O), and a part proportional to the values (0.4% of the 
values for both isotopes). The maximum deviations for the natural waters are valid 
when they are analyzed in a batch that also contain highly enriched waters (BEW-4 
or higher). For series with low enrichments only (BEW-2 and lower, this is the case 
for all measurements on humans) the values are a factor of two better. Our procedure 
has proven to be a reliable way of calibrating DLW measurements.

Table 3: reference materials
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Quality control

Depending on the type of study, all or part of the initial isotope samples taken shortly 
after administration of the DLW to the subject, thus with high enrichments levels, 
and all final isotope samples are run in duplicate. Quality checks include, when 
appropriate, the spread of initial values for similar conditions, the spread of the  d2H/ 
d18O ratio of initials and finals as explained below, and both absolute and relative 
duplicate differences. The reproducibility of duplicate samples is worse than that 
of distilled RW’s (see above), indicating that the actual procedure of flame-sealing 
blood samples in capillaries contributes significantly to the total error. Furthermore, 
we always analyze duplicate samples in different batches, such that the duplicate 
differences also include our batch calibration error, making the differences a “worst 
case test”. Therefore, our criteria for the maximum allowable duplicate differences are 
more relaxed than the deviations mentioned in the previous chapter: 5‰ and 2% of 
the value for  d2H values, and 0.8‰ and 1.5% of the value for d18O values (remember, 
though, that these are differences, which carry an uncertainty that is √2 times that in 
a single sample, and 2 times that in the average of the samples). For samples where 
these limits are exceeded, a third sample is analyzed (if available). Averaging the 
duplicate analyses is effective in improving the total accuracy.
Our further quality control focuses on the correct and yet simple calculation of the 
propagation of errors. To calculate those we do the following calculations:
The original formula for CO2 production is (Lifson et al., 1955) :

In which effects of isotope fractionation and different O and H pool sizes are neglected. 
N is the size of the body water pool. Whereas this equation is no longer used for 
the calculation of rCO2 , its simplicity makes it ideally suited for error propagation 
calculations that lead to an expression for the relative analytical error in MR, based 
on the measured d-values. Equation (5) contains the two basic signals of the method, 
namely the k18 and k2 exponential decay values:

r N k kCO2 182 2= −( )

C C ei
kt

=
−
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Were C stands for the 2H and 18O concentration in the body at a certain time t after 
the initial enriched concentration Ci. More correctly, we have to incorporate natural 
background concentrations Cbk  of these isotopes:

In which Ci  is the initial concentration at (t=0) and Cf  the final concentration at time 
t.  Rewriting this equation gives:

The difference between the two decay rates thus becomes:

Where the labels (18) and (2) denote the specific isotopes. Resorting the terms inside 
the logarithm gives:

The relation between excess concentration of the isotopes and d-values is to a good 
approximation:

In which Rs is the (d2H/d1H) or (d18O/d16O)  isotope ratio of VSMOW. Using equation 
11 to rewrite equation 10 gives:
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Combining equation 12 with equation 5 we find an expression for CO2 production 
that largely resembles the one that has originally been reported by Nagy (Nagy, 1980). 
The reason for reiterating it here is that this expression, written in terms of the initial 
and final isotope ratios, is a perfect tool for inspection of DLW results and gives 
much insight into the achieved analytical precision. Calculating the propagation of 
the analytical error from the ratios Rf  and Ri to the CO2 production rate using the 
expression above is straightforward. Furthermore, expressing the measurements in 
terms of Ri and Rf enables a direct way of quality inspection: for all subjects under study 
in a specific experiment injected with the same DLW composition, the Ri‘s should 
be identical within the experimental uncertainty, independent of dose variation. In 
fact, the spread is a good indication of this uncertainty, and eventual outliers (due 
to sampling, analytical errors or biological variation) can be easily determined. As 
the spread in  also contains administration, sampling and handling of the samples, 
and physiological spread in the equilibration of the DLW with body water, its spread 
will always exceed the analytical uncertainty. The extent to which this experimental 
uncertainty exceeds the analytical one, is a good indication of the quality of the 
experimental conditions. In clinical trials on humans one may expect this difference 
to be minimal, but under harsh field conditions proper handling (especially the 
preparation of the flame-sealed tubes that contain the sample) may well be difficult.
The variation in Rf  is of course much larger than that in Ri , as the difference between 
lnRf  and lnRi is directly proportional to the actual MR of the individual subjects. By 
expressing the measurement results of an experiment in terms of  and  , the quality 
of the experiment becomes clear at a glance: it is easy to judge the amount of “signal” 
(the MR) compared to the amount of “noise”, where the latter can be estimated based 
on the spread of Ri over the whole population plus the spread in   deduced from 
duplicate measurements (and based on experience with prior experiments). 
The usefulness of this method can best be illustrated by examples* . In table 4 we 
show some data from a DLW experiment on small birds (great tits (te Marvelde et 
al., 2011)). As the water turnover of these small birds is high (and the amount of 
DLW used is rather low), the initial isotope values have been chosen high as well. The 
analytical errors in the d-values were calculated based on the quadratic addition of 
a constant and a relative error (see calibration session). For d2H these two numbers 
are 2‰ and 0.7% of the d-value, respectively, for d18O they are 0.3‰ and 0.5%.  
Because of the high enrichment levels, it was deemed not necessary to determine the 
background levels.

* This examples have been chosen to illustrate the usefulness of our data treatment in the case of erroneous or 
suspicious samples. Therefore, the fraction of those in the example tables is significantly (perhaps ana order of 
magnitude) higher than in our total operation.



54 DLW d2H and d18O measurements over four orders of magnitudes

Instead, the background values were estimated for these birds living in the Netherlands 
to be d2H=-20 ‰ and d18O = -2‰. These values are based on the average Dutch 
groundwater values, enriched slightly due to evaporation effects in the bodies of the 
birds. Of course, the uncertainty in these numbers is high, for the calculations we take 
± 10 ‰ for d2H and ± 2 ‰ for d18O. Thanks to the high enrichment levels, however, 
these large uncertainties do not influence the uncertainty in the initial values  . For  
, however, they do influence the precision somewhat. Nevertheless, the analytical 
precision in the  term, and thus in the MR, is at the 4% level.
Looking at table 4, three values immediately catch the eye as peculiar: the  of sample 
5 and the  of samples 5 and 4. Sample 5 is an outlier: not only are the initial values 
far lower than that of any other sample, but also their ratio  is aberrant. Without 
the calculation of   one could assume that part of the injected dose of DLW would 
have gone lost, but the deviant ratio shows something else must have gone wrong. 
Remarkably though, the MR of sample 5 falls neatly within the range of the other 
samples. Nevertheless, this sample must be discarded form the experiment. Sample 4 
deviates in its  value only, implying either something is wrong with that final sample, 
or that this bird has been tested under different conditions (e.g. with a time between 
initial and final has been longer than with the other birds). So, whether or not this 
sample is an outlier depends on the experimental circumstances.
The other samples all look right. The average  is 11.00, with a standard deviation of 
0.25. The latter is 2.5 times as big as the estimated analytical precision in  , indicating 
that the experimental circumstances have their contribution to the spread in the 
experiment. However, since the signal, i.e. the difference between Ri  and  Rf, is rather 
high, this increased spread does not reduce the analytical quality of the experiment. 
For an eventual follow-up experiment, the researchers would be advised to increase 
the level of d18O initial enrichment (by e.g. choosing a DLW mixture with a d2H/18O 
ratio between 7 and 8), and/or to take a few background samples (not necessarily 
from the same individuals that are subject to the DLW measurements) to reduce the 
uncertainty. 
Table 5 gives some data from a human study with healthy volunteers (Guidotti et 
al., submitted). Enrichment levels are now much lower than in the previous case, 
and individual background samples have been taken. In this subset, duplicates were 
available for the initial samples only. Looking at  , we see that the duplicates of 5 out of 
the seven sets show good reproducibility. For both samples #3 and #6, reproducibility 
is bad because of the difference between the two d18O analyses. Remarkably, also for 
sample #5 d18O reproducibility is bad, but contrary to the other two, for this sample 
d2H co-varies, leading to a good reproducibility of  . 
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This must be caused by dilution of the sample at some stage by natural water or 
water vapor. Due to the relatively low enrichment of the final d18O ‘s, the error in   is 
nearly three times as high as that in  . The experimental set-up leads to an analytical 
uncertainty of 3-8%, with analysis #7, having an analytical uncertainty of only 3% 
due to the high value of  , implying a high MR compared to the other samples. The 
two analyses with bad reproducibility have significantly higher uncertainty, of course. 
Here, a third initial sample would be most welcome.
Calculating the quantities Ri and Rf , and their logarithmic difference, is simple. It 
gives a very good insight into the analytical quality of experiments, which would be 
difficult to achieve from using only the d2H and d18O values and the final calculated 
MR.
At this point, the analytical isotope laboratory hands over its results to the researchers. 
They should do the checks on their results for MR along the lines described in, 
e.g.,(IAEA, 2009). Most of the quality control described there occurs on the level of 
the design and implementation of the biological experiment (like the comparison 
of individuals in the experiment, comparison of 2H and 18O dilution space, and the 
spread in MR results for duplicate measurements). These quality checks will be dealt 
with by the biological/medical researchers and reported about adequately in their 
publications. More fundamental questions, such as the minimal required enrichment 
in the final samples, and the signal to noise ratios that can be achieved, are clear 
through our error analysis and error propagation explained above. This enables the 
biological researchers, together with the isotope lab, to design new experiments with 
confidence and minimal (isotope labeling) costs (although the latter is not the main 
cost issue when working with small animals).
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Discussion/Conclusion

The DLW method is a valuable, practical, but also delicate method to measure MR in 
free-living subjects. Obviously, a successful experiment using this method requires 
not only special care in its design, but also in the way DLW samples are handled, 
analysed, and quality-checked. The fact that the method relies on the differential 
decay of the 18O and 2H isotope in the body makes the method particularly sensitive 
to isotope scale issues.
In this paper, we describe our procedures when measuring DLW samples, especially 
those that are novel, and/or useful to other DLW analysis laboratories. First, we 
describe how both sample and RW are prepared through micro-distillation; second, 
we present a novel and successful algorithm to correct for sample-to-sample memory 
effects, such that we can handle in particular the large range of samples that has to 
be handled when performing DLW to small animals. The memory correction gives 
good and very robust correction results, thereby increasing accuracy and improving 
overall efficiency of the analysis of series of DLW samples.
In the third place, we describe the way we calibrate over several orders of magnitude 
of isotopic enrichment and how we maintain, using our gravimetrically produced 
reference waters, proper isotope scales even in the highly enriched region; finally, the 
application of an error propagation scheme for the day-to-day inspection of DLW 
values and its use to estimate the analytical error propagating into the calculated rate 
of CO2 production, and thus MR.
In conclusion, by applying the shown and explained procedures we can accurately 
analyse DLW values from (10-15 µL) samples in capillaries and reliably and accurately 
assess MR in a range from small animals to humans.
On the subject of gravimetrically produced reference materials, it has been agreed 
between the IAEA and our laboratory to produce large batches of doubly labeled 
water with the gravimetrical technique, which will, after scrutiny by us and the IAEA 
laboratories, be made available for the international community to replenish the now 
exhausted IAEA enriched reference waters.
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Abstract

Introduction: The doubly-labeled water (DLW) method is a stable isotopic tracer 
technique for measuring metabolic rate (MR). Saliva is, at least in humans, obviously 
the easiest sampling fluid for assessing isotopic enrichments, but blood is considered 
superior because of its rapid exchange with body water.  Therefore, we compared a 
large range of isotopic enrichments in saliva and blood, and related calculated MR 
in subjects to their ad libitum energy intake (EI).  Furthermore, relevance of these 
parameters to body weight and fat change over an eight-day interval were assessed.
Methods:  Thirty male subjects underwent DLW analysis over eight and fourteen 
days respectively, during which initial and final blood and saliva enrichments were 
compared, and used for calculating MR.  EI was assessed by dieticians over the eight-
day period only. 
Results: No discrepancies were observed between sampling fluids over a wide range 
of enrichments. Because initial enrichments of 2H and 18O were already slightly (≈2%) 
lower at six than at four hours post-dosing, peak isotopic levels are expected to occur 
within six hours.  During the eight-day period, average EI exceeded MR by only 1%.  
EI and EI-MR, but not MR, were positively correlated to body weight change.  EI-MR 
and physical activity MR (PAMR), but not EI, correlated respectively positively and 
negatively to changes in fat mass.  
Conclusions: The DLW method in humans can be reliably applied using saliva as 
sampling fluid.  EI-MR as well as PAMR contribute significantly to changes in fat 
mass over an eight-day period.
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Introduction

The doubly-labeled water (DLW) method (Speakman, 1997) has been proposed 
about half a century ago by Lifson and McClintock (Lifson and McClintock, 1966) 
in their work on the fate of inspired oxygen, and is particularly useful to measure 
metabolic rate (MR) under non-captive free-living conditions in a variety of 
species ranging from migratory birds (Piersma et al., 2003) to humans (Schoeller 
et al., 1986).  The method is based on the conjecture that hydrogen leaves the body 
primarily via water turnover, whereas oxygen leaves the body both via water turnover 
and via carbon dioxide as a product of fuel oxidation.  Thus, enriching the body with 
known concentrations of stable isotopes of hydrogen (deuterium; 2H) and oxygen 
(18O), which have a relatively low natural abundance, and subsequently subtracting 
the elimination rate of 2H (kD) from that of 18O (kO) yields carbon dioxide production, 
which can be converted to MR (Weir, 1990).  
The DLW technique, is harmless since it allows employment of non-radioactive 
isotopes in tracer quantities (Kushner et al., 1999).  The method has been validated 
in humans (Ainslie et al., 2003), and body fluids including blood, saliva and urine 
have been used for the analysis of isotopic enrichments (Wong et al., 1988). The 
most preferred body fluid for assessment of isotope enrichment is blood since it is 
obviously in rapid exchange with the body water pool.  However, since blood may be 
more difficult to sample (i.e., it requires the aid of specialized personnel), saliva and 
urine have been used as alternatives (Schoeller et al., 1982; Wong et al., 1988). Urine 
however, depending on the moment of void and collection of the sample, may not 
be in complete equilibrium with the body water pool, and its isotopic enrichment 
may represent an integral over time (Prentice, 1990).  Sampling of saliva - at least 
in humans - is obviously by far the easiest, but its reliability has been suggested to 
suffer from variable degrees of isotopic fractionation and potential contamination 
by ingested material prior to sampling (Prentice, 1990).  The few studies testing its 
validity by comparing saliva and blood levels have only done so in a relatively narrow 
range of isotopic enrichment, without the attempt to actually calculate simultaneously 
MR from it (Schoeller et al., 1982; Wong et al., 1988; Schierbeek et al., 2009).   In 
the present study, we aimed at re-evaluating the use of saliva as sampling fluid by 
comparing initial and final isotopic enrichments of 2H and 18O in blood and saliva 
in thirty male human subjects over a wide range of enrichments, and subsequently 
calculate subjects’ MR. 
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A second aim of this study was to relate the subjects’ MR assessed by the DLW 
technique to energy intake (EI). These DLW studies were performed at the clinical 
research center of PRA-International in Zuidlaren (NL), where ad libitum EI was 
precisely assessed by dieticians, allowing us to compare EI and MR over the course of 
measurements. If MR measurements by DLW analysis and EI assessment by dietary 
surveillance are valid, one would also expect to arrive at useful relations between 
EI and MR and/or derived parameters of the latter - such as basal metabolic rate 
(BMR), physical activity MR (PA MR) and physical activity (PAL) score - in assessing 
short-term energy balance over an eight-day period.  We furthermore hypothesized 
that precise and accurate assessment of the two would yield an energy budget (i.e., 
calculated by EI-MR) explaining potential differences in body weight (or components 
herein) over the course of measurement, and that this would predict weight change 
better than EI and MR alone. 
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Material and methods

Subjects and design

During two periods, thirty healthy male subjects were staying at the clinical research 
unit of PRA International in Zuidlaren, NL, as part of a randomized, double blind 
study in which 10mg Olanzapine was administered once daily over a 14-day period, 
with addition of topiramate (Day 1-6, 25 mg, and Day 7-14, 50 mg) or placebo 
twice daily.  Drugs were offered in the form of capsules, and checked for complete 
swallowing.  This study was performed within the framework of the Dutch Top 
Institute Pharma project: T2-105.  For Period 1, the subjects arrived at the clinic 
3 days preceding the day of the first drug administration (assigned Day 1) and left 
on Day 16 (48 hours after the last drug administration). For Period 2, the subjects 
arrived at the clinic for follow-up on Day 27 and left the clinic on Day 28.  Treatments 
were well-tolerated and all subjects were discharged from the clinic in good condition 
and recovery from olanzapine/topiramate effects was assessed in the clinic on day 28 
(after 14 days washout of all medication). 
Subjects had normal values for hematology, chemistry and thyroid parameters during 
screening as well as at follow-up.  They were non-smoking, were not allowed to drink 
alcoholic beverages during the study, and did not perform habitual heavy labour or 
athletic competition.  Anthropometric parameters are shown in table 1. Subjects had 
their own rooms, had access to computer and multimedia, could socialize as they 
wished, but were asked not to do strenuous exercise.  They were provided ad libitum 
standardised breakfast, lunch and dinner meals with calculated caloric content in a 
dining area.  When standard meals were provided, amount and type of food that was 
eaten, as well as left-overs were carefully documented and converted to metabolizable 
EI.  Snacks and beverages were freely available and intakes of these were recorded too.  
The clinical study protocol was approved by the IEC of the ‘Stichting Beoordeling 
Ethiek Bio-Medisch Onderzoek’ (P.O. Box 1004, 9400 BA Assen, The Netherlands), 
and all subjects provided their written consent.  
On Day 6, subjects were admitted to the laboratory and sampled for baseline 
enrichments and dosed with DLW between 9:00 and 10:00 AM. Subjects were asked 
not to eat or drink within 90 minutes before dosing and/or sampling (Drews and 
Stein, 1992).  While seated, a blood sample (5ml) was taken from the medial cubital 
vein in the right arm and a saliva sample was taken from each subject for analysis of 
isotopic background levels.  For the latter, subjects were asked to deliver saliva in a 
1.5ml dry Eppendorf tube through a straw.  Then the subjects were asked to drink 
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the DLW mixture.  After a four-hour equilibration period, an “initial” sample was 
taken by sampling saliva and blood; a second initial saliva sample was taken at six 
hours after administration of the label. On Day 14, saliva of the subjects was sampled 
again (“final”). Immediately after collecting this “final” sample, the subjects were 
dosed again with DLW mixture (the final enrichment sample after the first dosing 
was used as the background of the second  DLW experiment). Again, initials were 
collected after four (saliva and blood) and six hours (saliva). Final blood and saliva 
samples were collected when subject were admitted again at PRA in Zuidlaren (Day 
28), 14 days after enrichment.  An intermediary saliva sample (Day 21) was taken 
by the subjects and brought to PRAInternational in a frozen state.  From the saliva 
samples, the aqueous fraction was obtained by centrifugation (1000 rpm, 10 min at 
4˚C). Whole blood and the aqueous saliva fractions were readily flame-sealed in 25 
µl glass capillaries (VWR, Netherlands) using a propane torch.  

Doubly-labeled water and dosing

99.9 % 2H2O was purchased from SigmaAldrich (Netherlands) and 10% H2
18O was 

purchased from ROTEM GmbH (Rathenaustraße 4, D-04179 Leipzig, Germany). All 
DLW for the study was carefully gravimetrically mixed in two large 10L sterile glass 
flasks. Upon mixing, the water was sterilized by micropore filtration (pore diameter: 
0.2 µm) and sterilization was verified by having negative results of bacterial colony 
formation after application of the media on agar plates for several days at 37 ˚C.  
Subjects were asked to drink the DLW (between 125 - 212 ml) proportional to their 
weight in an amount of 0.183g/kg 2H 99.9% and 1.650 g/kg 18O 10% from a cup. The 
precise dose was provided to the nearest 0.05 g by weighing the cups holding the 
mixture before and after drinking.  Particular care was paid to the fact that the subjects 
did not spill or leave mixture behind in the cup.  Right after finishing, another cup 
filled with 100ml of tap water was drunk by the subjects to drain as much as possible 
any residual DLW from the oral cavity into the stomach.

Analysis of the DLW samples

Determinations of 2H/1H and 18O/16O ratios in saliva and blood samples were 
performed at the Center for Isotope Research of the University of Groningen. 
Samples were prepared by micro-distillation in a vacuum line, first heating the 
broken capillaries and then cryogenically trapping the emerging water vapor in a 
cooled (with liquid nitrogen) glass vial. Water samples from these glass vials were 
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then automatically injected into a High Temperature Pyrolysis unit (Hekatech, 
Wegberg, Germany) (Gehre et al., 2004), in which the injected water reacted with 
glassy carbon at a temperature of 1420 °C. The resultant H2 and CO gasses, emerging 
into a continuous helium flow through the system, were then led through a gas 
chromatography column to separate the two gases in time and finally fed into a 
Isotope Ratio Mass Spectrometer (GV Instruments IsoPrime, Manchester, UK) for 
the analysis of d18O and d2H. Measurements were corrected for memory effects using 
an algorithm described by Guidotti (Guidotti et al., 2013). For each analytical series 
at least three internal water references were chosen to cover the entire enrichment 
range of the samples. Those reference samples were prepared and analyzed following 
the same methods. Based on the spread of these reference samples, and on our prior 
experience (see (Guidotti et al., 2013) for an overview) we have determined the 
combined uncertainty of our analysis to be the quadratic addition of 3‰ and 0.5% 
of the value for d2H values, and 0.4‰ and 0.2% of the value for d18O values (this 
includes calibration uncertainties). 
Two-third of all randomly chosen samples was measured once. The remaining third 
of all samples was measured in duplicate (and analyzed in different batches) for 
checking precision of analysis. The maximum duplicate differences allowed were 5‰ 
and 2% of the value (again quadratically added) for d2H values, and 0.8‰ and 1.5% 
of the value for d18O values (Guidotti et al., 2013). If differences exceeded we critically 
examined the data and omitted the aberrant value performing further calculations 
on a single replicate and/or analyzed a third sample if available. Fortunately, such 
deviations only happened for 12 samples. The body water pool of the subject was 
determined, using the initial values, by the intercept method (Coward and Prentice, 
1985). Due to isotope exchange with tissue, the apparent body water pools for oxygen 
and hydrogen/deuterium, respectively NO and ND, are always slightly over-estimated 
relative to the real one (N).  This effect is larger for 2H than for 18O, and is corrected 
on a group estimate (rather than a population-derived estimate, such as done by 
(Schoeller et al., 1986):

The rate of CO2 production (rCO2, moles d-1) for each individual was calculated using 
the equation proposed and described by Speakman et al., (Speakman, 1997): 

N N N RO D dil=
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kO and kD are the respective fractional turnover rates of 18O and 2H, which were 
calculated against the individual-specific background concentrations and the 
individual-specific initial and final 18O and 2H concentrations. We used the individual 
Rdil into the equation. Finally, the rate of rCO2 production was converted to metabolic 
rate using a rearrangement of the Weir equation (Weir, 1990). Respiratory quotient 
(RQ) was estimated from the dietary records according to the equations of (Black 
et al., 1986). Fat free mass (FFM) was calculated based on the assumption that its 
hydration factor is 0.73 (Wang et al., 1999). Basal metabolic rate (BMR) was calculated 
from FFM (Schofield, 1985). According to the WHO (WHO), the level of MR above 
BMR was assigned Physical Activity Metabolic Rate (PAMR), which includes all 
energy-consuming processes beyond BMR including diet-induced thermogenesis 
and muscular activity.  A Physical Activity Level (PAL) was calculated as the ratio 
MR/BMR. 

Statistical Analysis

The data are expressed as mean and standard error of the mean (±SE). The level of 
agreement between d enrichments of blood and saliva, as well as between samples 
taken at 4 and 6 hour were analyzed by plotting the difference between two outcomes 
against one of them. The relation between this difference and one of the two is then:

where X1 and X2 are the results from the two methods to be compared (i.e., blood 
compared to saliva enrichments, or enrichments at four hours compared to that at six 
hours), and a and b are linear least squares fit coefficients. In this way, eventual slope 
deviations (a ≠ 0) and/or offsets (b ≠ 0 are easily recognizable. The fit errors in the 
coefficients immediately show if the found values are significant (a 95% confidence 
interval corresponds to two times the 1-s error). By forcing a = 0 in the fit we can 
investigate the significance of potential offsets (which corresponds to calculating the 
mean of the difference X1-X2).  
Energetics data were analysed with Multiple Regression Analysis (SPPS18).  
Specifically, EI, MR, BMR, PAMR, PAL, EI-MR, Dweight/day, DFAT/day, DFFM/day 
were included as factors.   

R N k R k NR kCO O dil D dil D2 2 078
0 006= − −

.
( ) .

( )Χ Χ Χ1 2 1− = +α β
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Results

Characteristics of the subjects and isotopic data

In the present study, one of the 30 study subjects was excluded from analysis due to an 
abnormal MR (~25.07 MJ/day) over the two DLW intervals. The remaining twenty-
nine subjects had a mean age of 36.1±2.4 years. The average daily MR calculated by 
the DLW method (10.60 ±0.5 MJ/day) over the first DLW period was slightly lower, 
but not significantly different from daily EI (10.69 ±0.37 MJ/day).  On average, BMR 
and PAMR were 81.1 ±3.8 % and 18.9 ±3.8 % from total MR respectively, and the PAL 
score was 1.32 ±0.06. The dilution space ratio of 2H and 18O was 1.059 ±0.006. The 
average food quotient was 0.8170 ±0.0017. These and other general characteristics of 
the study subjects and the isotopic data required for the calculation of MR using the 
DLW method are shown in table 1.

Comparison of saliva vs. plasma isotopic enrichments

The plots in figure 1 show the difference between blood and saliva isotopic enrichment 
plotted against blood isotopic enrichment both for 2H and 18O (3 outliers were 
excluded). The slope of the regression line shows no significant difference from 0 for 
both isotopes. If we assume an offset only, we find that the mean difference between 
blood and saliva was -10 ±4 for 2H and -0.1 ±0.4 for 18O, thus a slight systematic bias 
between the two methods of sampling for 2H, but not for 18O. 
The errors indicated in the plots are based on analytical procedures only (based on 
the numbers given above). In both plots, the spread of the differences increases with 
increasing enrichment, in line with the –also increasing- error bars. This indicates 
that individual variability plays an important role, causing the scattering of the points 
to be somewhat larger than one would expect based on the analytical uncertainty 
alone. This is especially visible in the low enrichment part of the 2H plot.

Comparison of four to six hours initial samples

Figure 2 shows the individual differences between isotopic enrichments for both 
isotopes between (“initial”) samples that were taken at four and six hours after the 
administration of the label. For δ2H and δ18O, a linear fit shows a negative (but not 
significant to the 95% level) slope. This implies that the difference between four and 
six hours post-dosing is enrichment-dependent (which is logical). If we neglect the 
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Mean  ± SE
Age (y) 36.1 ± 2.4
Initial weight (kg) 84.9 ± 2.3
Height (cm) 181.2 ±1.5
Weight change (∆ kg) 0.73 ±0.19
ND (kg) 47.9 ±1.07
NO (kg) 45.3 ±1.03
ND/NO 1.059 ±0.006
KO (ppm/day) 0.0047 ± 0.00011
KD (ppm/day) 0.0038 ± 0.00011
KO/KD 1.256 ± 0.009
rCO2 (mole/hr) 0.80 ± 0.04
Food quotient 0.817 ± 0.0017
Metabolic rate (MJ/day) 10.60 ± 0.50
Energy intake (MJ/day) 10.69 ± 0.37
Basal metabolic rate (MJ/day) 8.01 ± 0.16
Physical activity level 1.32 ± 0.06

Table 1: subject characteristics and isotopic data (n=29) 

Figure 1: individual difference between d 2H (A) and d 18O (B) isotopic enrichment measured 
in saliva and blood. For both d 2H and d 18O a linear fit yields an insignificant slope. The offset 
of d 2H between the two methods is significant but small: -10±4 ‰ compared to enrichment 
levels between 500 and 3000 ‰. For d18O the average offset between the two methods is zero 
within its error bars (of ±0.4‰).
The errors indicated in the plot are based on the analytical procedures only; at higher 
enrichments, the individual scatter of the data points is larger than these error bars, indicating 
that individual variability is larger than the analytical scatter there.

Table 1: characteristics of the subjects, energy intake (EI), metabolic rate (MR) and isotopic 
data for the DLW method. Values are reported as mean ± SE. Data are reported at the start or 
over the ensuing eight days of assessment.
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slopes, we find the mean difference between isotopic enrichment at four and six hour 
post-dosing was -53 ±5 ‰ for δ2H, and -5.2 ±0.4 ‰ for δ18O. The results show that at 
6 hours both 2H and 18O were already being eliminated from the body. Both the four 
and six hours initial samples were used to calculate MR, and the results did not differ 
significantly (Mean difference 0.38±4%). Although the mean difference between 
calculation of MR from four and six hours initials is quite small, the variation is 
relatively large indicating that some individuals were still building up enrichments 
after dosing, while others were already at equilibrium before the 4-hour time point. 
This effect is reflected by the scatter of the data shown in figure 2, which is significantly 
larger than the analytical errors and is mostly due to the individual variability among 
the study participants.
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Figure 2:  individual differences between δ 2H (A) and δ 18O (B) isotopic enrichment measured 
in saliva at 4 and 6 hours post-dosing. For both δ2H and δ18O, a linear fit gives a negative 
(but not significant to the 95% level) slope. This implies that the difference between four and 
six hours post-dosing is enrichment-dependent (which is logical). If we neglect the slopes, 
we find the mean difference between isotopic enrichment at four and six hour post-dosing 
was -53 ±5 ‰ for δ2H, and -5.2 ±0.4 ‰ for δ 18O (the 6 hours results being lower). The line 
represents the weighted mean for δ2H and δ18O.
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Matching energy intake and metabolic rate

As mentioned earlier, MR was on average slightly lower (~0.08 MJ/day) than EI.  
While these average levels are fairly comparable, there were relatively large inter-
individual variations in EI and MR, that were not correlated.  Differences between 
EI and MR (i.e., EI-MR) were resulting from both variations in EI and MR.  While 
this variation is inter-dependent (i.e., the relations are mathematically equivalent), 
the negative correlation between MR and EI-MR (R2=0.64, a=-0.98±0.14) was far 
stronger than the positive correlation between EI and EI-MR (R2=0.32, a=0.96±0.26), 
meaning that the variation in MR could be a better predictor for variation in EI-
MR than EI.  One potential implication of the inter-individual variation in EI-MR is 
that it could explain the changes in body weight over the course of measurements.  
Indeed, plotting this relation revealed a significant positive correlation in which 36% 
of the variation in body weight was explained (see table 2) by EI-MR.  Interestingly, 
EI, but not MR, revealed an even stronger positive correlation explaining 59% of 
weight change (see table 2)  

 ∆ weight ∆ FAT ∆ FFM 

 R2 α R2 α R2 α 

EI 0.59 0.050±0.008 0.02 NS 0.01 NS 

MR 0.03 NS 0.12 NS 0.09 NS 

EI-MR 0.36 0.023±0.006 0.14 0.048±0.022 0.04 NS 

BMR 0.00 NS 0.01 NS 0.00 NS 

PAMR 0.04 NS 0.17 -0.067±0.029 0.12 NS 

PAL 0.04 NS 0.18 -0.56±0.23 0.12 NS 

 Table 2: relation between energy components such as energy intake (EI), metabolic rate 
(MR), EI-MR, basal metabolic rate (BMR), physical activity metabolic rate (PA MR) and 
physical activity levels (PAL) with short term weight/body composition changes in 29 healthy 
subjects. R2 represents the square of a correlation coefficient, α values represent the slope of 
the regression line, and significant results (p<0.05) are given in bold.

Table 2: relation between energy components and body composition changes
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Because subjects were dosed again with DLW, this allowed us to dissociate changes in 
fat mass (DFAT) and fat free mass (DFFM) underlying weight change of subjects over 
the course of measurement.  Although DFAT and DFFM alone were not correlated to 
weight change, EI-MR but not EI or MR, was positively correlated to DFAT (see table 
2).  Regression analysis revealed that PAMR (R2=0.89), but not BMR was strongly 
correlated to MR (see figure 3). The variation in MR was also explained very well by 
the PAL score (R2=0.82), which is a measure of physical activity. Both PAMR and 
PAL were significantly negatively correlated to DFAT.
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Figure 3: relation between MR and its components: BMR (squares) and PA MR (circles). 
PAMR explains (R2 = 89%) more of the variation in MR than BMR (R2 = 13%).  
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Discussion

The first aim of this study was to systematically evaluate the use and reliability of 
saliva as a sample fluid for DLW isotopic enrichment and to assess its applicability 
in studies on human energetics.  This is of particular interest because, due to its fast 
equilibration with body water pools, blood or plasma would clearly be the optimal 
sampling fluid for DLW analysis.  Although agreement between saliva and blood 
has been shown for a relatively small range of enrichments (Schoeller et al., 1982; 
Wong et al., 1988), more extensive verification is required before safely using saliva 
as sampling fluid for DLW analysis.  In our study, we found that the systematic 
comparison between saliva and blood isotopic enrichments in a broad spectrum 
of isotopic enrichment, ranging from 500-3000 for d2H, and from 20-250 for d18O, 
revealed no systematic bias and overall an excellent level of agreement between the 
two fluids.  Thus, we conclude that saliva, at least following the design as we have 
applied in our experiment, can be reliably used as sampling fluid of choice for humane 
DLW studies.  One of the considerations about the reliability of saliva as sample fluid 
is that it could suffer from contamination by recently ingested foods and fluids. We 
apparently successfully avoided this issue by carefully instructing the participants of 
the study not to drink or eat 90 minutes before dosing or sampling (Drews and Stein, 
1992). Another issue raised by Schoeller (Prentice, 1990) is that saliva may suffer 
from isotopic fractionation (i.e., heavy isotopes evaporate slower than lighter ones), 
which obviously could be occurring in the mouth. We found a limited bias of about 
10‰ between blood and saliva for d2H (saliva being more enriched), and no bias at 
all for d18O. Thus, although evaporation takes place in the mouth (Wong et al., 1988), 
there is probably ample mixing of saliva with the body water pool such that isotope 
fractionation in the mouth plays no significant role in the study outcome.  
A second issue in using saliva as sample source is the difference in which fluids in 
general reach their “plateau” or isotopic equilibrium with the body water pool at 
different time points.  Urine, for example, would be expected to have a large delay 
in reaching such equilibrium (Wong et al., 1988; Schierbeek et al., 2009).  In the 
present study, where we aimed at comparing four and six hour equilibration time, 
the latter initial sample showed slightly lower enrichment levels in comparison to the 
four hours sample.  This indicates that the equilibration process was, for all practical 
purposes, finished by six hours, and that the rate of elimination by then had surpassed 
the rate of appearance of the isotopes in the body water pool.  This is again consistent 
with the data of Wong et al (Wong et al., 1988).    
The second aim of this study was to relate EI and MR over an eight-day measurement.  
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In all subjects (excluding the one with an unexplainable high MR of 25 MJ/day), 
average EI exceeded MR by only 0.08 MJ/day.  The individual variation in EI and MR, 
however, was quite large among subjects.  In the attempt to reconcile the variability in 
the imbalance between EI and MR, we found that variation in MR correlated better 
with EI-MR than with EI.  MR assessed by DLW analysis can be broken down into 
BMR and into factors beyond BMR collectively termed physical activity MR (PAMR).  
Although subjects were housed under sedentary conditions and were asked not to 
engage in strenuous exercise, differences in PAMR, but not in BMR (which is largely 
determined by lean body mass), were largely underlying the differences in MR.  In 
turn, PAMR (R2=0.65) and PAL (R2=0.64) correlated even better to EI-MR than MR 
alone, suggesting that physical activity played an important role in determining the 
variation in EI-MR.  We do not know to what extent this effect was due to differences 
in voluntary activity (also termed non-exercise physical activity (NEAT; (Levine, 
2004)) or planned activities, such as walking, stair climbing etc.
To unravel the repercussion of the energy imbalance EI-MR to body weight changes 
(or components hereof), regression analysis revealed that the variation in EI-MR over 
the course of the 8-day period explained ~36% of the weight change of the subjects 
(see figure 3).  The positive slope of this linear fit in the present experiment suggests 
that adding one kg of body weight requires 15.4MJ excess energy.  This is far less 
energy than has been suggested for weight loss (Hall et al., 2011; Hall et al., 2012).  In 
the present study, however, 15 out of the 29 subjects gained weight, which obviously 
requires other physiological/metabolic mechanisms than weight loss.  Performing 
this study in a larger group of subjects might reveal different slopes for weight loss 
and weight gain in the interaction with EI-MR.  
To our surprise, we observed that EI explained even better differences in weight gain 
than EI-MR, however EI was not correlated to the components underlying weight 
gain (i.e., DFAT, DFFM, a change in body water content).  Variation in EI-MR on the 
other hand did correlate significantly in a positive direction to DFAT.  Variation in 
PAMR and in particular PAL also contributed to DFAT, but in a negative direction, 
which is consistent with several studies pointing out this inverse relation between 
PAL and % body fat (Ball et al., 2001; Westerterp and Plasqui, 2009; Thomas et al., 
2012).  The importance of our study, however, is that we actually assessed changes in 
fat mass over a relatively short period, perhaps as a consequence of physical activity, 
rather than comparing snapshots of physical activity levels and %body fat at different 
time intervals (Westerterp and Plasqui, 2009; Bray et al., 2012).
In conclusion, our study extends the findings by Wong et al. (Wong et al., 1988) 
and Schoeller et al. (Schoeller et al., 1982)  in describing that the use of saliva as 
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sampling fluid for DLW studies is reliable, and that there are no strong differences 
between initials taken four – six hours post-dosing of DLW.  While MR assessed 
by the DLW method is well in line with EI in the group of subjects in the present 
study, the variation in the imbalance is primarily caused by differences in MR, and 
particularly PAMR, and to a lesser extent by EI.  The imbalance between EI and MR 
explains weight change consistently, and although EI is a better predictor for weight 
change, EI-MR as well as PAMR/PAL, but not EI, are predictors for a short-term 
change in body fat mass.
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Abstract

The doubly labeled water (DLW) technique is used to assess metabolic rate (MR) in 
free-living conditions.  We investigated whether differences in the nutritional and 
body adiposity status affects validity of the assessment of CO2 production (rCO2) 
by the DLW technique. To serve this purpose we compared calculated rCO2 by the 
DLW method to actual CO2 production concomitantly measured in an indirect 
calorimetry setup over a 3-day period in mice feeding a low-fat (LF) diet, or an 
obesogenic high fat/high sucrose (HF) diet.  To uncover a potential effect of body 
composition on DLW accuracy the HF-feeding group was further subdivided in a 
diet-induced obesity prone (DIO) and diet-induced obesity resistant (DR) group. 
We furthermore assessed the influence of different sampling protocols, duration, and 
methodology of calculation. An excellent match was found between rCO2 assessed by 
the two methods in the LF-feeding mice (least discrepancy -0.5±1.1%). In contrast, 
there was a consistent overestimation of rCO2 by the DLW technique in the HF-
feeding animals compared to actual CO2 production independent from body mass 
gain (least discrepancy DR +15.9±2.2%; DIO +18.5±3.2%). The least discrepancies 
were found when two-pool model equations and the intercept method were used 
to calculate the body water pool. Furthermore the HF group presented different 
equilibration kinetics of 2H and 18O and a lower dilution space ratio between the two. 
We recommend particular caution when using the DLW method for MR assessment 
in HF-feeding animals and potentially humans because of the overestimation of rCO2. 
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Introduction

The current epidemic of obesity has spurred the need for understanding how energy 
balance and body weight are regulated, and how derangements in these can develop. 
The doubly labeled water (DLW) technique has served this demand, because it is an 
isotopic tracer method ideally suited for measuring metabolic rate (MR) and body 
composition in free-living conditions.  As such, the DLW method has been used 
in laboratory as well as field studies to assess MR in a variety of species, including 
humans, migratory birds, and rodents (Schoeller, 1988; Kronfeld-Schor et al., 2001; 
Wikelski et al., 2003).
DLW is a water mixture in which the natural abundant forms of hydrogen (1H) and 
oxygen (16O) have been partially or totally replaced with the low abundant stable 
isotopic forms (2H and 18O, respectively).  The method is based on the straightforward 
principle that hydrogen leaves the body primarily via water turnover, whereas oxygen 
leaves the body both via water turnover and via CO2 production. The difference 
between the two elimination rates allows the estimation of CO2 production over time 
(rCO2).  By introducing a known mass of the DLW mixture in the body by injection 
or drinking, enrichments of body fluids by 2H and 18O are determined at an initial 
and final time point from which elimination rates can be determined.  rCO2 can 
be converted to MR by using an estimated or measured respiratory quotient (RQ) 
on the basis of the equation of Weir (Weir, 1990).  This allows assessment of MR 
and body composition in conditions where confinement in an indirect calorimetry 
setup (i.e., where the actual rates of rCO2 and O2 consumption – rO2 - are assessed) 
is impossible to perform since it would conflict with the study design. Examples of 
these are assessment of MR in animals living in a social context (Bryce et al., 2001), 
in flight-energy expenditure during bird migration  (Wikelski et al., 2003), lactation 
energetics  (Guidotti et al., Chapter 4) or during sleep deprivation (Bergmann et al., 
1989; Barf et al., 2012).
Despite the fact that the principle of DLW technique for calculation of MR is rather 
straightforward, it is based on several assumptions as reported originally by Lifson 
and McClintock  (Lifson et al., 1955; Lifson and McClintock, 1966), which may not 
always be  met in experimental settings.  Violation of these assumptions can have a 
negative impact on the validity of the assessment of rCO2 and hence MR (Nagy, 1980; 
Speakman, 1997) .  One of the assumptions - particularly relevant in light of the use of 
the DLW technique for studying derangements in energy balance and obesity - is that 
hydrogen and oxygen may compartmentalize beyond the water and CO2 pool.  For 
example, hydrogen and oxygen could potentially be incorporated into non-aqueous 
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molecules via ionic exchange or anabolic metabolism resulting in larger pool sizes 
and isotopic fractional washout rates.  In fact, 2H incorporation into C-H bonds has 
been used in biomedical sciences to measure in vivo lipogenesis (Turner et al., 2003) 
or synthesis of macro molecules such as DNA (Hellerstein, 1996). 
To our knowledge, studies in mammals that compared rCO2 assessed by indirect 
calorimetry to the level obtained by the DLW technique generally find over-estimation 
by the latter(Lifson et al., 1955; McClintock and Lifson, 1957), which might be due to 
nutritional and/or energy balance parameters.  Therefore, the main aim of this study 
was to investigate whether differences in the nutritional status and energy balance 
affect the validity of rCO2 assessed by the DLW technique. To serve this purpose 
we compared rCO2 calculated by the DLW method to actual CO2 production 
concomitantly measured using a calibrated CO2 sensor in an indirect calorimetry 
setup over a 3-day period in mice feeding a low-fat (LF) diet and an obesogenic high 
fat/high sucrose (HF) diet.  To uncover a potential effect of body composition on 
DLW validity the HF-feeding group was further subdivided in a diet-induced obesity 
prone (DIO) and diet-induced obesity resistant (DR) group. We furthermore assessed 
the influence of different sampling protocols and length and method of calculation.  
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Material and methods

Animals and housing

Thirty-two male outbred HSD:icr mice of 14 weeks were initially used for this study. 
The mice were individually housed on a 12:12 light-dark cycle (lights on: 9AM, lights 
off 9 PM), under temperature controlled conditions (21±1˚C) with food and water ad 
libitum, in plexiglas cages (Macrolon Type II, UNO Roestvaststaal BV, Zevenaar, NL) 
with Envirodry® wood shavings and a gnawing stick.  After initial inclusion, eight of 
the mice were maintained on regular control (LF) laboratory chow 15.9 kJ/g (energy 
content: 13% fat, 63 % starch 24 % protein, RMH-B 2181, HopeFarms BV, Woerden, 
NL), while the other twenty-four were switched to a 45% high-fat and high-sucrose 
diet (HF) 19.7 kJ/g (energy content: 45% fat, 18% starch, 13% sucrose, 24% protein) 
6 weeks prior the experiment. On the basis of body mass gain over the course of HF 
feeding, mice were assigned to a diet-induced obesity resistant (DR) group or a diet-
induced obesity prone (DIO) group.

Experimental design

Under non-restrictive conditions, LF- and HF-feeding mice received an intra-
peritoneal injection of doubly labeled water (DLW; ~ 0.15 g weighed to the nearest 
0.0001 g of enriched water consisting of 33.3% 2H and 66.6% 18O). Exactly one, two, 
and three hours after dosing of the DLW mixture blood was sampled from the mice 
by tail snip and flame-sealed into glass capillaries until determination of isotopic 
enrichment.  Directly after sampling of the last initial sample mice were transferred 
to indirect calorimetry cages with similar housing conditions as their home cage for 
three consecutive days.  To reduce stress of novelty, wood shaving from their home 
cage was transferred as well.  Exactly 24hr, 48hr and 72hr after the third initial, blood 
was again sampled by tail snip, and again flame-sealed into glass capillaries.  For the 
24hr- and 48hr-blood sample indirect calorimetry was shortly interrupted for about 
10 min.   After the 72hr-blood sample, HF-feeding mice were sacrificed for carcass 
analysis.  These and all other experimental procedure were approved and guided by 
the local Animal Experimentation Committee (DEC) of the University of Groningen. 
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Indirect calorimetry

The open-circuit indirect calorimeter system allowed determination of rO2(l h-1) 
and rCO2 (l h-1) (Visser et al., 2000).  In brief, O2 and CO2 concentrations of dried 
inlet and outlet air from each chamber was measured with paramagnetic O2 analyzer 
(Sevomex Xentra 4100, Crowborough, UK) and CO2 by an infrared gas analyzer 
(Servomex 1440). The system recorded the differential in O2 and CO2 between dried 
reference air and dried air from metabolic chambers. O2 and CO2 analyzers were 
calibrated with two gas mixtures with known concentrations of O2 and CO2 prior to 
each measurement. Flow rate of inlet air was measured with a mass-flow controller 
(Type 5850 Brooks mass flow controller, Rijswijk, NL) and set at 20 l h-1. Of the 
respiration air a subsample was passed at a rate of 6 l h-1 through the drying system 
(3 Å molecular sieve drying beads, Merck, Darmstadt, Germany) and subsequently 
through the gas analyzers. Data were collected every 10 minutes for each animal and 
automatically stored on a computer. The RQ was defined as rCO2 divided by rO2. MR 
was calculated according to Weir (Weir, 1990).

Body composition

Body composition was determined both by the isotope dilution method (plateau/
intercept) and by direct carcass analysis. Carcasses were dried till constant weight 
at 103 °C (ISO 6496-1983(E)), which was usually the case after 4 hr, and this was 
followed by fat extraction with petroleum ether (Boom BV, Meppel, NL) in a soxhlet 
apparatus.

Analysis of the DLW samples

Determinations of 2H/1H and 18O/16O ratios in blood samples were performed at 
the Center for Isotope Research. A detailed description of the analytical procedures 
followed in our laboratory is described elsewhere(Guidotti et al., 2013). Shortly, 
samples were prepared by micro-distillation (cryodistillation) in a vacuum line, 
first heating the broken capillaries and then cryogenically trapping the emerging 
water vapor with liquid nitrogen. Water samples were stored in glass vials and then 
automatically injected into a Hekatech High Temperature Pyrolysis (Hekatech, 
Wegberg, Germany) unit (Gehre et al., 2004), in which the injected water reacted 
with glassy carbon at a temperature of 1420 °C. The resultant H2 and CO gasses, 
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emerging into a continuous helium flow through the system, were then led through a 
gas chromatography column to separate the two gases in time and finally fed into an 
Isotope Ratio Mass Spectrometer (GV Instruments IsoPrime, Manchester, UK) for 
the analysis of d18O and d2H. Measurements were corrected for memory effects using 
an algorithm described previously (Guidotti et al., 2013). 
For each analytical series at least three internal water standards were chosen to cover 
the entire enrichment range of the samples. Those standards samples were prepared 
and analyzed following the same methods (distilled and undistilled). 
Samples were measured in duplicates, unless a flaw was detected in the flame-sealing 
step. Typical relative duplicate differences were 5‰ and 2% of the value for δ2H 
values, and 0.8‰ and 1.5% of the value for δ18O values (Guidotti et al., 2013). If 
differences exceeded we critically examined the data and omitted the aberrant value 
performing further calculations on a single replicate and/or analyzed a third sample 
if available. More detail information on how the analytical error propagating into 
rCO2 was estimated is described elsewhere (Guidotti et al., 2013).  

Isotope dilution spaces

Estimation of the body water pools for 2H (ND) and 18O (NO) using the plateau method 
was performed according to the following equation:

where N represents the dilution space or body water pool for 2H or 18O expressed in 
moles. Eini and Ebkg are respectively the enrichments at equilibrium and at background 
in the body.  Einj is the enrichment of the injected water. E is expressed in p.p.m.
Estimation of the body water pools for 2H (ND) and 18O (NO) by the intercept method 
was performed according to the following equation by extrapolating Eini back to the 
time of the injection (Krol and Speakman, 1999):

 

Eini-ic is now the initial value to be used for the body water pools calculation, tini-tinj  the 
time between injection and the initial sampling (in h), and kt is the 2H or 18O turnover 
rate in h-1.
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Isotope turnover rates were calculated as follows:

 

Where Efin represents the enrichment level at final sample and t the time between final 
and initial sample. The initial body water pool  TBWi was calculated by the isotope 
dilution method. TBWi  as percentage of initial body mass was applied to the final 
body mass to estimate the final pool sizes. 
For the multi-sample methodology the k values were calculated from the curves fitted 
along the values of samples collected during the three-day measurement by using 
the two-hour time point as initial. Enrichment values above background were log 
transformed and curve-fitted. k values were derived from the slope of the regression 
line (least-squares fit).

Calculation of rCO2

Several equations, presented in table 1, were employed for the calculation of rCO2. N 
used in the equations was an average between initial and final body water pool. The 
first equation applied in 1966 by Lifson, used only the 18O dilution space (“one-pool 
model”), and considered only equilibrium fractionation factors at 24 °C (see eq. 1) 
(Lifson and McClintock, 1966). Speakman further updated this equation by using 
a combination of in vivo kinetics and equilibrium fractionation factors at 37°C and 
assuming that they contribute in a ratio of 3:1 to the fractionated losses (see eq. 2) 
(Speakman, 1997). In two-pool model equations both observed isotope pool sizes 
ND and NO are used in the estimation of rCO2. The first equation used individual 
isotope spaces and the fractionation factors in Eq. 2 (see eq. 3) (Coward and Prentice, 
1985). Schoeller et al., in 1986 and later in 1988 updated the latter equation by using 
individual dilution space with fixed average pool size for oxygen and hydrogen 
pools relative to the body water pool (i.e., NO 1.01 and ND 1.04 times greater than 
actual dilution space and with a dilution space ratio of 1.03) (Schoeller et al., 1986a; 
Schoeller et al., 1986b; Racette et al., 1994). The fractionation factors were estimated 
by equilibrium processes at 37°C with fractionated water loss being equivalent to  2.3  
times rCO2 (see eq 4).
Racette et al further updated Schoeller’s equation in 1994 proposing that the population 
pool ratio was 1.034 (Racette et al., 1994) (eq 8). Speakman also proposed a two-pool 
equation in 1993, but using a group dilution ratio, and they adopted fractionation 
factors as the ones used in eq. 4 (Speakman et al., 1993). The equation was later 

k( ) log ( ) log ( ) /mol E E E E te ini bkg e fin bkg= − − − 
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Table 1: equations used for calculation of CO
2 production by the D

LW
 m

ethod.
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update by him in 1997 using still a group dilution ratio but with the fractionation 
factors used in eq. 2 (see eq. 6) (Speakman, 1997).
Finally Nagy in 1980 proposed an equation which does not use turnover rates (i.e. 
KD and KO) but use the log ratios of the initial and final isotope concentrations and 
incorporate directly initial and final pool sizes (N) as well as initial and final body 
mass of the animal under study (eq. 7) (Nagy, 1980). 
Apart from eq.1 and, eq. 7, all equations are in fact only minor variations of each 
other. Yet, especially the choices for the level of fractionated water loss have a 
significant influence on the result. Quantifying this fraction experimentally, however, 
is cumbersome (Haggarty et al., 1988; Haggarty et al., 1994; Kerstel et al., 2006).

Statistical analysis 

The data are expressed as mean and standard error of the mean (±SEM). Analysis 
was performed in STATISTICA (Statsoft). Multiple hour (initials) and day (finals) 
difference were tested with Repeated Measurement ANOVA (RM ANOVA), with 
time as within factor and group as between factor. To test differences between groups, 
a general linear model ANOVA was used, followed by Tukey-Honestly significant 
difference post-hoc testing.
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Results

Body mass 

After being on the HF diet for 6 weeks, eight of the mice that had the lowest weight 
gain were assigned obesity resistant (n=8 DR; Dmass -0.05±0.50 g) whereas another 
eight with the highest weight gain were assigned to the diet-induced obesity prone 
group (n=8 DIO; Dmass 6.12±0.60 g).  Using  body masses on the day just before 
starting indirect calorimetry (day 0 in figure 1, top left panel) ANOVA revealed group 
effects (F2,21=13.69, p<0.001), and post-hoc analysis showed that mice in the HF-
DIO group weighed significantly more than those in the HF-DR and LF groups. No 
differences were found between the HF-DR group and the LF group.  In retrospect, 
the HF-DIO mice also weighed more than the HF-DR mice at the start of HF feeding 
(F(1, 14)=16.61, p<0.01).  Percentage body fat (see figure 1, top right panel) determined 
by isotopic dilution (see below) was affected by group (F(2, 21)=12.63, p<0.001), and 
post-hoc analysis showed that the HF-DIO mice had more fat relative to the LF mice 
(150±8 %) and HF-DR mice (113±7 %). No significant differences in % body fat were 
found between HF-DR mice and LF mice (17±16 %).
Over the course of metabolic assessment by DLW/indirect calorimetry, HF-DIO mice 
reduced body mass slightly while other groups remained stable (F(2,21)=5.52 p<0.05, 
see figure 1,top left panel).

Indirect calorimetry

During placement of mice in the indirect calorimetry cages, the actual rCO2, rO2 and 
RQ were assessed over three consecutive days. A summary of the indirect calorimetry 
data and the calculated MR are presented in table 2. 
There was a different time course between groups (F(4, 42)=8.59, p<0.001), rO2 
(F(4, 42)=4.45, p<0.01) and RQ (F(4, 42)=10.49 p<0.001), with levels of rO2 and rCO2 
increasing in the LF group, while they were reducing in the HF feeding groups. A 
similar time*group interaction effect was observed on MR (F(4, 42)=5.60, p<0.01), with 
MR going up in the LF group, while going down in the HF feeding groups. Between 
group effects on MR did not reach statistically significance. When BM was added 
as covariate, we observed a similar time*group interaction (F(4, 40)=4.27, p<0.01).  
Between subject analysis revealed a lower MR in the HF-DR group compared to the 
HF-DIO and LF groups (F(2, 20)=5.98, p<0.01). The RQ was affected by group (F(2, 

21)=42.03, p<0.001), with both HF-feeding groups having a lower RQ than the LF 
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Figure 1: body mass change over the course of the measurement (top left) and body fat % 
calculated by the isotope dilution method using the 2 hour initial plateau method (top right) 
in HF-feeding DIO (triangles or black bar) and DR mice (squares or grey bar) and in LF-
feeding (circles or open bar) mice.  Isotopic equilibration and elimination curves in these 
groups for 2H and 18O are shown respectively in the bottom left and right panels. Data are 
expressed as mean ± SEM. Tukey post-hoc * LF vs HF-DR or HF-DIO; # HF-DR vs HF-DIO.  

LF HF-DR HF-DIO 
rCO2 (ml/hr) day 1 112.6 ± 3.8 100.3 ± 6.1 108.4 ± 2.2 

day 2 116.6 ± 3.1 95.7 ± 5.2 105.0 ± 1.4 
day 3 118.9 ± 2.9 96.1 ± 5.0 104.8 ± 1.8 

rO2 (ml/hr) day 1 112.9 ± 4.9 109.3 ± 7.1 121.6 ± 3.2 
day 2 116.6 ± 4.4 104.4 ± 6.2 118.3 ± 2.3 
day 3 117.3 ± 3.5 104.3 ± 5.9 117.9 ± 2.5 

RQ (CO2/O2) day 1 1.00 ± 0.01 0.92 ± 0.01 0.89 ± 0.01 
day 2 1.00 ± 0.01 0.92 ± 0.01 0.89 ± 0.01 
day 3 1.02 ± 0.01 0.92 ± 0.01 0.89 ± 0.01 

MR (kJ/day) day 1 56.9 ± 2.3 54.0 ± 3.4 59.6 ± 1.5 
day 2 58.8 ± 2.0 51.5 ± 3.0 57.9 ± 1.0 
day 3 59.4 ± 1.7 51.6 ± 2.9 57.8 ± 1.2 

 

Table 2: indirect calorimetry measurements

Table 2: indirect calorimetry measurements during the 3-days validation study. Data are 
expressed as mean ± SEM.
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feeding group.

Isotope equilibration and body composition

Blood isotopic enrichments (Eini) of 2H and 18O at one, two and three hour after 
injection of the DLW mixture are presented in figure 1 (resp. bottom left and right). 
RM-ANOVA revealed a significant time*group interaction effect on Eini 

2H and 18O 
(for 2H F(4, 42)=5.45 p<0.01; for 18O  F(4, 40)=3.50 p<0.05), with those in the HF-DIO 
mice being lowest, and in the LF feeding mice the highest.  Furthermore, E_iniwas 
generally highest at the two or three-hour time-point, with the first hour clearly 
being lower than the second and third hour for both 18O and 2H. The Eini

18O/2H ratio 
showed a significant time*group interaction (F(4, 40)=4,90, p<0.01, data not shown), 
with that of the HF feeding groups decreasing significantly over time.  The LF group 
showed only a modest decrease in the Eini

18O/2H ratio over the second and third hour 
(data not shown). 

Initial isotope dilution spaces and body composition

Dilution spaces (N) were calculated at one, two and three hours after DLW injection 
by applying the plateau-method as well the intercept-method for both 2H and 18O.  
Only those calculated by the intercept method using as fixed time point for the final 
at 24hr are shown in figure 2, top left panel. Those calculated by the plateau method 
yielded similar interactions and differences.
HF-DIO mice had the highest NO (ND showed similar differences) at the different 
time points and the LF-feeding mice the lowest NO. When one hour initials of 18O (2H 
yielded similar results) were used for the determination of NO by the plateau method, 
they yielded a ~12% higher value than values calculated from the second or third 
hour initial in the HF feeding groups (see figure 2, top left panel). In the LF group the 
difference between one and two-three hours initial NO was only ~2 % (time*group 
F(4, 40)=4.25, p<0.01). 
Dilution space ratios (ND/NO) ranged from 0.99 to 1.04 for the plateau method and 
from 1.02 to 1.07 for the intercept method.  RM ANOVA on ND/NO ratios obtained 
by the plateau method (see figure 2, top right panel) revealed a significant effect of 
time (F2,40=72 p<0.001) and group (F2,20=5 p<0.05). Post-hoc analysis revealed that 
HF-feeding mice had significantly lower ND/NO than LF-feeding mice. There was no 
effect of time on ND/NO calculated by the intercept approach, but group differences 
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Figure 2: NO dilution space (top left) and ND/ NO dilution space ratio (top right) calculated by 
the plateau method in HF feeding DIO and DR mice and in LF feeding mice.  In the HF-DR 
and HF-DIO groups, deviation % are shown of body water measured by carcass desiccation 
and body water determined by isotope dilution method by plateau (bottom left) and by 
intercept (bottom right) for NO (the values based on isotope dilution are higher). LF (white 
bars), HF-DR (grey bars), HF-DIO (black bars). Data are expressed as mean ± SEM. 

Figure 3: comparison of  kO-kD (left) or kD/kO (right) between having different initials (top) 
and different duration of measurement (bottom) in HF feeding DIO and DR mice and in LF 
feeding mice. LF (white bars), HF-DR (grey bars), HF-DIO (black bars). Data are expressed as 
mean ± SEM. Tukey post-hoc * LF vs HF-DR or HF-DIO; # HF-DR vs HF-DIO.  
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for ND/NO persisted (F2,20=10,9 p<0,001). Overall ND/NO calculated by the intercept 
method was 4-5% higher than calculated by the plateau method. 
 The body water pool assessed by carcass analysis in DIO and DR HF feeding mice 
(following desiccation and  soxhlet fat extraction)  expressed as percentual deviation 
from the body water pool estimated by 18O dilution are shown in figure 2.  Deviations 
are shown with initials taken at one, two, and three hours, and using the “plateau” 
(figure 2, bottom left panel) and “intercept” method using the final at day 3 (figure 2, 
bottom right panel). Eini

18O at one hour resulted in a ~ 20% overestimation of body 
water pool relative to the level obtained by the desiccation method. This difference 
was smaller at two and three hours, particularly when the intercept method was used. 
None of these levels were different between HF-DIO and HF-DR mice.

Isotope turnovers

Turnover rates of 18O (kO) and 2H (kD ) calculated from logarithmic decline using 
initials and finals were used for calculation of rCO2 (from kO-kD) and for assessment of 
the body water flux linked to oxygen turnover (by kD/kO ) in the different experimental 
groups, and these are shown in figure 3.  
First, the relevance of the initial time points (i.e., at one, two, and three hours) for 
kO-kD and kD/kO in the different diet groups was investigated by using the enrichment 
levels of 18O and 2H at the same final point (we chose day 2).  As shown in the left top 
panel of figure 5, there was no significant time effect or time*group interaction effect 
on  kO-kD values, but a tendency (p=0.066) was observed for a group effect, meaning 
that kO-kD levels tended to be higher in LF-feeding mice than in the HF-feeding mice.
Analysis of kD/kO values revealed a significant group*time interaction (F(4, 40)=5,88, 
p<0.001, figure 5 top right panel). This effect was caused mainly by the difference at 
the first hour during which the ratio for the HF-feeding mice was ~27% lower than 
at two and three hours. This difference was much smaller in the LF group (at the first 
hour ~4% lower than at two hours).  There was no significant interaction anymore 
if one hour ratio was excluded from the model, indicating no significant difference 
between two and three hours ratios. Between group differences persisted over the 
three hour period, showing consistently that HF fed mice overall had a lower kD/kO 

ratio than LF feeding ones, irrespective of weight gain. 
Next, we evaluated the effect of the duration of the time interval between initial 
and final (i.e., taken at one two and three days) on kO and kD, and thus the resultant 
kO-kD and kD/kO, using one initial time (two hours). In the analysis of kO-kD from 
aforementioned time points a significant time*group interaction (F(4, 40)=11,81, 
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p<0.001) was observed (see figure 5, lower left panel). In both HF feeding groups 
kO-kD decreased over the course of the three-day measurement, while in LF feeding 
mice kO-kD increased.  
Analysis of kD/kO  showed a group effect (F(2, 20)=9,34, p<0.01) and not difference over 
the three days, with LF- feeding animals having overall a significantly higher kD/kO 
than the HF feeding DR and DIO animals (Tukey-HSD p<0.01, see figure 5 lower 
right panel)

Different methods of calculation

Several equations shown in table 1 were used to calculated rCO2, using the two hour 
initials. The results, by using the two-hour initals and two-day finals, are shown in 
figure 4, together with the results of indirect calorimetry. While the DLW method 
performed well in the LF group, we observed a significant deviation from the actual 
rCO2 based on indirect calorimetry, with DLW systematically overestimating rCO2 
by ~18% (depending on the type of equation and model) in the HF-feeding mice 
irrespectively of body composition. In general, one-pool model equations performed 
worse than two-pool model ones. Within the DLW results, neither using any of 
the models, nor using intercept or plateau, made a significant difference (that is, 
significant compared to the SEM, see figure 4). This shows that the DLW method in 
itself is robust. Nevertheless, it apparently can deliver results that are systematically 
deviating.
Finally, the multi-sample approach did not perform better than a two-sample 
approach when using the initial at two hours. Differences over three days between 
the two approaches for calculating decay rates were small (<1%).

Duration of the measurement

To evaluate the effect of time between sampling of initial and final enrichments, and 
how this influenced the validity of rCO2 by DLW analysis (i.e., compared to rCO2 
production assessed by indirect calorimetry), we examined deviations from the latter 
by using equation 5 and the 2-hour initial on each day of the DLW experiment. We 
used the plateau as well as the intercept method to evaluate body water pool. Results 
are presented in table 3. The averaged analytical error, however, decreased after each 
day of measurement (~3% day-1; ~1.5% day-2; ~1% day-3). When the plateau method 
was used for estimation of the body water pool, RM ANOVA showed a significant 
time*group interaction F(4, 40)=8,25, p<001. Deviation from rCO2 assessed by indirect 
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calorimetry increased after each day of measurement in the HF-feeding group, while 
it changed within the margin of the analytical error in the LF feeding group.  In the 
LF group, the deviation of estimated rCO2 from the actual one decreased significantly 
on day 3. When the intercept method was used for estimation of the body water pool, 
RM ANOVA showed no significant interaction but a significant effect of time with 
the second day of the measurement having relative higher deviation from indirect 
calorimetry than at 1 and 3 days.
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Figure 4: mean rCO2 assessed by indirect calorimetry (horizontal line) and calculated by the 
DLW method (filled symbols: eq. 1,2 represent one-pool model equations; open symbols: eq. 
3-6 represent two-pool model equations) for the three different groups (LF, HF-DR and HF-
DIO) are presented. On the left in each group when the plateau method was used, on the right 
in each group if the intercept was used. The lowest discrepancy was observed using equation 
5 plateau in the LF group while and equation 5 intercept for the HF-DR and HF-DIO group. 
The results were obtained from the initials at two hours and the finals at 2 days.  

Day 1 Day2 Day 3 
Plateau LF -0.5 ± 1.1 3.9 ± 1.5 -5.7 ± 2.4 

HF-DR 19.5 ± 2.9 25.8 ± 2.8 39.6 ± 6.2 
HF-DIO 21.3 ± 3.3 23 ± 2.1 33.0 ± 4.4 

Intercept LF -3.3 ± 1.0 0.8 ± 1.5 -1.4 ± 1.8 
HF-DR 16.7 ± 2.7 23.0 ± 2.7 18.9 ± 2.1 
HF-DIO 18.7 ± 3.2 20.2 ± 2.1 17.0 ± 1.7 

Table 3:  deviation from indirect calorimetry % of the DLW method during 3-day measurement 
using eq. 5 and the initial a two hours. On the top when the plateau method was used, on the 
bottom if the intercept was used. Data are expressed as mean ± SEM.

Table 3: Deviation from indirect calorimetry
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Discussion

The main aim of this study was to investigate whether nutritional and body 
composition parameters of mice affect the validity of assessment of rCO2 by the 
DLW technique, and determine which study design and mathematical model are 
most optimal. For this purpose, we subjected mice to a HF diet after which about 
half of the cohort developed HF diet-induced obesity (HF-DIO) and the other half 
was diet-resistant to weight gain (HF-DR), and remained as lean as mice feeding a LF 
diet.  By doing so we were able to dissociate effects of feeding a HF diet on validity 
of rCO2 assessment by the DLW method dependent or independent from changes in 
body composition.
The most important finding here was that an excellent match exists between rCO2 
assessed by the two methods in the LF-feeding mice, whereas there was a consistent 
overestimation of rCO2 by the DLW technique in the HF-feeding animals compared 
to actual CO2 production.  Although this was already anticipated because several other 
studies in mammals validating the DLW technique reported such overestimation 
as reviewed by Speakman in 1988 and later by others (Speakman and Racey, 1988; 
Haggarty et al., 1994; Speakman et al., 2001).  The importance of our study is that 
feeding a HF diet may be a relevant factor in explaining this inconsistency, rather 
than the increased amount of body fat (or any other compartment associated with 
this), induced by HF-feeding in the DIO-prone mice.  DLW studies performed thus 
far have ignored nutritional or body composition effects on the validity of the rCO2 
assessed by DLW method.
A number of factors may have contributed to this error. When we analyzed the 
equilibration period during the three hours after administration of the labels, we 
observed an incomplete mixing of them, particularly in the HF-feeding group, with 
one hour being significantly lower in the HF group than in the LF group. It may 
be possible that the incomplete mixing persisted at two and three hours, which 
caused overestimation of the body water pool and thus overestimation of rCO2. In 
the validation study performed by Schoeller et al. (Schoeller et al., 1980) similar 
incompleteness in the equilibration of the labels was observed in obese human 
subjects. In that study, in lean subjects a stable equilibration was reached between 2 
and 6 hours after isotope administration while in obese subjects the estimates were 
more variable and same degree of stability was not obtained before 5 hours post-
dosing.
Verification by carcass analysis through desiccation showed an overestimation of body 
water by DLW, particularly when the initial at one hour was used for the calculation 
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of total body water. This difference occurred at two and three hours as well, but to 
a minor extent. This comparison also showed that the intercept method performed 
better at longer initial-final intervals in determination of body water (from 10% to 
5% deviation at two and three hours) than the plateau method.
One possible cause of the overestimation of the body water pool is that hydrogen 
and/or oxygen can be incorporated into non-aqueous molecules, and/or can be 
excreted from the body independent of CO2 and water fluxes. In addition to the 
increase in body water pool, the dilution space ratio of deuterium and oxygen (ND/ 
NO) was lower in the HF-feeding mice than the LF-feeding mice.  Because ND/ 
NO only tended to be lower in the HF-DIO versus the HF-DR mice, this points 
towards primary dietary effects on ND/ NO, but body composition effects may be 
not ruled out.  Thus, either the estimated turnover of hydrogen was too low and/or 
the estimated turnover of oxygen was too high.  One potential mechanism is that 
the HF-feeding mice have a lower level of hydrogen and methane production by 
gut microbiota as a result of lower dietary fiber density, analogous to what has been 
found in humans and pigs (Marthinsen and Fleming, 1982; Jensen and Jørgensen, 
1994) ,  which then would lead to a relatively lower 2H turn-over in the HF-feeding 
mice.  Another potential mechanism contributing to fluxes independent from water 
and CO2 is an elevated level of ketone body production by HF feeding.  Normally, 
ketone bodies are produced during fasting, as a side effect of beta-oxidation, which 
can be used as an alternative substrate in the brain.  Several studies have shown that 
also feeding a HF diet will lead to an upregulation of ketone body production (Galvin 
et al., 1968; Krebs and Hems, 1970; Dierks-Ventling and Cone, 1971; Oussadou et 
al., 1996), but apparently are not sufficiently metabolized and will accumulate in the 
urine or breath because these fuels are water soluble (Galvin et al., 1968).  The net 
loss of ketone bodies will constitute an increased 18O flux from the body independent 
from CO2 and water, however 2H is of course dragged along.  A third possibility is 
that the increased 18O and/or 2H fluxes could be caused by increased incorporation 
of these molecules in urea via the ornithine-arginine synthesis cycle.  This effect may 
be substantial if the HF-feeding mice have increased extent of protein degradation 
and urea synthesis (Tarnawski and Tomasik, 1994; Gauthier et al., 2004).  At present, 
it is extremely difficult to make numerical estimates to the extent by which these 
pathways may contribute to 18O and 2H turn-overs.  A final more exotic explanation 
of which very little is known may be that isotopic levels of H and O atoms in 
intracellular water could differ from the extracellular compartment by physiological 
processes that discriminate between isotopes (Kreuzer-Martin et al., 2006; Kreuzer 
et al., 2012). These processes could potentially explain differential intra/extracellular 
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isotopic composition and could be underlying to differences in the ND/NO ratio in 
the HF-feeding mice relative to the LF-feeding mice as well.
In summary, our data showed that - in comparison to actual rCO2 - the DLW method 
performed extremely well when assessing rCO2 in the LF-feeding mice with a precision 
of -0.5 ± 1.1 (considering an analytical error of approximately 1.5%).   Furthermore, the 
intercept method appears to perform superior over the plateau method in estimating 
isotopic pool sizes, in particular for longer measurement duration (i.e., three days). 
We did not observe a significant improvement of the multi-sample approach over 
the two-sample one. We recommend particular caution with the use of the DLW 
technique in HF-feeding animals because it may overestimate MR calculated by 
DLW. These findings can have major consequences for the interpretation of results 
obtained by the DLW technique particularly in obesity research.
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Abstract

Saturated fat and sucrose (HFS) feeding during the perinatal stage is known to 
increase susceptibility to develop metabolic derangements later in life..  A hyper-
metabolic state and behavioral activity may oppose these effects, since this would 
drain energy from milk available to the offspring. To investigate these interactions, 
we assessed several components of behavioral energetics during lactation in control 
mice (C) and high wheel-running selected mice (S1, S2; from the same background as 
C) subjected to a HFS diet or a low-fat (LF) diet. Energy intake and litter growth were 
assessed regularly after parturition.  Maternal behavior was assessed during post-natal 
days (PND) 1-7.  Milk energy output (MEO) was assessed at peak lactation (PND 
13-15) by subtracting metabolic rate (MR; measured by the doubly-labeled water 
method) from absorbed energy intake (AEI).  Compared to LF-feeding, HFS-feeding 
increased AEI, MEO, and litter mass across all lines, but this was not preceded by 
differences in maternal behaviors.  Compared to C dams, however, S1 dams showed 
less high-quality and more low-quality nursing, and S2 dams showed impaired pup 
retrieval.  While MEO in LF-feeding S dams was markedly lower than of C dams, this 
was completely normalized by HFS-feeding.  Increased AEI by HFS-feeding rather 
than lowering of MR contributed to this effect.  These data demonstrate that HFS-
feeding increases MEO without being preceded by altered maternal behavior, and 
this is not compromised by a hyperactivity trait.  Thus, under conditions of HFS-
feeding, the hyperactivity and associated hyper-metabolism of S mice seen under 
non-reproductive conditions are offset by the reproductive system.
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Introduction

Physical activity levels can vary greatly between, as well as within animal species 
(Garland, T., Jr. et al., 2011).  Clearly, differences in physical activity can have major 
repercussions for energy balance regulation and fuel homeostasis. One approach to 
study this is to compare these regulations in control mice with those in mice from 
lines that have been selectively bred over multiple generations for increased running-
wheel behavior.  Activity-selected mice, and in particular females, have relatively 
low body masses, reduced body fat, increased mass-adjusted food consumption, 
increased daily energy expenditure, and a high maximal rate of oxygen consumption 
during forced treadmill exercise.  These traits are expressed even if the mice are not 
allowed access to running wheels (Rezende et al., 2005; Rezende et al., 2006; Vaanholt 
et al., 2008; Garland, T. et al., 2011).  On a high-fat diet (with or without sucrose), 
the  “physical activity” trait protects these mice against diet-induced obesity (DIO), 
although they are markedly hyperphagic compared to control mice that do become 
obese (Vaanholt et al., 2008).  The DIO- resistance of highly-active mice is, in part, 
attributable to a diet-induced augmentation of spontaneous locomotor activity and 
metabolic/endocrine changes that stimulate fuel metabolism (Vaanholt et al., 2008).  
These effects are most pronounced in activity-selected females, pointing towards a 
sex-specific penetration of the physical hyperactivity trait (Garland, T. et al., 2011). 
While exercise training per sé does not seem to negatively impact  offspring growth 
and development (Karasawa et al., 1981; Dewey and McCrory, 1994), a hyperactivity 
trait and associated increased metabolic rate (MR) when subjected to a high fat-
sucrose (HFS) diet could be potential constraints to reproduction.  Reproduction 
requires energy allocation for developing offspring, and this is particularly evident 
in lactating rodents (Król and Speakman, 2003a).  For this reason, we have studied 
behavioral energetics of lactation in control mice and in mice selectively bred for 
high running-wheel behavior (Swallow et al., 1998) subjected to a standard low fat 
(LF) control diet, or a HFS diet. Energetic costs of lactation in rodents can increase 
~four-fold above normal energy requirements (Johnson et al., 2001).  The maximum 
energy consumption and expenditure during this period - termed sustainable energy 
intake and sustainable metabolic rate, respectively -  are probably limited intrinsically 
by aspects of physiology, and this concept has been outlined by Krol and Speakman 
(Król and Speakman, 2003a; Speakman and Król, 2005; Król et al., 2007).  When 
subjected to HFS-feeding, mice during lactation may be channeling more energy in 
milk towards their offspring, thus leading to larger weight gain of pups as compared 
with LF-feeding dams (Wahlig et al., 2012), although this has never been directly 
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tested to our knowledge.  We hypothesized that this effect would be limited in activity-
selected mice, as HFS-feeding in these mice may cause behavioral and metabolic 
effects that would drain energy away from offspring growth and development.  This 
would be considered a “peripheral” limiting factor to offspring development (Król et 
al., 2003). 
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Materials and methods

Animals and housing

Mice from lines selectively bred for voluntary wheel-running behavior (the base 
population was the Hsd:ICR strain) were obtained from T. Garland Jr, Riverside, CA. 
Originally, eight mouse lines were created (4 selected and 4 control) (Swallow et al., 
1998).  Ten pairs from each of two selectively bred lines – here referred to as  S1 and 
S2, but  originally designation lines 7 and 8 respectively (Hannon et al., 2011) - and 
from one randomly-bred control line – here referred to as  C, but originally designated 
line 2 (Hannon et al., 2011) - were shipped to Groningen.  These mice were in their 
45th generation of selection upon arrival in Groningen. Thus, for simplicity, we did 
not study selection lines 3 and 6, both of which exhibit the “mini-muscle” phenotype, 
caused by a Mendelian recessive allele with many pleiotropic effects (Garland et al., 
2002; Hartmann et al., 2008). Some of the differences between S1 and S2 line are 
described in Hannon et al. (Hannon et al., 2011). The lines were maintained at the 
Groningen facilities with further selection for wheel-running activity (till generation 
52), with males separated from females after weaning and typically housed with 3-4 
mice per cage (Macrolon Type II UNO Roestvaststaal BV, Zevenaar, NL) with ad 
libitum access to water and a fibered low-fat (LF) standard laboratory mouse chow 
(15.9 kJ/g; 62 % carbohydrate, 13 % fat, 24 % protein; RMH-B 2181, HopeFarms BV, 
Woerden, NL) at 22±1 °C, and maintained on a 12:12 light-dark cycle with lights 
on at 8 am.  Pine shavings and EnviroDry® were used as bedding material. For the 
entire study, mice had no access to running wheels. All methods were approved by 
the Institutional Animal Use and Care Committee of the University of Groningen.  
Virgin C, S1, and S2 female mice of 4.5 months old weighing respectively 35.2 ±1.24g, 
27.1±0.5g, and  S2=32.9±0.9g were paired with males of corresponding lines.  One 
week before pairing, half of each group was switched from the LF diet to a home-
made HFS diet (19.4 kJ/g; 30 % carbohydrate, 45 % fat, 24 % protein).  After two 
weeks of pairing, males were removed and females were left to deliver and raise their 
litters until PND21. Presence of new-born litters was checked daily at onset and end 
of the light phase and designed as PND0. Litters were not disturbed before PND3 
to allow formation of maternal olfactory bonding (Teicher and Blass, 1977).  From 
PND3 onwards, dams and litters were weighed and litter sizes were counted.  
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Maternal behavior/ pup retrieving test

During PND1-7, maternal care was assessed daily by two observers performing 
direct observations as well as by observations from videotapes made from the dams/
litters. The videotapes are available of all dams/litters and were checked regularly for 
consistency among observers.  Maternal care was assessed at circadian time (CT) 3, 
CT9, and CT13, each period consisting of 100 min. Within each period behaviors of 
dams were scored every four minutes according to Champagne et al. (Champagne et 
al., 2003), and adapted to our study. It discriminated the following categories:  
1) Dam is not in contact with any pup. If only the dam’s tail is touching the pups, then 
she is considered to be not in contact. 
2) Dam is in contact with three or more pups. She is with them but not in any defined 
nursing posture. Contact with the tail alone is not considered to be ‘in contact’. 
3) Dam is retrieving one or more pups in her mouth and depositing it/them 
somewhere else. 
4) Dam is licking/grooming one or more pups. 
5) Split litter:  one or more pups are away from the rest of the litter. The pups may or 
may not be clustered together in piles. 
6) Dam is licking/grooming one or two isolated pups. 
7) Dam is engaged in passive nursing (i.e., lying on her side or back) with at least 3 
pups attached to nipples. 
8) Dam is engaged in arched back nursing (ABN) 1-4:  this is subdivided into four 
different positions with an increasing degree of active nursing behavior.  This can 
range from ABN1 (the dam is lying flat on top of the pups) to ABN4 (back of the dam 
is arched maximally to give space allowing suckling). 

Above-mentioned behavioral categories were also analyzed after merging them into 
“in contact” (total scores from 2,4,7,8) and “not in contact” (total scores from 1,3,5,6).
To test maternal behavioral responsiveness to standardized conditions, dams and 
litters were subjected to a pup-retrieving trial at PND3 (Cohen-Salmon, 1987; Girard 
et al., 2002). The test was performed in the middle of the light phase. Specifically, at the 
start of each trial, the dam was separated from her pups by placing her into another 
clean cage. The pups were then taken gently from the nest while using odorless gloves 
and placed in the opposite corner of the cage. The distance between nest and new 
location of the pups was kept standard at 21 cm. After reintroducing the dam back to 
the empty nest, the latency to retrieve each pup was recorded, as well as the number 
of times the dam approached and then moved away from the displaced litter without 
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retrieving a pup. A ‘move-away’ was scored each time the dam was within 1 cm of 
a displaced pup and then moved away by a distance greater than her body length 
(excluding tail). The trial had a cut-off time of 10 min. It was noted when the dam 
started building a new nest at the location of the displaced pups. Pups not returned 
to the original nest at the end were returned by the observer.

Mother and offspring characteristics from parturition to weaning

Maternal body mass was assessed on the day prior to breeding and weekly from pairing 
to parturition. Right after parturition (PND0), litter size was determined by outside 
inspection (no handling) when the dam was not in the nest. Litter characteristics 
are presented in figure 1.  Following parturition, litter size and the mass of the litters 
were assessed and mean pup mass was calculated. Measurements were done at PND 
3,8,13-15. Because maternal stress plays an important role in perinatal programming, 
particular care was taken to disturb the dams and litters as little as possible, and when 
necessary in standardized manner.  
Food and water intake were assessed daily throughout lactation. Bedding was also 
checked for spilled or crumbled food (Koteja et al., 2003). At peak lactation (between 
day 13-15), feces produced by the female and her offspring were collected. The 
energy content in dried, homogenized feces and food was determined using a bomb 
calorimeter CBB 330, standard benzoic acid 26.44 kJ/g, BCS-CRM No.90N  (Boom 
BV, Meppel, The Netherlands).
Absorbed energy intake (AEI) of mothers at peak lactation was calculated from the 
difference between energy intake and fecal energy content. During PND 13-15, MR 
of dams in their home cages was estimated using the doubly-labeled water (DLW) 
method (Speakman, 1997). MEO was calculated by the difference between AEI and 
MR(Król and Speakman, 2003b). 2H (>99.9 %) water was provided by Sigma-Aldrich 
(Netherlands) and 18O (≈ 98%, specified to 0.1%) by ROTEM industries (Rehovoth, 
Israel).
Mice were weighed to the nearest 0.1 g and injected i.p. with a ~0.12 g of enriched 
water (66.6 % 18O, 33.3% 2H). The precise injectant was weighed to the nearest 0.0001 
g before and after injection. After one hour equilibration, animals were bled at the tail 
tip, and two initial blood samples (20 μL) were collected in duplicate glass capillary 
tubes, which were immediately flame-sealed with an isobutane torch. A final blood 
sample was taken 48 hours after the collection of the initial.
At PND15, mice were subjected to indirect calorimetry over 3 hrs in the middle of 
the light phase to assess respiratory quotient (RQ); the latter was needed for the DLW 
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Figure 1: dam and litter characteristics until end of peak lactation for control (C: LF n=8, HFS 
n=7) and highly active lines (S1: LF n=6, HFS n=7; S2: LF n=8; HFS n=8) of mice. Values are 
means + standard errors. Open bars represent LF, and closed bars represent HFS. * LF vs HF 
p<0.05.

analysis.  Each animal was placed in a 2 L Plexiglas metabolic chamber for 3 hours. 
Bedding taken from their home cage was provided to reduce stress of novelty. During 
this period, females were separated from their litters, which remained in their home 
cage.  Specifically, measurements included O2 consumption (VO2, ml h-1) and CO2 
production (VCO2, ml h-1) with an open-flow system (Oklejewicz et al., 1997) with 
inlet airflow set at 20 l hr-1 (Brooks Type 5850 mass flow controller, Rijswijk, NL).   
We calculated respiratory quotient (RQ) as VCO2/VO2.  During this time, voluntary 
activity of dams was assessed by a passive infrared detection system.  For clarity, 
the chronological order the procedures mentioned above is presented in a time line 
shown in figure 2.
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capillaries and cryogenically trapping the emerging water vapor with liquid nitrogen. 
Water samples were stored in glass vials and automatically injected into a high-
temperature pyrolysis unit (Hekatech, Wegberg, Germany) (Gehre et al., 2004), in 
which the injected water reacted with glassy carbon at 1420 °C. The resultant H2 and 
CO gasses, emerging into a continuous helium flow through the system, were then led 
through a gas chromatography column to separate the two gases in time and finally 
fed into an isotope ratio mass spectrometer (GV Instruments IsoPrime, Manchester, 
UK) for analysis of d18O and d2H. Measurements were corrected for memory effects 
using an algorithm described by Guidotti et al (Guidotti et al., 2013). 
Body water pools were estimated by the intercept method (Coward and Prentice, 
1985) from the 18O (NO) dilution space:

 

          

PND: post-natal day, MEO: Milk energy output etc.

Figure 2 : timeline of procedures from start of the experiment until end of peak 
lactation

Analysis of DLW samples

Determinations of 2H/1H and 18O/16O ratios in blood samples were performed at 
our Center for Isotope Research. A detailed description of the analytical procedures 
followed in our laboratory has been described (Guidotti et al., 2013). Briefly, samples 
were prepared by micro-distillation (cryodistillation) at vacuum, first heating broken 
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N represents the dilution space. Eini and Ebkg are the enrichments at equilibrium and 
at background in the body. Einj is the enrichment of the injected water. Eini-ic is the 
initial value estrapolated from the Eini back to the time of the injection and kt is the 
18O turnover rate in h-1. E is expressed in part per million. Final 2H and 18O dilution 
spaces were calculated from the final body mass, assuming the same percentage of 
body mass as measured for the initial dilution spaces.
Where k is the 2H or 18O turnover rate in h-1.
Isotope turnover rates were calculated as follow:

          

Where Efin represents the enrichment level of the final sample. Rate of CO2 production 
for each animal was calculated according to Speakman (Speakman, 1997) using 
a single‐pool model equation (7.17). CO2 production was converted to energy 
expenditure using an equation derived from Weir et al. (Weir, 1990). 

Statistical analysis

Repeated Measures ANOVA (RM-ANOVA) was used to analyze differences in body 
mass and food intake of females throughout lactation. GLM Uni-Variate Analysis 
was used to analyze energetics at peak lactation, maternal behavior and litter 
characteristics followed by Tukey post-hoc test when appropriate. GLM Analysis of 
Co-Variance was used to assess contribution of maternal body mass (or fat-free mass) 
when appropriate.  To assess litter size effects, we used this as a co-variate, and we 
performed regression analysis with litter size, diet, and line as independent factors.  A 
value of p<0.05 (for 2-tailed tests) was considered statistically significant for all tests. 
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Results

Dams characteristics

At PND3, S1 dams weighed less than C dams (C vs S1 p<0.001) with S2 having an 
intermediated body weight (C vs S2 p<0.05). Over the period from PND3 to PND15, 
dams on the HFS diet gained less mass than the ones on the LF diet (Time*Diet: F(5, 

190)=2.81, p<0.05), S dams weighed less than C dams , again with S2 being intermediate 
(Line: F(2, 38)=12.88, p<0.0001, see figure 1, panel A).  From PND1 to PND15, daily 
food intake (daily data not shown) of lactating females was increasing over time 
(Time: F(14, 532)=74.29, p<0.0001) during which , S1 and S2 dams overall ate less food 
than C dams (Line: F(2, 38)=23.65, p<0.0001).  Assessment of cumulative energy intake 
over  PND 1-7 (figure 3, panel A) revealed that HFS feeding  increased energy intake 
in the C line but not in the S1 and S2 lines during PND1-7 (Line*Diet: F(2, 38)=4.33, 
p<0.05). During PND8-15 (figure 3, panel B), increased cumulative energy intake 
was observed in all lines when given HFS diet (F(1, 38)=37.74, p=0.0001), with selected 
lines having lower energy intake (Line: F(2, 38)=17.47, p<0.0001), but without an 
interaction between line and diet. Those effects were present even if dam body mass 
was included as a co-variate.

Litter characteristics

Dams included in the study had litters varying between 6 and 15 pups (one S1 dam 
with a litter size of two was excluded to avoid stretching and skewing).  Although 
litter size of S1 dams was slightly lower than of C and S2 dams; this effect did not 
reach significance (Line: F(2, 38)=2.47, p=0.098). Over PND 1-15, pups were found 
missing in all lines (Time: F(14, 532)=8,28, p<0.0001), but S1 dams tended to lose fewer 
pups than C and S2 dams during the first days of lactation (Time*Line: F(28, 532)=1.42, 
p=0.076) (figure 1, panel C).
At PND3, HFS-feeding dams had heavier litters than LF-feeding dams (Diet: F(1, 

38)=7.38, p<0.01) and S1 and S2 dams had lighter  litters than C dams (Line: F(2, 

38)=10.001, p<0.001); however, no interaction between line and diet was observed. 
Further testing showed that HFS-feeding increased litter weight only in the C line 
(p<0.05).  During PND3-15 LF litters grew less in S1 and S2 lines than in the C 
line(S2 being intermediate), an effect that was attenuated in the HFS condition, 
but particularly in S lines (Time*Line*Diet: F(8, 152)=2.62, p<0.01) (figure 1, panel 
B). Average pup mass per litter was only affected by a Time*Diet interaction (F(4, 
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Figure 3: total energy intake (kJ) of LF (open bars) and HFS (black bars) feeding lactating 
dams during the first week (PND1-7) and second week (PND8-15) after parturition in control 
(C) and selected (S1,S2) lines. Tukey post-hoc test:  * diet, # S1 or S2 vs C p<0.05. Values are 
means + standard errors.

152)=2.703, p<0.0001) (data not shown).

Maternal Behavior

S1 dams showed higher percentage of side nursing (F(2, 38)=3.29, p<0.05) and 
ABN1 (F(2,38)=4.80, p<0.05) than S2 and C dams, and a lower percentage of ABN3 
(F(2,38)=10.42, p<0.01) with S2 dams being intermediate (summary data can be found 
in table 2).  All lines declined “in contact with the litter” from PND1 to PND7 (F(6, 

228)=57.95, p<0.0001). However, this decline in litter contact was less pronounced 
in S1 dams from PND4-7 (Time*Line: F(12, 228)=2.29, p<0.01), with the HFS feeding 
dams contributing most to this effect (figure 4, panel A and B).
At PND3, litters were subjected to a pup-retrieving test. S2 dams showed an impaired 
performance to retrieve the pups back to their nest with an overall higher average 
percentage of incomplete trials (Line: F(2, 38)=7.59, p<0.01) (figure 4, panel C). Among 
eight S2 dams, only two completed the pup-retrieval trial. The inability of S2 dams 
to successfully retrieve the litter was characterized by anincreased number of “move-
aways” (Line: F(2, 38)=4.28, p<0.05) (figure 4, panel D). There were no differences 
between diet groups, and   between lines S1 and C.



124 Behavioral energetics of lactating mice

Peak lactation

At peak lactation, S1 dams had overall lower body masses than C dams , with S2 
dams being intermediate (Line: F(2, 38)=10.73, p<0.001). Body composition of dams 
was assessed by isotope dilution and by assuming a constant hydration factor of fat-
free mass of 0.73 (Sheng and Huggins, 1979). S dams showed a strong trend for a 
higher fat content (Fat%) and lower percentage fat-free mass (%FFM) than C dams 
(Fat %: F(2, 38)=3.22, p=0.051; %FFM: F(2, 38)=3.22, p=0.051, see table 1).
HFS-feeding dams had overall heavier litters (F(1, 38)=60.50, p<0.0001), and S dams 
raised lighter litters at peak lactation than C dams, with S2 dams having litters of 
intermediate mass (F(2, 38)=27.00, p<0.0001).  Average pup mass was increased in litters 
of HFS-feeding dams (F(1, 38)=19.01, p<0.01). Average pup mass was not affected by 
line or line*diet interaction.  
Fecal mass, fecal energy content, and absorption efficiency were assessed during 
peak lactation in a sub-cohort of dams/litter (n=4) of groups. Fecal mass, energy 
absorption (in kJ), and % absorbed energy were not statistically different in C and 
S lines.  Fecal energy content of S2 animals was higher than of C and S1 animals 
irrespective of diet (F(2, 18)=4.02, p<0.05) and HFS-feeding mice had a higher fecal 
energy content than LF-feeding mice (F(1, 18)=8.32, p<0.01) irrespective of line.
Energetic traits during peak lactation (PND13-16) are shown in table 1.  Total 
food intake (in g) was lower in S1 and S2 dams compared to C dams (F(2, 38)=10.47, 
p<0.001) irrespective of diet. Energy intake (in kJ) was higher in the HFS-feeding 
dams (Diet: F(1,38)=30.73, p<0.0001) than LF-feeding dams, and S1 and S2 dams dams 
consumed overall less energy than C dams (Line: F(2,38)=7.67, p<0.01).  MR, measured 
by the DLW method, was lower in S dams than in C dams(Line: F(2,38)=5.09, p<0.05), 
irrespective of dietary condition. This line difference was not observed when body 
mass or FFM was used as a co-variate.
In the LF condition, MEO was markedly lower in S1 and S2 dams than in C dams (F(2, 

38)=5.18, p<0.01, figure 5).  An overall increased MEO by HFS-feeding (F(1, 38)=25.52, 
p<0.0001) was observed above the ones observed in the LF , which was particularly 
evident in the S lines (figure 5).   These stronger increases  in the S lines (S1: 83%, S2: 
62%) than in the C line (24%) caused MEO to be indifferent between the lines in the 
HFS condition.  When corrected for body mass, this percent difference in MEO in 
S1 (90%) and S2 (70%), but not in C dams (18%), became even more pronounced.  
Finally, statistical outcomes were never affected when using litter size as a co-variate. 
Neither did litter size remain a significant factor in a backward regression analysis, 
with Line and Diet as other independent factors.  Finally, by post-hoc removing cases 
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C S1 S2 
LF HF LF HF LF HF 

Food intake (g/day) 20.7 ± 1.0 19.0 ± 0.8 14.7 ± 1.1 # 16.5 ± 1.4 16.1 ± 0.8 # 16.7 ± 1.2 
Energy intake 
(kJ/day) 329 ± 15 374 ± 16 * 233 ± 18 # 325 ± 27 * 256 ± 14 # 328 ± 24 * 
AEI (kJ/day) 301 ± 14 346 ± 15 * 213 ± 16  # 302 ± 25 * 229.8 ± 12 # 300 ± 22 * 
Body weight dam (g) 47.1 ± 1.5 49.6 ± 2.8 41.6 ± 0.4  # 39.9 ± 1.2 45.9 ± 1.1 # 44.1 ± 1.2 
MR a  (kJ/day) 120.2 ± 6.1 120.0 ± 3.7 92.7 ± 8.6 # 106.3 ± 8.9 106.3 ± 3.4 # 99.7 ± 3.2 
RQ (VO2/CO2) 1.04 ± 0.04 1.02 ± 0.05 1.10 ± 0.05 1.00 ± 0.04 1.01 ± 0.03 1.02 ± 0.04 
Body fat % of BM 8.27 ± 0.59 7.30 ± 0.55 8.82 ± 1.20 9.77 ± 1.55 9.50 ± 1.22 10.79 ± 1.31 
Feces (n=4) 
total dry weight 5.852 ± 0.55 5.316 ± 0.3 3.618 ± 0.414 4.744 ± 1.43 4.98 ± 0.67242 4.869 ± 0.758 
energy density (kJ/g) 15.96 ± 0.48 17.63 ± 0.77 16.12 ± 0.82 16.52 ± 0.73 16.9 ± 0.29 # $ 19.1 ± 0.06 * 
Energy Absorption % 91.69 ± 1.39 92.42 ± 0.5 91.27 ± 0.567 93.13 ± 1.54 89.95 ± 0.58139 91.59 ± 0.683 
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Feces (n=4) 
total dry weight 5.852 ± 0.55 5.316 ± 0.3 3.618 ± 0.414 4.744 ± 1.43 4.98 ± 0.67242 4.869 ± 0.758 
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Table 1: average percentage of maternal behaviors in control mice (C) and selected lines 
(S1,S2) feeding LF or HFS diet during first week after parturition (PND 1-7). Values are 
means + standard errors.  We assessed maternal care during three periods (each 100 min) of 
observations per day at CT 3, 9, 13.  The total number of observation per day was 75 (every 4 
minute for 100 minutes, three times a day). Within each observation period the behavior of 
each dam was scored every four minutes for a total of 25 observations per period and a total 
of 75 observations per dam per day.

Figure 4: maternal behavior of dams of control (C) and selected (S1, S2) lines.  Top panels 
present % of total observation time spent in contact with the litter when fed a LF (left) or 
HFS diet (right). Lower panels present average time spent to retrieve a pup during the pup-
retrieving test (left) and number of move-aways (right). A ‘move-away’ was scored each time 
the dam was within 1 cm of a displaced pup and then move away by a distance greater than 
her body length.  LF (open bars) and HFS (black bars). Tukey post-hoc test:  * diet, # S1 or S2, 
$ S1 vs S2 p<0.05. Values are means + standard errors.
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with relatively high (>14) litters size (2 in C-HFS group; 2 in S2-HFS group) and with 
relatively low (<8) litter sizes (2 in S1-HFS group), average (10.5-11.7) and median 
(11-12) litter sizes were exactly similar in all groups, and this did not yield a different 
pattern of MEO outcomes and neither did it lead to changes in statistical outcomes.  
This is a strong indication that subtle differences in litter size were not a relevant 
factor in differently limiting MEO. 
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Figure 5: milk energy output (MEO) quantified by DLW analysis in control (C) and selected 
(S1,S2) lines feeding LF (open bars) or HFS (black bars) during peak-lactation. Tukey post-
hoc test:  * diet, # S1 or S2 p<0.05. Values are means + standard errors. 
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4.98 ± 0.67242 
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16.52 ± 0.73 
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-fat 
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, $ S1 vs S2 (p<0.05). Values are m
eans + standard 

errors.
a m

easured by D
LW

 

Table 2: peak lactation energetics
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Discussion

Previous rodent studies have shown that HFS-feeding during pregnancy and lactation 
causes advanced pup growth and development relative to LF-feeding (Howie et al., 
2009; Sloboda et al., 2009).  These effects may be dampened by intense behavioral 
and metabolic activities (Schubert et al., 2009).  To study the energetic bases of these 
effects, we 1) quantified milk energy output (MEO) from dams to pups under HFS 
and LF diet conditions and 2) assessed whether a trait of increased physical activity 
would impact negatively on MEO.   
In the assessment of potential differences in MEO during lactation, it is important to 
consider nursing behavior of lactating dams.  This is particularly important during 
the first week after parturition, because early maternal behavior is crucial for mother-
pup bonding, pup development and thrift (Teicher and Blass, 1977).  In our analysis, 
merging several maternal behavioral categories into percentage contact time showed 
very high (i.e., ~ 80% of time scored) maternal care on the first post-natal days, and 
then slowly decreased to levels around 40-50% being “in contact” on post-natal day 
7.  This decline of dams being “in contact” with their litter has been observed before 
(Shoji and Kato, 2006; Champagne et al., 2007) and probably reflects a reciprocal 
daily increase in feeding behavior to increase MEO (Shoji and Kato, 2006). To our 
surprise, we did not observe differences between HFS-feeding and  LF-feeding dams 
on nursing or related maternal behaviors. Although increased nursing behavior in 
HFS-feeding dams was anticipated based on data of Purcell et al. (Purcell et al., 2011) 
in lactating rats, this was not observed in our mice.  We did observe, however, that S1 
dams performed more low-care nursing behavior than C dams. The reduced level of 
high-quality nursing appeared to be compensated with overall more time spent with 
the litter, a situation that was particularly increased when S1 dams were subjected to 
the HFS diet. Contrary to S1 dams, S2 dams showed similar maternal care as C dams, 
but performed less well in the pup retrieval test relative to C and S1 dams.  Girard 
et al. (Girard et al., 2002) did not observe differences in maternal behavior on PND 
9 and 16 between four C and four S lines, which may indicate that maternal care 
differences between lines are lost at a later stage of lactation.  In conclusion, S1 dams 
showed subtle impairments in maternal care over the first post-partum week relative 
to control dams, and S2 dams showed poor pup retrieval.  These effects in the S lines 
could have been relevant for energy availability to the offspring, pup growth and 
development, and pup survival at any point of the pre-weaning period.  
Because MEO is maximized under conditions of peak lactation (Król and Speakman, 
2003b) and dams were weight-stable during this period, this allowed us to calculate 
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MEO by subtracting MR from AEI (Król and Speakman, 2003b).  We were able to 
confirm that MEO at peak lactation was greater in HFS-feeding mice than in LF-
feeding mice.  To our knowledge, this is the first demonstration using the DLW 
method to show that HFS-feeding causes an elevation of milk energy availability at 
peak lactation which then increases litter mass (Guo and Jen, 1995; Bayol et al., 2008; 
Elahi et al., 2009).  At least three mechanisms could underlie this effect.   As opposed to 
LF-feeding, HFS-feeding increases fat and “fast carbohydrate” absorption, which can 
immediately be converted to milk ingredients without first having to be processed by 
energy-demanding mechanisms, such as de novo lipogenesis (Neville and Picciano, 
1997; Rudolph et al., 2007).  Secondly, the HFS diet is more energetically dense and 
thus allows dams to derive more energy from it. Thirdly, because dietary fat has a 
lower post-ingestive thermic effect than complex carbohydrates (Donato, 1987), and 
because energy intake may be constrained by heat loss under conditions of peak 
lactation (Król and Speakman, 2003a), sustainable energy intake could have been 
elevated more on the HFS diet than on the LF diet without risk of overheating.  The 
explanation that subtle differences in litter size played a role in affecting MEO is not 
likely because inclusion of litter size as a cofactor did not contribute to differences in 
MEO. 
When viewing the mouse lines separately, S1 and S2 dams had markedly lower levels 
of MEO than C dams under LF-feeding conditions.  As opposed to our expectation, 
however, this was not caused by a higher MR in S1 and S2 dams, analogous to what 
we previously observed under non-lactating conditions in S females (Vaanholt et al., 
2008), but rather by a lower level of food intake by S dams compared to C dams.  This 
effect appeared to be body (lean) mass-related.  As a result of the lower milk energy 
output, litter masses of S dams were lower than those of C dams (figure 1).  However 
, MEO in S dams showed an increase upon HFS-feeding relative to LF-feeding (S1 
+83%, S2 +62%), which was much stronger than in C dams subjected to HFS diet 
(+24%).   When expressed per unit body mass, this effect was further amplified 
in S relative to C dams.  A HFS-induced increase in food intake that was stronger 
in S dams than in C dams combined with an unresponsively low MR contributed 
to this effect.  A potential mechanism may be related to thermoregulatory effects 
mentioned above.  Thus, although we did not directly assess thermoregulation in 
the present study, it may be speculated that S dams were able to transmit more heat 
to the environment than C dams in the HFS condition, because of a higher surface 
to volume ratio (Kleiber, 1947).   In turn, this would cause a sustainable energy 
intake to be limited at a higher level in the S dams (Król and Speakman, 2003a and 
2003b, 2003c).  Increased food intake in HFS-feeding S dams, however, was only 
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observed during PND8-15, while HFS-induced increases in food intake in C dams 
were observed during PND1-7 as well as PND8-15.  Thus, although MEO in C and 
S dams were indistinguishable under the HFS feeding condition at peak lactation 
(PND13-15), masses of S litters did not reach those of C litters, presumably because 
of the hyperphagia-unresponsiveness of the S dams to the HFS diet during PND1-
7. Indeed, the HFS diet increased litter weight in the C line from PND3 onwards, 
whereas this effect could be observed in the S lines only from day PND8 onwards.   
The mechanism underlying this unresponsiveness is not known, but seems to fit the 
overall lower level of quality nursing and reduced pup retrieval by S1 and S2 dams, 
respectively, as shown in our behavioral analysis over PND1-7.  
In conclusion, HFS-feeding during lactation clearly causes an increase in 
MEO from dams to the offspring.  Combined with findings of Wahlig et al., 
(Wahlig et al., 2012) showing that  milk of HFS-feeding mice is richer in 
fat than that of LF-feeding dams, this could collectively underlie increased 
litter growth. The increased  MEO in such a critical window not only al-
lows  increased growth and development in the offspring,  but at the same 
time could increase the susceptibility in the offspring to develop metabolic 
derangement later in life such as increased adiposity and insulin resistance  
(Bayol et al.,2008; Elahi et al., 2009; Guo et al., 1995; Lucas, 1991; Whalig et 
al., 2012).  In fact, in a follow-up study, we observed that the pre-weaning 
HFS diet increased the adult proneness to diet-induced metabolic derange-
ments irrespective of line (Guidotti et al, submitted).
 Mice selectively bred for increased running-wheel behavior showed im-
paired MEO under LF condition, but this was surprisingly increased to the 
same level as controls when subjected to HFS-feeding.  This contrasts sharply 
with their behavioral energetics under non-reproductive conditions, during 
which HFS-feeding augments wheel running activity (Meek et al., 2010) and 
MR (Vaanholt et al., 2008) even further.  Whereas non-reproducing S fe-
males are diet-induced obesity resistant (i.e., as opposed to C females), there 
was even a strong trend towards an increase in body fat content in lactating 
S dams compared to lactating C dams feeding HFS diet.  These data suggest 
that the hyperactivity trait and associated hyper-metabolic state are offset by 
lactation, and apparently do not prevent HFS-feeding induced weight gain in 
offspring.  While we are currently investigating the underlying neurobiologi-
cal causes and consequences of these prioritizing mechanisms, they may be 
relevant for obesogenic programming in human offspring too (Lucas, 1991), 
irrespective of the physical activity phenotype of the mother.
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Abstract

Perinatal overnutrition by a high-energy (HE) diet with increased fat and sugar 
content can predispose offspring to long-term energy balance derangements, 
including increased adiposity and insulin resistance. Mice selectively bred for 
increased voluntary wheel-running behavior (S), particularly females, resist diet-
induced obesity (DIO) when challenged with a HE diet during adulthood, but it is 
not known whether this trait also protects them from DIO when challenged with a 
HE diet during the perinatal stage. 
To study interactions between a high level of physical activity (PA) and perinatal 
nutrition, we subjected mice from two independently bred high activity selection 
lines (S1 and S2) and from a non-selected control line (C) to combinations of pre- 
and post-weaning HE diet and investigated consequences of these for mass gain, 
adiposity, fuel homeostasis, voluntary PA, and wheel-running behavior.
Pre-weaning HE diet exposure increased body weight and adiposity in all offspring at 
weaning, whereas plasma leptin increased only in S offspring. In adulthood, combined 
pre- and post-weaning HE diet caused increased adiposity, hyperinsulinemia, and 
hyperleptinemia, including in the S1 and S2 mice, without affecting their wheel-
running behavior. 
The trait for obesity resistance caused by selective breeding for increased wheel-
running behavior over 50 generations can be overcome by pre-weaning HE diet 
exposure.   Further investigation of developmental switches induced by perinatal 
HE diet exposure and their potentially adaptive relevance can help us to understand 
how phenotypic recombination of complex traits could underlie obesity and insulin 
resistance.
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Introduction

Obesity is a risk factor for impairment of sustainable health, as it increases 
susceptibility for developing type-2 diabetes, cardiovascular diseases, cancer, and  
neurodegenerative diseases (Eckel et al., 2005; Cai, 2013). Although the energetics 
underlying obesity are rather simple - it results from a mismatch between intake 
and expenditure - the underlying mechanisms probably include a multitude 
of interactions between environmental and genetic factors (Bouchard, 2008). 
Experimental induction of obesity in humans have long ago been reported to have 
a high degree of inter-individual variation (Sims et al., 1973; Bouchard et al., 1994), 
yet the underlying mechanisms are still unclear (Sims et al., 1973).  The increasing 
incidence of childhood obesity (Deckelbaum and Williams, 2001) points towards 
early stages of life as a critical window for acquisition of predisposition to gain mass 
later in life (Lucas, 1991; Bateson et al., 2004; Painter et al., 2005).  Indeed, several 
animal model studies have shown that over-nutrition by a high energy (HE) diet 
during pregnancy and lactation predisposes offspring to energy-balance disorders 
and cardio-metabolic derangements later in life (Bayol et al., 2008; Chen et al., 2009; 
Howie et al., 2009; White et al., 2009; Tamashiro and Moran, 2010; Sullivan et al., 
2011). Early nutritional influences on long-term health outcomes have been named 
“fetal programming” (Lucas, 1991; Jones and Ozanne, 2009) or developmental 
plasticity (West-Eberhard, 2005).
Besides energy intake, another variable component affecting energy balance is 
metabolic rate (MR), which in turn is strongly linked to physical activity (PA) (20-
50% of total MR in humans).  PA greatly varies among individuals within species as 
well as among species (Garland, T., Jr. et al., 2011). One possible factor underlying 
this variation in humans is that certain personality traits are associated with levels 
of voluntary PA (Pérusse et al., 1989; Anderson et al., 2004), and the same may hold 
true for rodents (Jónás et al., 2010; Garland, T., Jr. et al., 2011). One approach to 
study the neurobiology of “innate” PA and its role in energy balance and adiposity is 
to investigate these regulations in mice from lines selectively bred for high voluntary 
wheel-running behavior (Garland, T., Jr. et al., 2011). In previous studies, it was 
found that - relative to mice from non-selected control lines - activity-selected mice 
have reduced body mass, reduced body fat content, increased mass-adjusted food 
consumption, increased daily MR, and a high maximal oxygen consumption during 
forced treadmill exercise (Girard et al., 2007; Vaanholt et al., 2008; Meek et al., 2009).  
These traits are expressed even if mice do not have access to running wheels (Rhodes 
et al., 2001; Malisch et al., 2009). When exposed to a HE diet in adulthood, the 
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hyperactivity trait protects female mice from diet-induced obesity, despite the fact 
that they are markedly hyperphagic compared to control mice that do become obese 
(Vaanholt et al., 2008).  Resistance in highly active females is, in part, attributable 
to diet-induced augmentation of voluntary PA, as well as several metabolic and 
endocrine changes that stimulate fuel metabolism (Vaanholt et al., 2008).  Whether 
these mice are also protected against diet-induced obesity (DIO) and development 
of metabolic derangement when subjected to developmental programming effects by 
a HE diet is not known. For this reason, male and female mice from a control line 
(C) and from two selectively bred high-activity lines (S1 and S2) were subjected to 
combinations of pre- and/or post-weaning HE diet exposure consisting of 45% fat 
and 13% added sucrose or a low fat diet (and lower in energy content) consisting of 
13% fat and no added sugars.  The consequences of these combinations for weight 
gain, adiposity levels, fuel homeostasis, voluntary PA, and wheel-running behavior 
were investigated.  Based on the robustness of the high-activity trait in several other 
studies (see [18] for comprehensive review), we hypothesized that the S1 and S2 
mice, unlike the C mice, would resist combinations of pre- and post-weaning HE 
diet-induced changes in the aspects of energy balance mentioned above. 
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Material and methods 

Animals and housing

Mice from one Control (C, lab-designated line 2) and from two lines (here S1 and S2, 
lab-designated, respectively, line 7 and 8) obtained from the same ancestral line but 
selectively bred for high wheel-running activity were used (starting population for 
all lines was outbred Hsd:ICR mice). They were 53rd-generation offspring that were 
obtained from T. Garland Jr., Riverside, CA, USA (Swallow et al., 1998). At generation 
45, ten pairs from C, S1, and S2 lines were shipped to Groningen, the Netherlands, 
and maintained at the University of Groningen animal facility and further selected 
for high wheel-running activity. 
The three cohorts A, B, and C of mice were each bred using 20 females per line, of 
which half received a low-fat diet (LF; 15.9 kJ/g, 13% fat, 63 % starch 24 % protein, 
RMH-B 2181, HopeFarms BV, Woerden, NL) and the other half a high-energy diet 
(HE; 19.7 kJ/g, 45% fat, 18% starch, 13% sucrose, 24% protein).  After being on diets 
for two weeks, they were paired for two weeks with males from their respective lines, 
and then left to deliver offspring.  Only offspring in litters of six or larger, and that 
consisted of at least two males and two females were used.  All mice were generally 
housed in Plexiglas cages (Macrolon Type II, UNO Roestvaststaal BV, Zevenaar, NL), 
with food and water ad libitum, and nesting material (EnviroDry®) as bedding.  They 
were kept on a 12:12 light-dark cycle (lights on: 9 am) at 22±1 °C.  All experiments were 
approved by the Animal Experimental Committee of the University of Groningen. 

Pre-weaning effects of diet

In breeding cohort A, offspring was sacrificed at PND21.  Half the mice were used for 
carcass analysis, in which liver, retroperitoneal and gonadal fat pats, gastrointestinal 
tract, kidneys, and skin including subcutaneous fat were removed and weighed. 
Carcasses and organs were weighed and then dried for 4h at 103°C.  Fat was removed 
from carcasses and organs using petroleum ether extraction.  In the other half of 
cohort A, gonadal adipose tissue was submerged in 4% paraformaldehyde solution 
for fixation and embedded in paraffin for histology.  In total, 103 white adipose tissue 
samples were sliced (thickness 4 µm) using a microtome and placed on adhesive 
glasses each containing 2-4 slices.  After deparaffinization by xylol, alcohol, and 
deionized water, slices were stained for hematoxilin and covered using Kaiser’s 
glycerin. Pictures were taken using microscope software Leica Qwin V3, creating an 
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image in which areas of one pixel corresponds with 0.1971 µm2. The size of the cells 
measured was chosen to be 50 or more square pixels with circularity between 0.3 
and 1 (1 corresponds with a circle). Three pictures were taken from representative 
adipose tissue areas, and analyzed using ImageJ (http://rsbweb.nih.gov).  From each 
section, exactly 620 cells were randomly chosen and sizes were determined. Due to 
the skewness of distribution, all adipocytes of all mice irrespective of group were 
pooled and ranked according to size from small to large and then reassigned to 
groups. Rank numbers where averaged for each group.

Post-weaning effects of diet

In cohorts B and C, two males and two females from each litter were weaned at 
PND21 and singly housed.  One male and female from each litter were subjected to 
LF diet whereas the other male and female of a litter were subjected to HE diet. In 
each sex and line, this resulted in four dietary groups:  LF-LF, LF-HE, HE-LF and HE-
HE (first abbreviation: pre-weaning diet; second abbreviation: post-weaning diet).  
Cohort B had no access to running wheels and underwent several tests as described 
below.  Cohort C was studied for wheel-running activity between 6-8 weeks and at 
10 months of age according to methodologies described elsewhere (Swallow et al., 
1998).  

Food intake, bomb calorimetry, and home-cage activity

Food intake over seven days in cohort B offspring was recorded at four and eight 
months of age. After receiving clean cages, amount of food consumed (corrected for 
spillage) was determined (to the nearest 0.05 g). Furthermore, feces were collected 
and its energy content was measured by a bomb calorimeter (CBB 330, standard 
benzoic acid 26.44 kJ/g).  Absorbed energy was calculated from differences between 
energy intake and fecal energy content. At four months of age, home-cage activity 
was measured by passive infrared (PIR) sensors (Optex Wonderex FX-35) over four 
days (Vaanholt et al., 2008). 
Indirect calorimetry
Directly after food intake and home-cage activity measurements, cohort B offspring 
were placed in indirect calorimeter chambers for 24 hours (with food and water 
available). Home-cage bedding was added to minimize stress of novelty. Gas 
exchange measurements were performed according to methodologies explained in 
detail elsewhere (Oklejewicz et al., 1997).  Physical activity was monitored by passive 
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infrared sensors as described above.  Respiratory quotient (RQ) and metabolic rate 
(MR, kJ h-1) were calculated accordingly to (Romijn and Lokhorst, 1961), and 
resting metabolic rate (RMR) was estimated by averaging the lowest three 10-minute 
running means during resting for at least 30 minutes. MR exceeding RMR was 
assigned physical activity metabolic rate (PA-MR). 

Oral glucose tolerance test

Glucose homeostasis was assessed by an oral glucose tolerance test (OGTT) in cohort 
B offspring at four and eight months.  Before testing, mice were food-deprived for 6 
hours. Blood samples were collected just prior, and at 30, 60, and 120 min after oral 
glucose administration (2 g/kg, ~0.2-0.6 ml, per os, t=0 min).  Blood samples were 
taken via a small incision of the lateral tail vein. Blood glucose levels were determined 
using glucose test strips (OneTouch®, LifeScan Inc, Johnson & Johnson) and a glucose 
meter (OneTouch® UltraEasy™). Plasma insulin levels were determined in blood 
samples (50µl) taken at baseline, and 30 and 60min after glucose administration.  After 
centrifugation (2600 G, 5 minuntes at 4°C), plasma was transferred into small vials 
and stored at -80°C until insulin analysis (RIA kit #RL-13K Linco Research, Nucli lab, 
The Netherlands).  After the last sample, food was returned to the mice. Area under 
the curve (AUC) for glucose and insulin were calculated using the trapezoid method.
Body composition and endrocrine/metabolic analysis
At ten months of age, cohort B offspring were anaesthetized using isoflurane 
inhalation. A ~0.5 ml blood sample was taken by heart puncture. The syringes were 
primed with 10µl EDTA (9g/100ml) to avoid clotting. Samples were centrifuged 
(2600 G, 15 minutes at 4ºC), plasma was collected and stored at -80°C until analysis 
of plasma leptin and insulin (Linco Research, Nucli lab, The Netherlands #RL-83K 
for leptin, #RL-13K for insulin).  Liver, retroperitoneal and epididymal fat pats, 
gastrointestinal tract, kidneys, and skin including subcutaneous fat were removed 
from carcasses and weighed.  Directly after harvesting, a chunk of liver was rapidly 
frozen in liquid nitrogen, crushed, and homogenized in ice-cold PBS. Hepatic lipids 
were extracted according to Bligh and Dyer (Bligh and Dyer, 1959) and hepatic 
triglycerides were measured using a kit from Roche (Mannheim, Germany). Carcass 
compositions were analyzed as described earlier. 
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Statistical analysis

Data were analyzed by ANOVA to investigate main effects and interactions of these 
with planned contrasts.  When appropriate, body mass was added as covariate in the 
analysis. Repeated-measures ANOVA was used when time was added as a factor. In 
addition, Student t-tests were used to explore each diet condition as an independent 
group.  All data were analyzed using Statsoft Statistica, and considered significant 
when p<0.05 (Tybout and Sternthal, 2001). 
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Results

Pre-weaning period

C and S mice were born and raised in non-manipulated litters in three separate 
breeding cohorts (A, B, and C) of dams feeding either the HE or LF diet during 
pregnancy and lactation. Average number of pups and male/female ratio per litter 
of dams in the separate lines or diet groups did not differ, which implies that this 
could not explain potential differences in offspring development among lines and 
diet groups.  Over the course of lactation, the HE diet greatly increased milk energy 
output and litter growth across all lines compared to the LF diet (Guidotti et al, under 
review), leading to increased body mass of mice in all lines and both sexes at PND21 
(p<0.001) (tables 1 and 2).  Carcass analysis of cohort A offspring at PND21 revealed 
that percentage body adiposity (male and female: p<0.001) and gonadal fat weight 
(male p=0.003; female p<0.001) were all greatly augmented by pre-weaning HE diet 
irrespective of sex and line (figure 1, panel A and B).  Plasma leptin levels, however, 
were only increased by pre-weaning HE diet in S1 and S2 male (interaction p=0.031) 
and female (interaction p=0.046) offspring, an effect not observed in C offspring 
(figure 1, panel C).  In male offspring of all three lines, gonadal adipocyte sizes were 
increased by pre-weaning HE diet (diet p<0.001), but in female offspring this effect 
was only observed in the S1 and S2 lines (interaction p=0.035) (figure 1, panel D). 
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Figure 1: effects of pre-weaning HE diet in male (left) and female (right) offspring in 
control (C) and selected (S1,S2) offspring on body adiposity (A), gonadal fat (B), circulating 
plasma leptin levels (C), adipocytes size rank (D). LF (open bars), HE (filled bars). Data are 
mean±SEM. * HE diet contrasts (p<0.05).
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C  

S1  
S2  

Body m
ass (g)  

LF-LF  
LF-H

E  
H

E-LF  
H

E-H
E  

LF-LF  
LF-HE  

H
E-LF  

H
E-H

E  
LF-LF  

LF-HE  
H

E-LF  
H

E-H
E  

21 d  
12.8 ± 0.9  

15.9 ± 0.7 #  
10.5 ± 0.7  

13.3 ± 0.4 #  
10.7 ± 0.6  

14.2 ± 0.6 #  
1 m

o  
18.1  ±  1.2  

19.1  ±  1.4   
21.4  ±  0.5  

#  
23.8  ±  1.2  

#  
14.0  ±  1.3  

15.6  ±  0.8   
17.0  ±  0.3  

#  
18.6  ±  0.5  

#  
16.6  ±  0.8  

17.2  ±  0.8   
19.7  ±  1.1  

#  
19.5  ±  0.7   

4 m
o  

31.3  ±  1.4  
36.5  ±  2.3  

*  
34.6  ±  0.8   

39.1  ±  2.1  
*  

26.4  ±  0.9  
26.7  ±  0.7   

28.4  ±  1.0   
31.3  ±  2.7  

#  
28.5  ±  1.0  

28.3  ±  0.6   
29.6  ±  1.6   

31.8  ±  1.3  
#  

7 m
o  

33.8  ±  0.6  
37.8  ±  2.7   

36.1  ±  1.0   
38.9  ±  2.8   

27.3  ±  0.7  
26.9  ±  0.6   

30.4  ±  1.0   
32.9  ±  3.6  

#  
30.5  ±  1.4  

28.7  ±  0.7   
31.5  ±  2.4   

31.1  ±  1.3   
10 m

o  
33.8  ±  1.1  

37.6  ±  2.5   
36.5  ±  1.2   

43.6  ±  3.1  
*,#  

27.7  ±  0.6  
28.5  ±  0.6   

30.2  ±  0.8   
32.9  ±  3.5   

30.5  ±  0.9  
29.5  ±  0.3   

32.7  ±  2.3   
33.0  ±  1.4   

Energy intake (kJ)   
  

 
  

  
  

  
  

 
 

  
 

  
 

 
  

  
  

 
 

  
 

  
  

 
 

  
  

 
4 m

o  
69.4  ±  6.9  

85.7  ±  13.3   
74.0  ±  3.6   

70.8  ±  3.7   
92.0  ±  5.7  

94.9  ±  15.1   
92.2  ±  6.1   

86.2  ±  7.9   
89.1  ±  6.3  

88.9  ±  6.2   
86.3  ±  5.2   

76.1  ±  2.2   
8 m

o  
70.0  ±  1.9  

72.3  ±  7.3   
70.7  ±  3.8   

89.4  ±  7.5   
96.4  ±  5.9  

107.3  ±  10.7   
92.7  ±  7.3   

77.8  ±  6.5   
83.8  ±  4.5  

100.8  ±  6.2   
93.0  ±  5.6   

91.7  ±  7.0   
Feces  

 
  

 
  

  
  

  
  

 
 

  
 

  
 

 
  

  
  

 
 

  
 

  
  

 
 

  
  

 
Am

ount (g)  
3.11  ±  0.31  

1.99  ±  0.20  *  
3.66  ±  0.19   

2.19  ±  0.10  *  
4.22  ±  0.19  

2.42  ±  0.36  *  
4.00  ±  0.20   

2.45  ±  0.21  *  
3.74  ±  0.31  

2.88  ±  0.25   
3.58  ±  0.26   

1.94  ±  0.18  *,#  
Fece (kJ/g)  

16.73  ±  0.12  
17.04  ±  0.13  *  

16.81  ±  0.11   
17.06  ±  0.16   

16.76  ±  0.06  
16.90  ±  0.15   

16.70  ±  0.08   
17.11  ±  0.10  *  

16.71  ±  0.07  
16.86  ±  0.07   

16.54  ±  0.10   
16.76  ±  0.10  *,#  

Energy content (kJ)  
52.2  ±  5.5  

34.0  ±  3.7  
*  

61.6  ±  3.4   
37.4  ±  1.9  

*  
70.6  ±  3.1  

41.0  ±  6.4  
*  

66.9  ±  3.5   
41.9  ±  3.7  

*  
62.3  ±  5.1  

48.5  ±  4.2  
*  

59.3  ±  4.3   
32.6  ±  3.0  

*  
Effi

cency (%
)  

83.8  ±  0.6  
88.2  ±  1.4  

*  
81.7  ±  0.3  

  
85.9  ±  0.5  

*  
83.5  ±  0.5  

88.1  ±  0.5  
*  

83.6  ±  1.0  
  

86.8  ±  1.0  
  

84.9  ±  0.7  
84.3  ±  2.9  

  
84.9  ±  0.9  

  
88.6  ±  1.1  

  
 Table 1: body m

ass, energy intake and absorption effi
ciency in m

ale C and S1 and S2 offspring.

D
ata are m

ean±SEM
. * post-w

eaning H
E diet contrasts.
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C  

S1  
S2  

Body m
ass (g)  

LF-LF  
LF-HE  

H
E-LF  

H
E-H

E  
LF-LF  

LF-HE  
H

E-LF  
H

E-H
E  

LF-LF  
LF-HE  

H
E-LF  

H
E-H

E  
21 d  

12.6 ± 1.0  
16.4 ± 0.5 #  

10.6 ± 1.3  
13.3 ± 0.6 #  

10.8 ± 0.9  
14.3 ± 0.4 #  

1 m
o  

22.5  ±  1.7  
21.3  ±  1.4   

27  ±  0.7  
#  

27  ±  0.6  
#  

16.7  ±  1.4  
18.4  ±  1.4   

24.5  ±  0.8  
#  

24.5  ±  0.8  
#  

18.6  ±  1.6  
21.5  ±  0.9   

23.7  ±  0.7  
#  

23.8  ±  0.6   
4 m

o  
38.8  ±  1.6  

37.8  ±  1.1   
41.8  ±  1.1   

43.7  ±  2  
#  

33.8  ±  1  
35.5  ±  1.1   

37.6  ±  0.9   
44.2  ±  0.9  

*,#  
34.7  ±  0.8  

35.4  ±  1.1   
36.2  ±  0.6   

36.4  ±  0.9   
7 m

o  
41  ±  1.8  

42.2  ±  2.3   
43.2  ±  1.6   

49.5  ±  3  
*,#  

36.4  ±  1.5  
40  ±  2.3   

41.3  ±  0.8   
49.2  ±  0.8  

*,#  
35.6  ±  0.7  

36.1  ±  1  
 

37.3  ±  0.9   
41.2  ±  2.1  

#  
10 m

o  
41.1  ±  1.9  

41.9  ±  2.4   
44.3  ±  1.8   

50.3  ±  2.2  
*,#  

36.9  ±  1.5  
40.1  ±  2.4   

41  ±  1  
 

49.7  ±  1  
*,#  

36.7  ±  0.9  
37.8  ±  1.4   

37.8  ±  1.2   
44  ±  2.7  

*,#  
Energy intake (kJ)   

 
 

 
  

  
  

  
 

 
 

 
  

 
  

 
 

  
  

  
 

 
 

 
 

 
 

  
  

  
 

 
 

4 m
o  

82.2  ±  3.7  
86.7  ±  9.4   

84.7  ±  3.6   
98.7  ±  17   

80.8  ±  3.9  
81.7  ±  5.9   

81  ±  2  
 

94.4  ±  2  
 

82.6  ±  4.4  
88.2  ±  9  

 
105.9  ±  8.8   

78.7  ±  5.7   
8 m

o  
69.3  ±  2.8  

69.6  ±  1.8   
70.7  ±  1.9   

74.2  ±  3.7   
71.3  ±  2.4  

73.7  ±  5.3   
76.2  ±  2.1   

72.5  ±  2.1   
91.8  ±  11  

101.4  ±  15   
110.3  ±  9.6   

92.1  ±  6.6   
Feces  

 
 

 
 

  
  

  
  

 
 

 
 

  
 

  
 

 
  

  
  

 
 

 
 

 
 

 
  

  
  

 
 

 
Am

ount (g)  
3.65  ±  0.2  

2.58  ±  0.2  
*  

3.83  ±  0.2   
2.55  ±  0.2  

*  
3.68  ±  0.1  

2.25  ±  0.1  
*  

3.7  ±  0.3   
2.71  ±  0.3  

*  
3.9  ±  0.2  

2.85  ±  0.3  
*  

4.51  ±  0.4   
2.49  ±  0.1  

*  
Fece (kJ/g)  

16.71  ±  0.1  
17.42  ±  0.2  

*  
16.74  ±  0.1   

17.19  ±  0.3  
*  

16.5  ±  0.1  
17.11  ±  0.2  

*  
16.53  ±  0.1   

17.26  ±  0.1  
*  

16.81  ±  0.1  
17.01  ±  0.2   

16.54  ±  0.2   
17.04  ±  0.1  

*  
Energy content 
(kJ)  

60.9  ±  2.9  
45  ±  3.4  

*  
64.1  ±  2.7   

44.2  ±  4.4  
*  

60.7  ±  2.3  
38.6  ±  1.4  

*  
61.2  ±  4.1   

46.8  ±  4.1  
*  

65.6  ±  2.7  
48.7  ±  5.7  

*  
74.8  ±  6.7   

42.5  ±  1.5  
*  

Effi
cency (%

)  
83.8  ±  1  

86  ±  0.9  
  

83.6  ±  0.3  
  

87.2  ±  1.4  
*  

83.4  ±  0.6  
86.6  ±  0.6  

*  
83.7  ±  1  

  
86.4  ±  1  

*  
82.7  ±  0.7  

85.3  ±  0.9  
  

84.6  ±  1  
  

84.2  ±  1.9  
  

 D
ata are m

ean±SEM
. * post-w

eaning H
E diet contrasts.

Table 2: body m
ass, energy intake and absorption effi

ciency in fem
ale C and S1 and S2 offspring.
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Post-weaning period

Body mass, fat, and leptin

Combinations of pre- and post-weaning HE diet effects on adult energy balance 
parameters were investigated in C and S mice that had no access to running wheels 
(Cohort B).  Planned comparions generally revealed highest body masses in the 
HE-HE groups irrespective of line and gender until sacrife at 10 months of age.  
Contributions of the pre-weaning HE diet (or trends hereof) to increase offspring 
body mass were found in males (see table 1; C: p=0.010, S1: p=0.002, S2: p=0.061) 
and in females (see table 2; C: p=0.052, S1: p=0.067, S2: p=0.062).  Contribution of 
the post-weaning HE diet (or strong trends hereof) in males were only observed in 
S1 and S2 offspring (S1: p=0.006, S2: p=0.063) and in females only in the C offspring 
(p=0.052).  
At sacrifice, male offspring in combined pre- and post-weaning HE diet groups 
had the highest body fat content (HE-HE group vs other groups p<0.05 by planned 
comparisons).  When body mass was used as a covariate, only post-weaning HE 
diet increased body adiposity in males of all lines (p<0.005), but again highest levels 
were found in the HE-HE groups.  The generally increased body fat percentage was 
due to increased fat amounts in various compartments that contributed to different 
extents among the different lines (shown in detail in table 3).  In female C offspring, 
post-weaning HE diet increased body fat content (p=0.001) irrespective of the pre-
weaning diet, which persisted when body mass was added as a covariate (p<0.015).  
An increase in body fat content by post-weaning HE diet was found in S lines as 
well, but only in combination with pre-weaning HE diet (p<0.05 compared to all 
other groups in S1 and S2).  Again, these effects persisted when body mass was used 
as a covariate (S1: p=0.012, S2: p=0.019) (see figure 2 right panel). With respect to 
individual fat depots, different pre- and post-weaning HE diet effects were found 
depending on line and sex; however, highest levels were generally observed in HE-
HE offspring (see table 4).
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Plasma leptin levels at sacrifice generally tracked differences in body fat content 
such that all male offspring irrespective of line experienced at least strong trends for 
increased plasma leptin levels by post-weaning HE diet (table 3). In C and S1 male 
offspring, plasma leptin levels were further increased by pre-weaning HE diet (C: 
p=0.013, S1: p=0.015). In female offspring (table 4), plasma leptin levels increased by 
post-weaning HE diet (C: p=0.001).  In S2 females, this increase was only observed 
when post-weaning HE diet was combined with pre-weaning HE diet (p=0.044).  In 
S1 females a trend for increased leptin levels was found in the post-weaning HE diet 
condition (p=0.08).
In C (p=0.044) and S1 (p=0.001) male offspring, pre-weaning HE diet increased liver 
mass, an effect that was not observed in S2 males.  C males subjected to combined 
pre- and post-weaning HE diet had increased total hepatic triglycerides content 
(interaction effect: p=0.037).  In S1 (p=0.001) and S2 (p=0.001) male offspring, 
post-weaning HE diet increased hepatic triglyceride levels.   In female offspring, S1 
(p=0.004) and S2 (p=0.03) mice had lower liver masses by post-weaning HE diet, 
while there were no significant effects in C female offspring. However, post-weaning 
HE diet caused elevated hepatic triglyceride content in C and S2 female offspring 
(resp. p<0.001, p=0.023), with a trend in S1 female offspring (p=0.09) in the same 
direction.
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Figure 2: body adiposity as a percentage of body mass at 10 month of age for male (left, A) and 
female (right, B) mice. Open bars (LF-LF), closed bars (LF-HE), small dashed pattern (HE-
LF), large dashed pattern (HE-HE).  Data are mean±SEM. # pre-weaning HE, * post-weaning 
HE diet contrasts (p<0.05).



Developmental plasticity of adiposity152

 
C  

 
S1  
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H
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LF-H
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H
F-LF  

 
H
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Body m

ass (g)  
41.1  ±  1.9  

41.9  ±  2.4  
  

44.3  ±  1.8  
  

50.3  ±  2.2  
*,#  

36.9  ±  1.5  
40.1  ±  2.6  

  
41.0  ±  1.0  

  
49.7  ±  2.6  

*,#  
36.7  ±  0.9  

37.8  ±  1.4  
  

37.9  ±  1.1  
  

42.9  ±  2.8  
*,#  

Lean dry m
ass (g)  

9.63  ±  0.29  
9.48  ±  0.32   

10.23  ±  0.32   
10.49  ±  0.39   

8.87  ±  0.36  
8.62  ±  0.48   

9.46  ±  0.17   
9.89  ±  0.29  

#  
9.07  ±  0.27  

8.90  ±  0.17   
9.59  ±  0.22   

9.46  ±  0.33   
Body fat (g)  

5.40  ±  1.06  
6.78  ±  1.29   

6.44  ±  0.83   
11.40  ±  0.90  

*,#  
4.05  ±  0.43  

8.15  ±  0.96  
*  

5.91  ±  0.53   
13.07  ±  1.91  

*,#  
3.10  ±  0.55  

4.84  ±  1.26   
2.41  ±  0.57   

7.91  ±  1.62  
*,#  

G
onadal fat (g)  

1.08  ±  0.31  
1.20  ±  0.25   

1.21  ±  0.19   
2.58  ±  0.31  

*,#  
0.70  ±  0.10  

1.54  ±  0.28  
*  

1.07  ±  0.14   
2.80  ±  0.40  

*,#  
0.37  ±  0.05  

0.76  ±  0.23   
0.32  ±  0.08   

1.62  ±  0.38  
*,#  

Retroperitoneal fat (g)  
0.40  ±  0.13  

0.52  ±  0.13   
0.55  ±  0.08   

1.11  ±  0.13  
*,#  

0.27  ±  0.04  
0.71  ±  0.16   

0.43  ±  0.04   
1.28  ±  0.24  

*,#  
0.27  ±  0.10  

0.37  ±  0.11   
0.16  ±  0.06   

0.80  ±  0.20  
*,#  

Liver fat (g)  
0.07  ±  0.03  

0.14  ±  0.08   
0.10  ±  0.02   

0.16  ±  0.03   
0.08  ±  0.02  

0.14  ±  0.04   
0.08  ±  0.02   

0.12  ±  0.02   
0.11  ±  0.04  

0.08  ±  0.02   
0.05  ±  0.02   

0.10  ±  0.02   
Intes�nal fat (g)  

0.43  ±  0.09  
0.47  ±  0.08   

0.55  ±  0.08   
0.72  ±  0.08  

#  
0.29  ±  0.03  

0.50  ±  0.06  
*  

0.43  ±  0.05   
0.66  ±  0.09  

*  
0.24  ±  0.05  

0.31  ±  0.08   
0.19  ±  0.05   

0.51  ±  0.11  
*  

Subcutaneous (g)  
1.58  ±  0.33  

2.13  ±  0.53   
1.83  ±  0.27   

3.44  ±  0.30  
*,#  

1.19  ±  0.16  
2.51  ±  0.30  

*  
1.70  ±  0.22   

4.23  ±  0.68  
*,#  

0.82  ±  0.18  
1.52  ±  0.47   

0.61  ±  0.19   
2.55  ±  0.57  

*  
Skeletal m

uscle fat (g)  
1.65  ±  0.22  

2.14  ±  0.32   
1.96  ±  0.23   

3.13  ±  0.36  
*,#  

1.36  ±  0.13  
2.56  ±  0.22  

*  
1.99  ±  0.20   

3.71  ±  0.68  
*  

1.13  ±  0.20  
1.63  ±  0.38   

0.93  ±  0.17   
2.12  ±  0.36  

*  
Brow

n adipose �ssue (g)  
0.19  ±  0.02  

0.18  ±  0.02   
0.23  ±  0.02   

0.26  ±  0.03  
#  

0.16  ±  0.02  
0.19  ±  0.01  

*  
0.21  ±  0.01   

0.27  ±  0.02  
*,#  

0.17  ±  0.02  
0.16  ±  0.02   

0.15  ±  0.01   
0.21  ±  0.02   

Liver (g)  
1.80  ±  0.11  

1.57  ±  0.12   
1.87  ±  0.07   

1.90  ±  0.06  
#  

1.47  ±  0.07  
1.50  ±  0.09   

1.69  ±  0.07   
1.78  ±  0.07  

#  
1.65  ±  0.06  

1.54  ±  0.05   
1.78  ±  0.10   

1.63  ±  0.10   
Liver Tryglicerides (m

M
)  

20.41  ±  3.67  
23.22  ±  3.67   

26.00  ±  4.19   
62.53  ±  14.08  *,#  

15.24  ±  2.54  
31.52  ±  7.03  

*  
19.53  ±  3.12   

52.43  ±  10.16  *  
10.47  ±  1.65  

24.96  ±  6.27  
*  

10.61  ±  1.11   
32.99  ±  8.02  

*  
Lep�n (ng/m

l)  
2.86  ±  0.32  

4.71  ±  0.65  
  

3.53  ±  0.74  
  

7.82  ±  0.97  
*,#  

2.53  ±  0.24  
5.44  ±  0.75  

*  
4.26  ±  0.51  

  
6.43  ±  0.51  

*  
1.65  ±  0.16  

3.30  ±  0.84  
  

1.61  ±  0.21  
  

5.49  ±  1.03  
*,#  

Table 3: body com
position analysis for control (C) and selected (S1, S2) m

ale m
ice.

D
ata are m

ean±SEM
. # pre-w

eaning H
E contrasts, * post-w

eaning H
E diet contrasts (p<0.05).
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H
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LF-H

F  
 

H
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H

F-H
F  

 
Body m

ass (g)  
33.8  ±  1.1  

37.6  ±  2.5  
  

36.5  ±  1.2  
  

43.6  ±  3.1  
*  

27.7  ±  0.6  
28.5  ±  0.6  

  
29.5  ±  1.1  

  
32.9  ±  3.5  

  
30.5  ±  0.9  

29.5  ±  0.3  
  

32.7  ±  2.3  
  

34.2  ±  2.6  
  

Lean dry m
ass (g)  

8.16  ±  0.23  
8.04  ±  0.30   

8.69  ±  0.21   
9.14  ±  0.48  

#  
6.90  ±  0.17  

7.07  ±  0.21   
7.19  ±  0.23   

6.93  ±  0.49   
7.55  ±  0.16  

7.41  ±  0.07   
8.07  ±  0.45   

7.85  ±  0.54   
Body fat (g)  

3.55  ±  0.40  
7.86  ±  1.73  

*  
4.32  ±  0.77   

9.79  ±  1.80  
*  

2.16  ±  0.30  
2.33  ±  0.19   

2.87  ±  0.42   
7.27  ±  2.05  

*,#  
2.54  ±  0.55  

2.01  ±  0.07   
2.82  ±  0.70   

5.08  ±  0.94  
#  

G
onadal fat (g)  

0.56  ±  0.12  
1.98  ±  0.58  

 
0.88  ±  0.24   

3.08  ±  0.88  
*  

0.21  ±  0.06  
0.19  ±  0.02   

0.40  ±  0.12   
1.96  ±  0.80  

*,#  
0.27  ±  0.12  

0.17  ±  0.02   
0.28  ±  0.12   

1.34  ±  0.76   
Retroperitoneal fat (g)  

0.25  ±  0.06  
1.00  ±  0.34  

*  
0.28  ±  0.06   

0.86  ±  0.23   
0.13  ±  0.03  

0.15  ±  0.04   
0.23  ±  0.04   

0.72  ±  0.28  
*,#  

0.15  ±  0.07  
0.12  ±  0.01   

0.18  ±  0.05   
0.50  ±  0.22   

Liver fat (g)  
0.08  ±  0.02  

0.11  ±  0.03   
0.11  ±  0.04   

0.14  ±  0.03   
0.13  ±  0.06  

0.09  ±  0.03   
0.11  ±  0.05   

0.10  ±  0.02   
0.09  ±  0.02  

0.10  ±  0.03   
0.05  ±  0.02   

0.15  ±  0.03   
Intes�nal fat (g)  

0.32  ±  0.07  
0.44  ±  0.09   

0.33  ±  0.07   
0.51  ±  0.08   

0.15  ±  0.03  
0.15  ±  0.04   

0.23  ±  0.06   
0.41  ±  0.08  

*,#  
0.24  ±  0.04  

0.17  ±  0.03   
0.22  ±  0.04   

0.34  ±  0.06  
#  

Subcutaneous (g)  
1.06  ±  0.12  

2.35  ±  0.46  
*  

1.17  ±  0.21   
2.86  ±  0.50  

*  
0.63  ±  0.10  

0.58  ±  0.06   
0.78  ±  0.11   

1.96  ±  0.59  
*,#  

0.76  ±  0.21  
0.52  ±  0.04   

0.94  ±  0.30   
1.31  ±  0.34  

#  
Skeletal m

uscle fat (g)  
1.16  ±  0.04  

1.80  ±  0.33  
*  

1.40  ±  0.24   
2.17  ±  0.27  

*  
0.80  ±  0.09  

1.04  ±  0.11   
0.96  ±  0.10   

1.92  ±  0.50  
*,#  

0.90  ±  0.13  
0.81  ±  0.04   

1.03  ±  0.18   
1.30  ±  0.23   

Brow
n adipose �ssue (g)  

0.14  ±  0.01  
0.17  ±  0.02   

0.16  ±  0.01   
0.18  ±  0.02   

0.13  ±  0.01  
0.12  ±  0.01   

0.15  ±  0.01   
0.19  ±  0.03  

#  
0.14  ±  0.01  

0.12  ±  0.01   
0.12  ±  0.01   

0.14  ±  0.02   
Liver (g)  

1.52  ±  0.08  
1.36  ±  0.11   

1.48  ±  0.09   
1.58  ±  0.13   

1.29  ±  0.04  
1.10  ±  0.08   

1.40  ±  0.05   
1.11  ±  0.12  

*  
1.35  ±  0.05  

1.17  ±  0.03   
1.43  ±  0.12   

1.28  ±  0.05   
Liver Tryglicerides (m

M
)  

21.37  ±  2.44  
37.87  ±  8.30  

*  
20.00  ±  4.15   

54.14  ±  8.13  
*  

12.18  ±  2.37  
17.61  ±  2.74   

12.00  ±  2.31   
16.73  ±  6.67   

20.41  ±  3.67  
25.35  ±  2.51   

14.20  ±  2.95   
32.00  ±  7.31  

*  
Lep�n (ng/m

l)  
3.12  ±  0.57  

4.92  ±  1.60  
  

3.14  ±  0.50  
  

5.02  ±  1.10  
  

3.07  ±  0.80  
2.47  ±  0.31  

  
2.64  ±  0.36  

  
4.56  ±  1.34  

  
2.22  ±  0.33  

1.97  ±  0.24  
  

2.08  ±  0.21  
  

3.55  ±  0.65  
*,#  

Table 4: body com
position analysis and plasm

a leptin for control (C) and selected (S1, S2) fem
ale m

ice.

D
ata are m

ean±SEM
. # pre-w

eaning H
E contrasts, * post-w

eaning H
E diet contrasts (p<0.05).
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Energy intake, metabolism and home cage activity

At four and eight months of age, offspring in all diet groups and lines displayed 
comparable daily energy intake. Overall, post-weaning HE diet caused mice to 
produce less feces (p<0.001) with greater energy content than the post-weaning LF 
diet (p<0.05), and with an overall higher absorption efficiency (table 1 and 2).  No 
main effects were found of pre-weaning HE diet on energy content of the feces or 
absorption efficiency at adulthood.
Indirect calorimetry (IC) for assessment of metabolic rate (MR) was performed at 
four months of age. Because we also assessed behavioral activity (by passive infrared 
motion detection), dissociation between MR and resting MR (RMR) could be 
detected.  In male offspring, subtle pre- and post-weaning diet interactions on MR 
and RMR were found that were lost when body mass was used as a covariate.  In 
female offspring, however, several effects remained significant when body mass as 
covariate was used.  Specifically, the combination of pre-weaning and post-weaning 
HE diet caused a lower MR (interaction effect: p=0.018) and MR above RMR (which 
is energy largely devoted to physical activity, PA-MR; interaction effect: p=0.037) in 
female S1 offspring.  In female C and S2 offspring, on the other hand, a post-weaning 
HE diet effect was observed to increased RMR (both p=0.002) and MR (C: p=0.010, 
S1: p=0.002) ).  RQ was only decreased by post-, but not by pre-weaning HE diet 
(p<0.001) in all lines and sexes (see table 5).

Planned comparison of home cage PA over an 8-day period shortly before IC 
comparing LF-LF offspring between lines revealed that PA activity of S1 (+157%) and 
S2 (+82%) females was higher than in C females.  In LF-LF male offspring, S2 males 
had 66% higher home-cage activity levels compared to C males, but no difference 
was observed in S1 males relative to C males. Pre-weaning HE diet caused decreased 
home cage activity in male C offspring (p=0.003) (see figure 3).  In contrast, post-
weaning HE diet caused decreased home cage activity only in female C offspring 
(p<0.001). A tendency of such an effect was observed in S1 females.
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C  
 

S1  
 

S2  
 

 
 

LF-LF  
LF-HF  

 
HF-LF  

HF-HF  
 

LF-LF  
LF-HF  

 
HF-LF  

HF-HF  
 

LF-LF  
LF-HF  

 
HF-LF  

 
HF-HF  

 
M

ale  
BM  

38.3  ±  1.0  
37.6  ±  1.1  

  
39.0  ±  0.9  

41.5  ±  2.9  
  

33.6  ±  1.6  
33.5  ±  1.6  

  
36.4  ±  0.7  

41.8  ±  0.7  
*,#  

32.9  ±  0.5  
34.4  ±  0.5  

  
36.0  ±  0.9  

#  
36.0  ±  1.0  

  
 

M
R  

59.4  ±  1.9  
57.8  ±  1.6   

59.7  ±  2.5  
59.7  ±  2.6   

56.5  ±  1.4  
58.5  ±  2.7   

59.3  ±  1.9  
63.6  ±  1.9   

51.7  ±  1.4  
55.2  ±  1.0   

58.1  ±  2.1   
54.2  ±  2.3   

 
RM

R  
39.3  ±  1.2  

39.0  ±  1.1   
40.9  ±  2.2  

41.0  ±  3.0   
39.0  ±  1.2  

40.7  ±  2.8   
39.0  ±  2.1  

44.0  ±  2.1   
33.2  ±  1.5  

37.5  ±  1.2  
*  

38.6  ±  1.3  
#  

37.0  ±  1.2   
 

PA-M
R  

20.1  ±  1.8  
18.8  ±  1.5   

18.8  ±  1.3  
18.7  ±  0.9   

17.6  ±  1.1  
17.8  ±  1.1   

20.3  ±  1.2  
19.6  ±  1.2   

18.5  ±  1.4  
17.7  ±  0.8   

19.5  ±  1.2   
17.2  ±  2.2   

 
RQ  

0.98  ±  0.01  
0.91  ±  0.01  *  

0.98  ±  0.01  
0.91  ±  0.02  *  

0.97  ±  0.02  
0.86  ±  0.01  *  

0.95  ±  0.02  
0.88  ±  0.02  *  

0.96  ±  0.01  
0.90  ±  0.01  *  

0.96  ±  0.01   
0.88  ±  0.01  *  

Fem
ales  

BM  
30.1  ±  1.1  

31.7  ±  1.8   
32.9  ±  0.8  

38.3  ±  2.6  
*.#  

25.6  ±  0.4  
25.9  ±  0.8   

27.6  ±  0.8  
31.6  ±  3.3   

26.8  ±  0.5  
27.0  ±  0.7   

28.4  ±  1.4   
28.1  ±  0.5   

 
M

R  
51.6  ±  2.0  

54.2  ±  2.5   
53.1  ±  1.9  

61.9  ±  1.8  
*.#  

53.0  ±  1.8  
60.8  ±  2.2  

*  
57.3  ±  1.6  

54.7  ±  2.4  
#  

47.6  ±  2.0  
52.2  ±  2.8   

49.5  ±  1.9   
57.8  ±  1.3  

*  
 

RM
R  

34.6  ±  1.4  
38.3  ±  1.9   

36.3  ±  1.6  
43.4  ±  1.3  

*.#  
36.1  ±  2.3  

40.4  ±  1.1   
37.9  ±  1.0  

37.4  ±  1.8   
29.9  ±  1.6  

35.1  ±  2.8  
*  

32.1  ±  1.0   
38.3  ±  1.1  

*  
 

PA-M
R  

16.9  ±  1.0  
15.9  ±  0.9   

16.8  ±  0.6  
18.5  ±  1.3   

16.9  ±  0.8  
20.4  ±  1.4   

19.4  ±  1.2  
17.4  ±  1.4   

17.7  ±  1.2  
17.1  ±  1.2   

17.5  ±  1.3   
19.5  ±  0.6   

 
RQ  

0.97  ±  0.02  
0.91  ±  0.01  *  

0.99  ±  0.02  
0.92  ±  0.01  *  

0.96  ±  0.02  
0.86  ±  0.01  *  

0.96  ±  0.02  
0.87  ±  0.02  *  

0.93  ±  0.02  
0.85  ±  0.03  *  

0.95  ±  0.02    
0.87  ±  0.01  *  

Table 5: M
etabolic rate in m

ice selected for wheel-running activity (S1, S2) and their random
 bred controls at 4 m

onth 
of age.

Table 5: body m
ass (BM

), m
etabolic rate (M

R), resting m
etabolic rate (RM

R), m
etabolic rate above resting m

etabolic rate (PA-M
R), 

and respiratory quotient (RQ
) are expressed as m

ean±SEM
. # pre-w

eaning H
E contrasts, * post-w

eaning H
E diet contrasts.
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Glucose homeostasis

Oral glucose tolerance tests (OGTT) were performed at 4 and 8 months of age, and 
glucose and insulin responses in plasma were analyzed and depicted as area under 
the curve (AUC).  Because results at 4 months were in the direction of those found 
at 8 months, only those of the latter time point are shown (figure 4). In males, pre- or 
post-weaning diet effects on AUC-glucose were only observed in S2 mice, in which 
post-weaning HE diet increased AUC-glucose (p=0.001).  With respect to the glucose-
induced insulin responses, generally the highest levels were observed in the HE-HE 
groups (by planned comparion), but the most conspicuous of these were found in 
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Figure 3: home cage activity assessed by passive infrared detection (depicted in arbitrary 
counts) averaged over an eight day period for the light (left panels) and dark (right panels) 
phase in control (C) and activity selected (S1 and S2) male (top panels A and B) and female 
(bottom panels C and D) mice.  Open bars (LF-LF), closed bars (LF-HE), small dashed 
pattern (HE-LF), large dashed pattern (HE-HE).  Data are mean±SEM. # pre-weaning HE, * 
post-weaning HE diet contrasts (p<0.05).
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Figure 4: glucose (left panels A and C) and insulin (right panels B and D) responses to an oral 
glucose tolerance test (2mg/kg) in male (top panels) and female (bottom panels) mice from 
the control (C) and the two selected lines (S1,S2) at eight months of age. The area under the 
curve (AUC; expressed in mmol*min*L-1 for glucose, and in ng*min*ml-1 for insulin) was 
measured with the trapezoid method. Open bars (LF-LF), closed bars (LF-HE), small dashed 
pattern (HE-LF), large dashed pattern (HE-HE). Data are mean±SEM. # pre-weaning HE, * 
post-weaning HE diet contrasts (p<0.05).

the S1 males.  AUC-insulin was increased by pre-weaning diet in male C (p=0.015) 
and S2 (p=0.012) offspring. Post-weaning HE diet increased AUC-insulin in male C 
(p=0.001) and S1 (p=0.018) offspring.  In females, no diet effects on AUC-glucose 
were observed.  With respect to the glucose-induced insulin response, only the HE-
HE group in the C females showed a clear increase in the AUC-insulin relative to 
groups.  Pre-weaning (p=0.045) and post-weaning HE diet (p=0.001) both increased 
AUC-insulin in C mice, without an interaction.  Additional post-weaning HE diet 
effects to increase AUC-insulin were observed in S1 (p=0.022), but not S2 females.
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Figure 5: running wheel activity (expressed in revolutions/day) over a 5 day period in control 
(C) and activity selected (S1 and S2) male (top panels A and B) and female (bottom panels C 
and D) mice at 6-8 weeks of age (left panels) and at 8 months of age (right panels).  Open bars 
(LF-LF), closed bars (LF-HE), small dashed pattern (HE-LF), large dashed pattern (HE-HE).  
Data are mean±SEM. * post-weaning HE diet contrasts (p<0.05).

Wheel-running activity

Specific effects of dietary interventions on running wheel activity were analyzed in 
cohort C mice at 6-8 weeks and at 10 months of age.  These mice were not used for 
energy balance parameters.  In cohort C LF-LF male offspring at 6-8 weeks of age, 
wheel-running was solely increased in S2 offspring (+146%) compared to C offspring.  
In LF-LF females, wheel-running was higher both in S1 (+92%) and S2 (+100%) 
females compared to LF-LF C females. These differences in wheel-running activity 
are typically found when mice are tested for selective breeding to provide the next 
generation.  Only female C offspring showed a marked increase in wheel-running 
when feeding post-weaning HE diet (p=0.021), and this effect was only found at 
6-8 weeks of age.  All mice had reduced wheel-running behavior when re-tested 
at 10 months, independent of dietary condition.  This effect was most pronounced 
in female C offspring, where a stronger reduction was observed by pre- and post-
weaning HE diet (time*diet resp, p=0.034, p=0.019) (see figure 5).
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Discussion

Mice selectively bred for increased voluntary wheel-running behavior, and in 
particular females, were previously shown to resist diet-induced obesity (DIO) and 
associated metabolic derangements when challenged with a HE diet during adulthood 
(Vaanholt et al., 2008). A combination of neuroendocrine, metabolic, and behavioral 
mechanisms seemingly co-evolved over the course of ~50 generations of selective 
breeding for high wheel-running behavior probably underlies this resistance.  Here 
we report that this resistance is lost when these mice are born from dams exposed to 
a HE diet during pregnancy and lactation.
Important for consideration of the loss of resistance to post-weaning HE-induced 
weight gain caused by the pre-weaning HE diet is the fact that it was observed in 
two independently bred lines for high wheel-running behavior.  Although numerous 
mechanisms may be involved in this phenotypic switch, we ruled out that HE diet 
exposure during the perinatal stage, during adulthood, or combinations of these 
caused mice to lose the hyperactivity trait.  Hence, when subjected to running 
wheels (in cohort C mice), S1 and S2 mice did not show reductions in the number 
of daily wheel revolutions or running speed due to the HE diet given pre-and/or 
post weaning (figure 5).  Effects of diet on wheel-running were only observed in C 
females, with clear increases in running activity by post-weaning HE diet. Effects 
of HE diet on voluntary home-cage activity were also only found in C mice, with a 
reduction by post-weaning HE diet in males, and by pre-weaning diet in females. In 
the S lines, however, such effects were not found (figure 3).  Thus, obesogenic perinatal 
reprogramming by a HE feeding in activity selected mice does not affect regulation 
of energy balance – at least in these mice - through reductions in voluntary activity.   
Despite the similarities between S1 and S2 females, there were also marked differences 
between the two S lines.  First of all, reversal of diet-induced obesity resistance towards 
a DIO-prone phenotype by pre-weaning HE diet exposure was clearly stronger in 
the S1 females than in the S2 females.  A parallel can be drawn with the males, in 
which the S1 line also displays a more robust DIO phenotype by maternal HE diet 
programming than the S2 line (figure 2 left).  Secondly, associated hyperinsulinemia 
in response to an OGTT - which is a read-out for insulin resistance (Reaven, 1988) - 
was also most pronounced in the S1 line (figure 4).  Thirdly, as previously shown by 
us (Vaanholt et al., 2008), S1 females are metabolically highly flexible; they increase 
MR and physical activity when given a high-fat diet in non-reproductive conditions 
and offset these responses under reproductive conditions.  This compensatory 
increase of MR in S1 females when subjected to post-weaning HE diet was lost when 
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their mothers were subjected to the HE diet, and showed an overall decrease in MR 
(both RMR, PA-MR) and tendency to decrease home-cage activity.  Contrary to S1 
females, however, S2 females presented a further increased MR when experiencing 
the combined pre- and post- weaning HE diets (table 3).
To our surprise, the effects of the post-weaning HE diet in offspring from LF feeding 
mothers (i.e., thus without the effects of HE programming) on DIO development 
and OGTT-induced hyperinsulinemia were stronger in S1 males than in the C 
males.  In fact, C males of this Hsd:ICR outbred strain are not very sensitive to the 
obesogenic effects of a HE diet.  This is strikingly different compared to the male-
biased DIO phenotype of certain inbred strains, including the C57Bl/6J strain 
(Collins et al., 2004).  Thus, as opposed to the C and S2 line, the S1 line appears to 
possess a male-dependent genotype that is able to switch phenotypic appearances 
depending on the type of diet, at least in the present setting (Meek et al., 2010). 
One mechanism potentially underlying this effect may be that it is linked to a sex-
specific hyperactivity trait of S1 mice, as observed in these animals in the present 
study and in a previous study from this laboratory [21], with high levels of voluntary 
cage activity and wheel-running behavior in females, but relatively normal levels of 
these in males.  In S2 mice, penetration of the “high-activity genotype” is found in 
females as well as males.  Because the above-mentioned sex-specific penetration in 
S1 mice is maintained despite continuous selection, it may be speculated that X or 
mitochondrial chromosomal loci in S1 mice play a role in this mechanism, which 
could be arrested by Y-chromosomal loci, such as the SRY gene (Wu et al., 2009).  
For additional differences between lines S1 and S2, see Hannon et al. (Hannon et al., 
2011).
Increased adiposity in all offspring by pre-weaning HE diet was already evident at 
PND21, with an increase in gonadal fat pad mass strongly contributing to this effect 
(figure 1). This is in line with several other studies showing early nutritional effects 
in rodent offspring caused by maternal overfeeding (Reifsnyder et al., 2000; Howie 
et al., 2009; Purcell et al., 2011).  In a parallel study using the same lines and diets 
(Guidotti et al, under review), milk energy output (MEO) was markedly lower in 
S dams compared to C dams feeding the LF diet, but when subjected to a HE diet 
dams of both S lines dramatically caught up their MEO to the slightly increased level 
found in the C line upon subjection to a HE diet (Guidotti etal, under review).  This 
may suggest that increased maternal MEO is involved in inducing weight gain in 
offspring, and this is apparently not hindered by a trait for a high wheel-running 
behavior.   Interestingly, we found that the increased body adiposity levels were only 
associated with elevated plasma leptin levels in male and female offspring from both 
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S lines (figure 1, A and C).  At present we do not know the nature of this discrepancy. 
It is unlikely that adipocyte size alone plays a role in this effect given that congruency 
between leptin levels and adipocyte size was only observed in females, but not males 
(figure 1, panel D).  Increases in plasma leptin levels during the pre-pubertal phase 
are known to stimulate the reproductive axis and facilitate puberty onset (Chehab 
et al., 1997).  Although this was not directly assessed in the present study, it may 
be speculated that the S offspring indeed have an advanced reproductive age when 
subjected to a HE diet at adolescence.  Although  the exact mechanisms underlying 
this hyperleptinemic response have to be resolved, it could be that specific local 
inflammatory pathways in fetal adipose tissue of S mice are involved in inducing 
these responses (Murabayashi et al., 2013).  Changes in CNS pathways may also play 
a role (Levin, 2010), but these apparently did not provoke major changes in ingestive 
behavior and physical voluntary activity later in life to underlie the phenotypic 
switch, at least under the conditions tested in the present study.

Conclusions and perspectives

In summary, pre-weaning HE diet exposure revoked traits of DIO and associated 
metabolic derangements in mice that were seemingly lost as a result of ~50 generations 
of selective breeding for high wheel-running behavior.  One possible explanation 
for this effect is that potential allelic variants underlying the trait of DIO proneness 
and associated derangements were not eliminated but silenced by the selection 
protocol, and switched on again by pre-weaning HE diet exposure, potentially by 
epigenetic mechanisms (McMullen et al.; Chakravarthy and Booth, 2004).  From 
a clinical standpoint, this could be highly relevant as homologous mechanisms in 
humans may contribute to the rapid spread of the obesity and diabetes epidemic over 
the last few decades .  From a biological standpoint, however, the above-mentioned 
phenomenon could represent an example of an adaptive mechanism by which an 
elevation of the plasma leptin level in the adolescent state reduces the age at first 
reproduction in the face of food abundance signaled during early development.  
Apparently, these mechanisms are not directly linked to regulatory systems involved 
in voluntary activity, as wheel running appeared unaffected by combinations of pre- 
and/or post-weaning HE diet.   According to West-Eberard, developmental switches 
such as observed in the S mice, and potentially present in many species including 
humans, may be seen as decision points in the ontogeny of behavior, physiology, and 
morphology and contribute to the modularity and dissociability of the phenotypic 
subunits we call “traits” (West-Eberhard, 2005).   When recombined, these traits may 
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have an increased fitness value from an evolutionary perspective, and may improve 
survival of successive generations (Swallow et al., 1998; Garland Jr, 2003; West-
Eberhard, 2005; Garland, T. et al., 2011).
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Part 1: Applications

Measuring the fire of life

Approximately two-hundred years ago, Antoine Lavoisier was able to prove that 
respiratory gas exchange in a living organism represented a combustion process 
similarly to a burning candle (Lavoisier, 1777). Together with his wife Marie-Anne 
Paulze, they measured for the first time oxygen consumption volumetrically in both 
animals and humans and determined that oxygen consumption increased with 
animal size and with exercise, or after a meal. Only about a century after, Atwater 
further developed and implemented indirect calorimetry (IC) for metabolic rate 
measurements by means of a quantitative gas analyzers of O2 and CO2 (Atwater and 
Rosa, 1899; Atwater and Benedict, 1905). Since then, IC became an indispensable tool 
in many areas of science and nowadays IC is considered a gold standard for metabolic 
rate (MR) measurements.  The measurement of O2 consumption and CO2 production 
can be later translated into energy expenditure or MR. Information about the rate and 
substrate utilization (i.e.; fat, carbohydrates and proteins) can additionally be derived 
from the ratio of exchange of the two gasses  (O2/CO2), also known as respiratory 
quotient (RQ) or respiratory exchange ratio (RER).  
The IC measurement is based on the assumption that all the oxygen is used to oxidize 
fuels and all the CO2 produced in this process is measured. Hence from the rate 
of consumption and production, energy production is measured by means of the 
conversion of the chemical free- energy of nutrients into the chemical energy of ATP. 
In other words, IC measures the net disappearance rate of substrate in the body, not 
taking into account  which metabolic inter-conversions substrates may undergo 
before they are entirely degraded.   When significant amounts of metabolic inter-
conversions occur in the body (i.e., gluconeogenesis, ketogenesis and lipogenesis) or 
in the case of specific physiological states (e.g., during hypo- and hyper- ventilation), 
the presumed equivalence between oxidation and disappearance may no longer 
apply (Simonson and DeFronzo, 1990). This is especially true in non-homeostatic 
states, for example when studying genetically modified animal or drugs that affect 
metabolism. When reconsidering the assumptions behind IC, we know that RQ 
represents the main output of whole catabolic and anabolic processes. For example, 
the RQ for the conversion of glucose to fat is 5.55 while the RQ for oxidation of fat 
is 0.7. As the volumes of O2 and CO2 related to the oxidation of  fat are greater than 
those involved in its production from glucose, the overall RQ for the conversion of 
glucose to fat followed by its oxidation is 1.0, exactly as if the glucose was oxidized 
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directly (Arch et al., 2006).  Clearly, short-term measurement of RQ as such may 
provide little quantitative insight and should be used in a qualitative manner to 
provide information on fuel oxidation. 
Because IC is based on measurements of gas exchange by respiration, this requires the 
subject to be confined in a chamber or breathing into a mask for the whole duration 
of the measurement thereby often limiting “normal” behavioral activity. To overcome 
this limitation, in the 60’s Lifson and McClintock (Lifson et al., 1955)  proposed, 
the doubly-labeled water (DLW) method, a stable isotopic tracer method for the 
measurement of MR under non-captive free-living conditions (Speakman, 1997). 
The stable isotopic tracer method is based on a simple principle: hydrogen leaves the 
body primarily via water turnover, whereas oxygen leaves the body both via water 
turnover and via carbon dioxide as a product of fuel oxidation. Thus, after dosing the 
body with known concentrations of stable rare isotopes of hydrogen (deuterium; 2H) 
and oxygen (18O), CO2 production can be subsequently determined by subtracting 
the elimination rate of 2H (kD) from that of 18O (kO) (Lifson and McClintock, 1966).
At the time Lifson and McClintock did their studies, the application of DLW 
was problematic due to the high cost of stable isotopes of water.  In line with the 
increasing demand in clinical applications of 18O, for example used in the production 
of the tracer FDG for medical imaging positron emission tomography (PET), the 
DLW technique  became more accessible to researchers and increased the use of the 
technique (See figure 1).  

DLW analysis

Successful application of the DLW method requires not only particular  care in 
its design, but also in the way DLW samples are handled, analyzed, and quality-
checked. In chapter 2 a detailed description of the whole analytical procedures as run 
in our laboratory is given. First, we describe how both sample and reference water 
are prepared through micro-distillation; second, we present a novel and successful 
algorithm to correct for sample-to-sample memory effects after analyzing the samples 
by isotope ratio mass spectrometry. By applying this algorithm we can handle a 
particularly large amount of samples over a large range of isotopic enrichments and 
therefore save precious analysis time. The memory correction algorithm gives good 
and very robust correction results, thereby increasing accuracy and improving overall 
efficiency of the analysis of series of DLW samples. Additionally, the same algorithm 
can be applied for laser spectroscopy DLW samples measurements.
In the third place, we describe the way we calibrate over several orders of magnitude 
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Figure 1: number of published item per year including the search term “doubly labeled water” 
and or “doubly labeled water”. source ISI Web of knowledge.

of isotopic enrichment and how we maintain, using gravimetrically produced 
reference waters, proper isotopic scales even in the highly enriched region; finally, 
the application of an error propagation scheme for the day-to-day inspection of DLW 
values and its use to estimate the analytical error propagating into the calculated rate 
of CO2 production, and thus MR is proposed.

Advantages and disadvantages

The choice of which measurement technique to use depends strongly on the objective 
of the study. There are many advantages/disadvantages of using DLW but each of them 
may vary according to the experimental condition applied. A series of summarized 
advantages and disadvantages of the two methods are presented in table 1.
As already described above, the main advantage of the DLW technique over IC is that 
the measurement can be performed in freely living individuals engaged in their daily 
activities and environment without the need to restrain the subjects in a measurement 
chamber or to connect them to respiration equipment. This is particularly relevant 
for human subjects, where the method can also be applied with the study subject 
being not aware of the measurement in progress or in wild animals living in their 
natural habitat. Another advantage of the DLW technique is the possibility to measure 
more individuals simultaneously over time, while for IC the number of individual 
measurable simultaneously will be limited by the availability of the instrumentation 
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Indirect 

calorimetry DLW 

Freely moving    + a +++ 

Precision +++ + 

Accuracy +++ ++ 

RQ RMR + - 

Resolu�on high (min/sec) low (day-week) 

Simultaneous measurement   + b +++ 

Body compos�on - + 

Costs $ $$$ 

Table 1: advantages and disadvantages of metabolic rate measurements

a Depending on the size of the chamber. b depending on the amount of chambers.

(i.e. the number of metabolic chambers/gas analyzers). Furthermore, the DLW 
method can give insight in body composition by isotope dilution method information 
(i.e., for both body composition changes over the measurement time and to correct 
MR for fat free mass). 
Despite the aforementioned advantages, the method misses precious information 
about resting metabolic rate (RMR) and respiratory quotient (RQ). Moreover the 
resolution of the DLW measurement (days/week) is lower than indirect calorimetry 
(~1 min), and cannot be employed to observed acute changes in MR. In terms of 
accuracy, the DLW method is less precise than IC and direct calorimetry but in 
general has a good level of accuracy (i.e. in humans ~5% (Hall et al., 2012).
Since the DLW technique has a lower precision and accuracy than IC, the method 
should be employed exclusively when there are no alternatives, for example where 
confinement is not possible, e.g. in a social situation like in lactating mothers (See 
chapter 5) (Król and Speakman, 2003) or during sleep deprivation (Bergmann et 
al., 1989; Barf et al., 2012). When the method is applied in laboratory conditions, 
it is obviously advisable to perform a validation study perhaps in parallel to the 
measurement of DLW (like we have done in chapter 4), to both ensure the validity of 
the measurement and evaluate its applicability in determined experimental condition.
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DLW validation studies

DLW is based on a series of assumptions. It is a major responsibility of the 
experimenter to evaluate the available literature and take in consideration to which 
extent the violation of the assumptions could affect the results (for more details See 
chapter 1). 
One of the assumptions - particularly relevant in light of the use of the DLW 
technique for studying derangements in energy balance and obesity - is that hydrogen 
and oxygen may compartmentalize beyond the water and CO2 pool.  For example, 
hydrogen and oxygen could potentially be incorporated into non-aqueous molecules 
via ionic exchange or anabolic metabolism resulting in larger pool sizes and isotopic 
fractional washout rates. This process should not be considered uni-directional but 
the same isotopes that are disappearing from the body water pool during anabolism 
will be later released by catabolism of the latter molecules. 
To evaluate the applicability of the DLW technique in metabolic studies in mice, in 
chapter 3 we investigated whether differences in the nutritional and body adiposity 
status affects validity of the assessment of CO2 production by the DLW technique. 
We compared CO2 calculated by the DLW method to actual CO2 production 
concomitantly measured using a calibrated CO2 sensor in an IC setup over a 3-day 
period in mice feeding a low-fat (LF) diet and an obesogenic high fat/high sucrose 
(HF) diet.  In that study, we found a good match between calculated rCO2 from 
DLW and indirect calorimetry in the mice feeding LF diet (best match mean±S.E.M: 
-0.5±1.1%) while we found a systematic overestimation or rCO2 when the animal 
were feeding HF diet irrespective of their adiposity level (best match DR +15.9±2.2%; 
DIO +18.5±3.2%). Although we did not address directly the mechanism behind this 
discrepancies, a series of explanation are provided in chapter 3. This finding could 
potentially undermined the use of DLW in (obese) subject feeding a western-type of 
diet rich in saturated fat and potentially produce an overestimation of daily energy 
requirements, however caution should be placed in translating this finding to human 
subjects.  It has been noted by Schoeller et al., (Schoeller et al., 1980) that the time 
to reach equilibrium is more variable among obese subject (that are probably having 
a higher percentage of fat in their diet) but there was no big discrepancy between 
the DLW and IC.  However, in the original validation study in human by Schoeller, 
participant consumed daily meals of 210 kcal/day with 45% of the energy from 
carbohydrate, 40% from fat, and 15% from protein similarly to our animal HF diet.  
In that study they found that the DLW method  had an overall overestimation of MR 
calculated by DLW compare to indirect calorimetry in 5 out of 6 subjects (Mean±SD 
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8±9 % and excluding the only underestimated subject caused a deviation range from 
6-22 % (11± 6) (Schoeller and Santen, 1982).
Additional translational studies testing dietary effects in a similar manner as in 
our  study should be performed, furthermore future studies should be directed on 
investigating the mechanism underlying this discrepancy and how this error could 
be corrected.  A potential way to overcome this limitation will be combining the 
method with a series of other isotope tracer methods to control for example for 
de novo lipogenesis or other processes that may affect the resultant CO2. Using 
additional isotopic tracers, however, will complicate the application of DLW method 
considerably.

Use of saliva as sample fluid of choice for DLW analysis in humans

Different body fluids can be sampled for estimation of isotopic enrichments in the 
study subject: blood, urine, saliva. In humans blood represents the optimal sample 
fluid since is in rapid exchange with body water pool. However, since blood may be 
more difficult to sample (i.e., it requires the aid of specialized personnel), saliva and 
urine have been used as alternatives (Schoeller et al., 1982; Wong et al., 1988). Urine 
however, depending on the moment of void and collection of the sample, may not 
be in complete equilibrium with the body water pool, and its isotopic enrichment 
may represent an integral over time (Prentice, 1990). In humans sampling of saliva 
is obviously by far the easiest, but its reliability has been suggested to suffer from 
variable degrees of isotopic fractionation and potential contamination by ingested 
material prior to sampling (Prentice, 1990). In chapter 3, we investigated isotopic 
enrichment difference between blood and saliva over a large range (d2H 500-3000; 
d18O 20-250) and showed that saliva can be reliably used since highly comparable to 
blood in its isotopic enrichment. 
Another aim in chapter 3 was to evaluate the reliability of the DLW in making individual 
energy budget in humans. During the study at the clinical facility at PRA (Zuidlaren, 
Nl),  energy intake (EI) from the study participants was carefully measured by a team 
of dieticians. By subtracting MR, measured by the DLW technique over one week, 
from energy intake this allowed us to calculate energy balances of the individuals. We 
found that the imbalance between EI and MR explains weight change consistently, 
and although EI is a better predictor for weight change, EI-MR as well as physical 
activity levels and energy devoted to physical activity, but not EI, are predictors for a 
short-term change in body fat mass. 
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Although the technique has been validated in several conditions (for a detail 
summary see (Speakman, 1997) and species, many questions remain to be answered 
and results among studies and laboratories are sometimes conflicting. As described 
by Speakman, the number of validation studies performed since 1989 has diminished 
and the technique has now become an accepted tool, and it is thought that there is 
no need to further refine it or test it (Speakman, 1997). Nowadays there are many 
conflicting arguments and the equations proposed for the calculation of rCO2 are only 
minor variations of each other. More detailed descriptions of the different equations 
and outcomes and different study designs in mice are provided in chapter 4. Although 
there are still many issues to uncover before the technique can be considered a golden 
standard for MR measurements under free-living conditions, the DLW technique 
is still a unique choice for certain types of studies and by improving the cost and 
the accuracy of the measurement, it definitely is a promising tool to exploit the 
mechanism behind energy balance perturbations.  
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Part 2: Implications

Physical activity

Physical activity (PA) is a fundamentally complex behavior that enhances and 
maintains physical fitness and can provide overall health and wellness. PA can be 
performed for different reasons: e.g for foraging purposes, weight loss and muscle 
training but for solely rewarding purposes as well.
PA (20-50% of total MR in humans) can vary greatlyamong individuals within 
species as well as among species (Garland et al., 2011). One approach to study 
the neurobiology of “innate” PA and its role in energy balance and adiposity is to 
investigate these regulations in mice from lines selectively bred for high voluntary 
wheel-running behavior (Garland et al., 2011). Back in 1993, Theodore Garland Jr and 
colleagues started a long-term experiment that involves selective breeding for high 
voluntary running wheel activity (for more details about the selection protocol and 
the lines see chapter 1). In previous studies, it was found that - relative to mice from 
non-selected control lines - activity-selected mice have reduced body mass, reduced 
body fat content, increased mass-adjusted food consumption, increased daily MR, 
and a high maximal oxygen consumption during forced treadmill exercise (Girard et 
al., 2007; Vaanholt et al., 2008; Meek et al., 2009).  These traits are expressed even if 
mice do not have access to running wheels (Rhodes et al., 2001; Malisch et al., 2009). 
When exposed to a HE diet in adulthood, the hyperactivity trait protects female 
mice from diet-induced obesity, despite the fact that they are markedly hyperphagic 
compared to control mice that do become obese (Vaanholt et al., 2008).  Resistance 
in highly active females is, in part, attributable to diet-induced augmentation of 
voluntary PA, as well as several metabolic and endocrine changes that stimulate fuel 
metabolism (Vaanholt et al., 2008).

Programming health and disease

In the 1970’s the term “programming” was introduced into the scientific literature 
for the first time by Dörner. He proposed that several hormones, metabolites and 
neurotransmitter when present during early life can program brain development and 
body function and can affect the risk for disease development in adulthood (Dörner, 
1975). Since then, the theory on developmental origin of health and disease has gained 
considerable attention, particularly following the seminal studies of Barker (Barker et 
al., 1989). Several humans and animal studies have since then shown that early pre- 



General discussion178

and neonatal life conditions can exert long lasting changes in physiological function 
and heighten the risk to develop life-threatening diseases later in life, such as obesity, 
cardiovascular diseases, type-2 diabetes, cancer and potentially neurodegenerative 
diseases (Painter et al., 2005; Chen et al., 2009; Jones and Ozanne, 2009; Henry et al., 
2011; Cai, 2013). Studies directly addressing the nutritional programming hypothesis 
in humans are limited, due to ethical reasons.  Except from the experimental studies 
conducted by Lucas et al., (Lucas, 1991), directly assessing this issue experimentally,  
most of the human studies are rather retrospective and therefore difficult to interpret. 
To directly explore the potentially negative health outcomes of early nutritional 
intervention several animal models have been employed. 
In this thesis we adopted a mouse model of maternal HE feeding, consisting of 45% 
fat and 13% added sucrose, subsequently providing the diets to dams from mating 
to weaning (chapter 5 and 6) (See figure 2), and compared the nutritional effects to 
the condition when the dams were feeding a LF diet. At weaning male and female 
siblings remained on the HE or LF diet, or switched to the other diet after weaning. 
We further aimed at investigating if a predisposition for high PA levels would 
counteract or dampen the predisposing effect of maternal HE feeding to induce 
metabolic derangement in adulthood. 
Mice were followed from the perinatal stage until peak lactation (chapter 5) and 
during adulthood until 10 months of age (chapter 6). 

Early lactation

In the recent years considerable advances have been made in the knowledge on the 
benefits of early nutrition on later health and susceptibility to disease in adulthood 
(Lucas, 1991). In mammals, milk provides all the nutrients to sustain growth and 
development of the offspring for the first period after birth. Although milk represents 
the main source of nutrition for the growing infant it is as well a main source of 
a variety of hormones, growth factors and neuropeptides, sometimes at higher 
concentrations than in maternal plasma. With direct relevance to energy balance 
regulation significant amounts of insulin (Shehadeh et al., 2003), leptin (Casabiell 
et al., 1997; Smith-Kirwin et al., 1998), ghrelin (Aydin et al., 2006) and adiponectin 
(Martin et al., 2006) have been detected in human milk linking lactation to the 
development of energy balance circuits and determine plasticity of the forming brain 
(Bouret et al., 2004; Steculorum and Bouret, 2011).  However, the effects of the total 
amount of nutrients passed on from the mother to the offspring, particularly in light 
of the dietary conditions of dams, has remained enigmatic.
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To gain further insight in the effects of an HE diet on growth of the litter we measured 
milk energy output (MEO) during peak lactation (chapter 5) and follow the growth 
and development of offspring of mice selected for running-wheel activity and their 
randomly bred controls. We calculated MEO by subtracting MR from metabolizable 
energy intake. We found that HE feeding during lactation causes an increase in MEO 
and hence increased energy procurement from dams to the offspring. This increase 
energy availability by HE diet has contributed to the accelerated increase adiposity 
found in the offspring at 21 days (see chapter 6, figure 1). Overall selected lines had 
reduced growth of the litter and a markedly lower MEO when given LF diet compared 
to the control line, while no difference between selected and control lines were found 
on MEO when the dam received HE diet. A pitfall of this study is that we did not 
assess milk composition, although taken the finding of (Wahlig et al., 2012) one may 
speculate that the higher energy output was accompanied with a milk richer in fat 
than in the LF feeding dams S lines normally increase MR fueling, among others, 
increased physical activity when feeding a HF diet in adulthood resulting in a diet 
induced obesity resistance phenotype (Vaanholt et al., 2008). Another key finding in 
the present study is that this response was not found during lactation where MR did 
not differ between feeding conditions in selected lines. We overall found even a trend 

Figure 2: experimental design depicting Pre-weaning (first two letters) and Post-weaning 
(final two letters) diet conditions.
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for increase body fat content by HE feeding in selected lines as measured by isotope 
dilution method.
In the assessment of potential differences in MEO during lactation, it is important 
to consider nursing behavior of lactating dams. This is particularly important during 
the first week after parturition, because early maternal behavior is crucial for mother-
pup bonding, pup development and thrift (Teicher and Blass, 1977). Signals about 
environmental conditions during lactation may also provide important information 
for developing infants and programming may continue in species through maternal 
care. For example, Weaver and Champagne found that infant rats of which the 
mothers spend more time licking/grooming and arched back nursing have better 
spatial learning abilities and overall better memory(Champagne et al., 2003; Weaver 
et al., 2004). Activity-selected dams showed subtle impairments in maternal care 
over the first post-partum week relative to control dams, and this could have been 
relevant for energy availability to the offspring, pup growth and development, and 
pup survival at any point of the pre-weaning period.

Adaptive plasticity

An adaptation in biology is defined as a trait with functional relevance in the life 
history of an organism that is maintained and evolved by means of selection and 
contributes to fitness and survival of the individuals. During development, organisms 
usually face successions of environmental stimuli or insults but are equipped with 
an adaptive potential to resist these conditions.  At the same time these conditions 
impact on the organism too such that the organism’s phenotype develops in response 
to the imposed conditions. Phenotypic plasticity is the ability of an organism with 
a given genotype to change its phenotype in response to change in its environment. 
Thus, individuals living under the same environmental condition, but with different 
plasticity mechanisms can leading to complete different response among  individuals 
(West-Eberhard, 2005). Experimental evolution approaches have shown that 
plasticity can change when it is subject to direct selection or as a correlated response 
to selection. Back in 1993, Theodore Garland Jr and colleagues started a long-term 
experiment that involves selective breeding for high voluntary running wheel 
activity (for more details about the selection protocol and the lines see chapter 1). An 
example of correlated response to selection found in both S1 (Vaanholt et al., 2008) 
and S2 (chapter 6) lines is that these mice are resistant to diet-induced obesity (DIO) 
and associated metabolic derangements when given a HE diet during adulthood. 
This response is underscored by a combination of neuroendocrine, metabolic and 
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behavioral mechanism that have evolved over more than 50 generation of selective 
breeding.  
When these mice were exposed to a developmental stimulus consisting of a HE diet 
from mating to adulthood, S females lost the trait for diet- induced obesity resistance 
without altering the trait for running wheel activity, as shown by running wheel 
activity testing (chapter 6). One possible explanation for this effect is that potential 
allelic variants underlying the trait of DIO proneness and associated derangements 
were not eliminated but silenced by the selection protocol, and switched on again 
by pre-weaning HE diet exposure, potentially by epigenetic mechanisms (McMullen 
et al., 2012).  Further investigation of developmental switches induced by perinatal 
HE diet exposure and their potentially adaptive relevance can help us to understand 
how phenotypic recombination of complex traits could underlie obesity and insulin 
resistance.
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In summary

The research described in this thesis can be subdivided in two major aims:

- Validating the doubly-labeled water method and evaluate its applicability in 
both clinical and laboratory conditions in the study of energy balance.

- Investigate the metabolic/behavioral changes in control mice and mice 
selectively bred for high running-wheel activity of consequence of maternal high-
energy diet feeding from lactation to adulthood.

In the first part an improved protocol for the  method of DLW analysis is reported 
that improves accuracy and measurement time in chapter 2. Furthermore, an 
algorithm is proposed for day-to-day isotope ratio mass spectrometry memory 
correction and additional ways are reported to control the validity of the analysis. 
In chapter 3 it is reported  that saliva can be reliably used as sampling fluid for DLW 
analysis in humans and that by carefully measurement of energy intake an individual 
energy balance could be drawn, which explains part of the body weight and body 
composition changes of the subject during the study. Chapter 4 shows that a change 
in the nutritional status, by switching from a LF diet to a HE diet can enlarge the 
error in the estimation of CO2 by the DLW method when comparing outcomes to IC. 
In the second part of the thesis, the metabolic and behavioral changes are described 
of control outbred mice and mice selectively bred for running wheel activity and the 
consequence of feeding a HE diet from pregnancy to lactation (chapter 5) and from 
weaning to adulthood (chapter 6).  Chapter 5 shows that feeding a HE diet increases 
milk energy output and therefore increases pup growth and development. This effect 
of HE feeding is not impaired in mice selectively bred for running wheel behavior. 
In fact, the hyperactivity trait and associated hyper-metabolic state appear offset 
by lactation and do not prevent HE-diet induced weight gain in the offspring. In 
chapter 6, it is reported that maternal HE-diet consistently caused increased adiposity 
and hyperinsulinemia, the obesity resistance trait of the high activity mice was lost, 
without affecting their high-activity trait.  
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Conclusions

In the current society, characterized by increased food availability and overall 
reductions in physical activity, understanding how energy balance is regulated has 
become a crucial task because this may ultimately lead to the mechanisms that 
underlie obesity and associated metabolic derangements. For this reason methods 
like the DLW technique to measure free living energy expenditure needs to be further 
refined. In the first part of this thesis several topics relevant to the validity of this 
technique have been evaluated from the analytical point of view towards the practical 
application of the label in laboratory metabolic studies. In the second part of this 
thesis, emphasis is given on the fact that early nutrition during development result in 
the predisposition to store body fat and other metabolic derangements. The studies 
clearly demonstrate that early nutritional, such as maternal high-fat feeding during 
perinatal stage (mating/pregnancy and lactation) can have detrimental effect on the 
metabolic profile of the offspring, in particular, if re-exposed later in life to the same 
diet. The early perinatal stage is crucial for the offspring’s growth and development 
of regulatory functions necessary for sustainable health. The model proposed in 
this thesis helps to understand these underlaying regulatory mechanism relevant to 
energy balance and fuel homeostasis, and how these could underlie obesity proneness 
or resistance. More studies aiming at measuring epigenetic changes (through histone 
acetylation and DNA methylation) in particularly relevant to physical activity  genes 
are needed. 
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De ontdekking van het creëren en onderhouden van vuur is waarschijnlijk één 
van de belangrijkste verworvenheden waarmee onze vroege voorouders de 
natuur naar hun hand konden zetten.  Hierdoor konden ze gemakkelijker voedsel 
bereiden, de kwaliteit ervan te verbeteren, en absorberen ten behoeve van hun eigen 
verbranding of metabolisme.  Verbranding is immers de essentie van leven. In de 
huidige samenleving, gekenmerkt door een verhoogde beschikbaarheid van voedsel 
en algehele vermindering van de fysieke activiteit, is de balans doorgeslagen en 
hebben veel mensen last van overgewicht of obesitas en daarmee gepaard gaande 
cardiometabole stoornissen.  Het proberen te begrijpen hoe de energiebalans wordt 
geregeld is daarom een cruciale taak want dit kan uiteindelijk leiden tot een beter 
begrip van de mechanismen die aan obesitas en bijkomende metabole stoornissen 
ten grondslag liggen. Met name de rol van de metabolisme in de (dys) regulatie van 
de energiebalans is slecht begrepen. Om hierin helderheid te verschaffen is de dubbel-
gelabeld water (DLW) techniek een interessante methode omdat het analyse van 
metabole snelheid kan bewerkstelligen onder vrijlevende condities.  Deze techniek 
dient echter gevalideerd en verfijnd te worden.  Eveneens is de rol van een hoge mate 
van fysieke inspanning als gedragskenmerk op de regulatie van energiebalans niet 
duidelijk.    
In het eerste deel van dit proefschrift worden verschillende onderwerpen onderzocht 
en beschreven aangaande de analyse en de praktische toepassing ervan in metabole 
studies bij muizen en mensen.. In het tweede deel wordt de nadruk gelegd op de 
lichamelijke activiteit als gedragskenmerk  bij muizen, hoe dit energiebalans 
regulatie beïnvloedt.tijdens de zwangerschap en lactatie, en hoe dit interacteert 
met energiebalans regulatie bij de nakomelingen indien zwangere en lacterende 
muizenmoeders worden blootgesteld aan hoog energetische (HE) voeding met veel 
vet en suiker.
In het eerste deel van dit proefschrift wordt een verbeterd protocol voor de wijze van 
DLW analyse beschreven dat de nauwkeurigheid en de meettijd van deze analyse 
ten goede komt (Hoofdstuk 2). Verder wordt een algoritme voorgesteld voor de dag-
tot-dag isotoopverhouding bij massaspectrometrie,  een methode voor geheugen 
correctie bij massaspectometrie beschreven, en aanvullende manieren worden 
gerapporteerd om de geldigheid van de analyse te controleren. In Hoofdstuk 3 wordt 
gemeld dat speeksel kan worden gebruikt als een betrouwbare lichaamsvloeistof 
voor bemonstering tbv DLW analyse bij de mens.  Door nauwkeurige meting van 
energieopname kan een individueel energiebudget van de proefpersonen in de 
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studie worden opgesteld, en wordt vermeld welk deel van de verandering in het 
lichaamsgewicht en lichaamssamenstelling van de proefpersonen kan worden 
verklaard door dit energiebudget. Hoofdstuk 4 beschrijft een experiment bij muizen 
waarbij overschakeling van een vetarm dieet naar een HE dieet de fout bij de 
schatting van de CO2-productie door de DLW methode sterk vergoot wanneer dit 
wordt vergeleken met de CO2-productie gemeten bij indirecte calorimetrie.
In het tweede deel van het proefschrift worden de metabole en gedragsveranderingen 
beschreven van controle “outbred” muizen en muizen die selectief werden gefokt voor 
een hoge mate van loopwiel activiteit.  Met de DLW methode wordt in Hoofdstuk 5 
aangetoond dat het voeren van een HE dieet de melk-energieopbrengst van zogende 
muizenmoeders verhoogt, en daardoor groei en ontwikkeling van de nakomeling 
navenant groter is. Dit effect van HE dieet op de lactatie energetica wordt niet 
verstoord bij muizen die selectief werden gefokt voor een hoge mate van loopwiel 
activiteit. De hyperactiviteit en de bijbehorende hyper-metabolische staat blijken 
zelfs te worden geblokkeerd tijdens lactatie en wellicht reproductie, en staan HE-dieet 
geïnduceerde gewichtstoename bij de nakomelingen niet in de weg. Dit wordt verder 
beschreven in Hoofdstuk 6, waarbij de nakomelingen na spening eveneens op het HE 
dieet worden geplaatst, een situatie die wordt vergeleken met het voeren van een laag-
energetisch controle dieet.  Hoewel de hoog-actieve muizen normaliter bestand zijn 
tegen de obesitas-inducerende werking van een HE dieet (dit itt tot controle muizen 
die wel obees worden op een HE dieet) zien we nu dat deze hoogactieve muizen net 
als de controle muizen nu wel obesitas en geassocieerde metabole stoornissen krijgen 
wanneer hun moeders ook werden gevoerd met het HE dieet. 
De gepresenteerde bevindingen geven inzicht in hoe de onderliggende regulerende 
mechanismen verstoord raken door combinaties van een HE dieet tijdens de 
perinatale fase en na spening, zelfs bij muizen die een hoge mate van gedragsmatige 
hyperactiviteit vertonen.   Bij de mens kunnen homologe processen een rol spelen, 
die bij kunnen dragen aan de snelle verspreiding van obesitas en diabetes-epidemie 
gedurende de laatste decennia.
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