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In the 20th century, life expectancy gains exceeded those in all previous periods 
in human history [1]. These gains are attributed to a combination of improved 
nutrition, sanitation, hygiene, and health care [1]. With improved living conditions 
and higher life expectancy disease patterns changed from infectious diseases towards 
(chronic) degenerative and man-made “diseases of civilization” [2, 3]. The latter 
encompass non-communicable diseases (NCDs) such as ischemic heart disease, 
stroke, chronic respiratory disease, type-2 diabetes and certain types of cancer [3, 4]. 
A variety of environmental risk factors contribute to the incidence of NCDs. In 
developed countries, these are mainly: tobacco use, high blood pressure, alcohol 
consumption, high cholesterol levels, high Body Mass Index (kg/m2; BMI), low fruit 
and vegetable intake and physical inactivity [3-5]. Some NCD risk factors may 
contribute to another. High BMI, blood pressure and cholesterol levels are, at least 
in part, related to the overt increase in caloric intake and supposed decrease in 
physical activity which occurred in Western European and North American countries 
in the 20th and 21st century [3, 5, 6]. Reductions in NCD morbidity and mortality occur 
when exposure to the aforementioned risk factors is reduced [3, 5, 7].  
 

Many strategies can be devised for the reduction in the exposure to NCD risk 
factors. In this thesis, I will discuss possible mechanisms by which an early life diet 
can lower the incidence of later life obesity [8, 9]. Here I briefly summarize the current 
understanding of the relationship between early life nutrition and later life body 
weight and fat mass gain. The second part of this introduction will discuss the 
composition and structure of human milk, infant formulae, and how to more closely 
mimic the composition and structure of human milk in infant formulae. Finally, the 
aims and scope of this thesis will be presented. 
 
Developmental Origins of Health and Disease (DOHaD) 

Originally, the phenotype of an organism was viewed as the expression of its 
genotype in response to environmental cues [10]. This view was first challenged by 
the studies on the 1944-1945 Dutch Famine Birth Cohort (the ‘Hongerwinter’, 
literally ‘hunger winter’), which convincingly demonstrated that poor maternal 
nutrition (as a consequence of a severe famine at the end of the second world war in 
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the Western part of the Netherlands) increases the susceptibility of the offspring to 
diabetes, obesity, cardiovascular disease, and microalbuminuria in adult life [11-15]. It 
was reasoned that suboptimal intrauterine conditions adversely affect the short- and 
long-term health of the offspring long after the original stressor was removed [13, 16]. 
The Dutch famine birth cohort helped build the framework for what would later be 
coined the Developmental Origin of Health and Disease (DOHaD) and the research 
field of metabolic programming [10, 12, 15]. From an evolutionary point of view, a 
mechanism which enables developmental plasticity, i.e. the ability of the genotype 
to produce different phenotypes in response to different environments [10], provides 
a clear advantage with regards to survival and reproductive success when the 
environment changes at a fast rate. This early life adaptation is referred to as a 
predictive adaptive response [10, 17]. Disease as a consequence of this early life 
predictive adaptive response can occur upon a mismatch between adaptations in 
early life and different environmental exposure in later life. The paradigm of the 
DOHaD is schematically visualized in Fig. 1 [10].  
 

 
Fig. 1. The match/mismatch paradigm of DOHaD. Exposure to an environmental parameter 
(represented by a vertical gradient) in early life ‘primes’ (illustrated with a lightning bolt), i.e. 
adapts, the organism for its later life environment. If early and later life environments match, the 
organism can survive and reproduce optimally. Upon mismatch of early and later life 
environments, survival and reproduction success may be less optimal. Figure adapted from [10]. 
 

  



Chapter 1 

10 

Metabolic programming 
The process hypothesized to underlie the DOHaD concept is called ‘metabolic 

programming’ [10, 12]. Metabolic programming is defined as a stimulus / insult during 
a critical or sensitive window of development, with long-term (even lifelong) effects 
on an organism [18-20]. Mechanistically, metabolic programming is thought to be 
effectuated by changes in the epigenome such as DNA methylation and/or histone 
tail modifications [21]. The molecular mechanisms responsible for specific changes 
in the epigenome in response to environmental cues is poorly understood [21]. 
Nonetheless, descriptive studies provide insight into methylation patterns of genes 
relevant for NCDs [21-23]. Adults who were in utero exposed to the conditions of the 
Dutch Hongerwinter had, six decades later, a lower degree of DNA methylation of 
the insulin-like growth factor 2 (IGF2) gene compared to unexposed same-sex 
siblings [21]. In offspring which were in utero exposed to preeclampsia (high blood 
pressure of pregnancy), methylation levels of IGF2 were also lower [23]. In contrast, 
overnutrition during infancy in rats is associated with hypermethylation of key genes 
involved in insulin signaling (Irs1 and Glut4) in skeletal muscle in later life [22]. 
Importantly, early life overnutrition in rats leads to higher ad libitum food intake and 
consequently higher body weight in adulthood. 
 

Of interest, breast-feeding is epidemiologically associated with a lower incidence 
in childhood, adolescent and adulthood obesity, compared to infant milk formula 
(IMF)-feeding [24, 25]. Breast-feeding is also associated with lower blood pressure and 
lower plasma cholesterol levels in adulthood [26, 27]. Human milk versus formulae has 
beneficial long-term effects on neurodevelopment and cognition [28], which will not 
be extensively described in this thesis. The reader is referred to [29-31] for an in-depth 
analysis of the link between human milk and neurodevelopment. Overall, the 
incidence rate and severity of certain non-communicable diseases (NCDs), such as 
ischemic heart disease, stroke, chronic respiratory disease, type-2 diabetes and 
certain types of cancer are modifiable by intrauterine [11-13, 32] and postnatal [24-27, 33, 

34] conditions. Early postnatal life is a sensitive developmental period wherein 
metabolic set points, relevant for long-term disease risk, can be modified. It appears 
that early life nutrition can (be used to) modify these parameters [18]. 
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Obesity 

Overweight (BMI: 25-29.99) and obesity (BMI > 30) are defined as an abnormal 
or excessive body fat accumulation that may impair health [35, 36]. The gold standard 
of assessing body fat mass is hydrostatic underwater weighing [37], whereby a subject 
is weighed while fully submerged in water to calculate body density. Alternative 
techniques to assess (a surrogate measure of) body fat mass include body weight and 
height (BMI), skinfold thickness, dual energy X-ray absorptiometry, air 
displacement, nuclear magnetic resonance (imaging), and electrical skin 
conductivity. Each method has advantages and disadvantages with regards to ease of 
use, costs, and proximity to true body fat mass [37]. Epidemiological studies often 
rely on BMI as a surrogate marker for body fat mass [38]. The correlation between 
BMI and body fat mass is affected by age, sexual maturation, race, sex, lean mass, 
and the distribution of fat [39]. Notwithstanding, BMI is an at-home measurable and 
trackable surrogate parameter that strongly correlates with insulin resistance, 
hypertension, and dyslipidemia [40]. Losing excess weight (i.e. decreasing one’s BMI 
and fat mass) by reducing food intake strongly correlates with improved plasma 
lipids, lower blood pressure, lower glucose and lower insulin levels [41]. Limiting 
caloric intake has a powerful protective effect against obesity, high blood pressure, 
insulin resistance and atherosclerosis [41]. 
 

In the north of the Netherlands, approx. 40% of the general adult (18 years and 
older) population is overweight and another 16% is obese [36]. During the period 
1981-2018 the incidence of overweight in the Netherlands has increased drastically 
for both males and females (Fig. 2 A & B). The incidence of overweight is not equal 
for all age groups and appears to occur much more often in males and females aged 
40-75 years compared with younger ages (Fig. 2 C & D). Children and adolescents 
who are overweight or obese versus those who are normal weight are more likely to 
stay obese into adulthood [42]. Childhood obesity profoundly affects short-term 
physical health, social, and emotional well-being, and self-esteem [42]. Affecting the 
(eating) habits of children is expected to have a much greater impact on adulthood 
obesity than tackling adulthood obesity itself. Trends in overweight and obesity are 
of concern given the strong relationship between obesity, NCDs and health care 
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utilization [40, 43]. It is expected that a reduction in obesity rates leads to a reduction 
in NCD rates. The high obesity incidence is attributed to an obesogenic environment, 
i.e. one that promotes (too) high caloric intake and (too) low energy consumption 
such as body activity or exercise [44]. Obesity has been considered as “normal 
physiology within a pathological environment” [45]. Solving the complex issue of 
obesity requires a collaboration between policy makers, industry and health care to 
eliminate as much as possible the obesogenic environment [44]. Proof that a holistic 
approach can be successful in combatting a population-scale NCD risk factor can be 
observed from the decline in tobacco usage following fierce population-based 
tobacco control campaigns and policies [46, 47]. In my view, the prevention of NCDs 
by early life metabolic programing fits a holistic approach to decrease the exposure 
of a population to NCD risk factors. 

 
Fig. 2. Overweight epidemiology in the Netherlands from 1981 to 2018 for males and females 
aged 4 years and older. For individuals over the age of 18, a BMI of 18.5 to 24.99 was considered 
normal weight. For individuals under the age of 18, cut-off values were chosen based on 
established international standards [48, 49]. The incidence of overweight in 1981-2018 for 
individuals aged 4 years and older are shown for males (A) and females (B). The incidence of 
overweight in 1981, 1991, 2001 and 2011 are shown per age group (indicated on the x-axis) for 
males (C) and females (D). Data: CBS, 81565NED (CC BY 4.0).  
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Early life nutrition 

Mother’s own milk is the best source of nutrition for nearly all term infants [50]. It 
is nonetheless advised to supplement breast-fed infants with vitamin K due to low 
levels in human milk and poor absorption [51-53]. When mother’s own milk is 
unavailable, donor human milk is considered as the second best choice [50]. Infant 
formulae provide a substitute to human milk and their compositions aim to mimic its 
nutritional composition [50]. The World Health Organization (WHO) recommends 
exclusive breast-feeding for the first 6 months of life [54], and continued breast-
feeding thereafter as long as mother and child wish [55]. The European Society for 
Paediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) similarly 
underlines that exclusive breast-feeding for around 6 months is a desirable goal. 
Shorter periods of breast-feeding and a combination of breast-feeding and formula 
feeding are considered by ESPGHAN as valuable over not breast-feeding at all [56]. 
Breast-feeding initiation rates vary significantly by country; as low as 65% in the 
United States, approx. 80% in the Netherlands, and 99% in Norway [54]. Factors 
associated with initiation of breast-feeding include maternal and paternal education 
level (higher for higher education level), maternal job status (higher for more hours 
worked), smoking habits (higher for non-smokers), number of children (lower for 
more children), gestational age (lower for <38 weeks) and home delivery (higher for 
home versus hospital delivery) [54]. In the Netherlands, breast-feeding rates in term 
infants are 51% at 1 month postpartum, decreasing to 37%, 30%, 25%, 19% and 
15% at 2-6 months postpartum, respectively. During these 6 months, 11%, 14%, 
13%, 14%, 14% and 18% are mixed fed (breast-fed in combination with feeding 
formula), the remainder is formula-fed [54]. In the Netherlands, it appears that only a 
minority of infants are mainly breast-fed for the recommended first 6 months. 
Reasons for introducing formula milk are mainly insufficient breast-feeding 
technique, not enough milk (perceived or, less common, real), problems relating to 
breasts and/or nipples, unfavourable previous experience, and returning to work [54-

56]. It is suggested that a major contributor to differences in breast-feeding durations 
between European countries is the duration of paid pregnancy leave [54]. In the 
Netherlands, paid postpartum pregnancy leave is on average 10 weeks. In Nordic 
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countries, with paid pregnancy leave up to 1 year, very high (80%) breast-feeding 
rates are seen at 6 months postpartum age [54].  
 
Human milk 

Human milk is a complex biofluid, intended as the sole nourishment and 
immunological protection of the infant [57]. Milk is classified into colostrum (the first 
milk produced), transitional milk (from approx. 4 days postpartum) and mature milk 
(from approx. 1 week postpartum), describing the gradual change in milk 
composition [57]. The work described in this thesis focusses on mature milk. A 
negative relationship exists between the duration of breast-feeding and the incidence 
of overweight in later life [58]. This association is poorly understood [24, 25], but implies 
that it may not be specific for colostrum and/or transitional milk. Human milk 
consists of carbohydrates (mainly lactose and Human Milk Oligosaccharides), 
proteins (grouped into caseins, whey and mucins), and lipids (mainly triglycerides, 
with minor amounts of di/mono-acylglycerols, free fatty acids, phospholipids and 
cholesterol) [57, 59]. It is beyond the scope of this introduction to fully describe all 
(bioactive) components of human milk and the intricate differences between human 
milk and (for example) cow milk. For a review of the current knowledge on human 
milk, I refer to [50, 57, 59-62]. I will briefly describe the lipid compartment of human 
milk, relevant for this thesis. Lipids in human milk contribute the largest fraction, 
approx. 50%, of the total energy, and are present as an emulsion of oil in water. The 
lipids originate from de novo synthesis by the mammary gland, from maternal lipid 
stores, and from the maternal diet [57, 63]. Regardless of the lipid source, cytoplasmic 
lipid droplets enveloped by a phospholipid monolayer, are secreted by the mammary 
gland cells into the mammary gland alveolar lumen [59, 64]. In this process, the lipid 
droplet attains a phospholipid bilayer from the cell membrane [65], net giving a 
biologically unique phospholipid trilayer [59]. The latter is called the milk fat globule 
membrane (MFGM) [59, 66-68]. The diameter of the milk fat globule (a 
physicochemical property) in mature human milk varies from 0.1 μm to 15 μm [59]. 
From the distribution, the mode diameter (the particle diameter most abundant by 
volume) can be calculated. Milk fat globules in mature milk have a mode diameter 
of approx. 3 to 5 µm [59, 65, 69], though a second smaller population of Milk Fat 
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Globules (MFGs), absent in colostrum, have a mode diameter of approx. 0.2 µm [69]. 
The complex composition and structure of MFGs may be responsible for rapid rise 
and clearance of plasma triglycerides. The suggested structure-function relationship 
of the MFG is reviewed in [68].  
 

Maternal diet does not affect the proportion of milk protein, fat and carbohydrate 
[56], with the exception of highly deviant dietary patterns. To some extent, milk is 
produced at the expense of the mother’s health. Several nutrients reflect the maternal 
nutrient status and may subsequently lead to low levels in milk [56]. These include 
the fat-soluble vitamins A, D, E and K, water-soluble vitamins and minerals such as 
B1, B12, C, and calcium, copper, iodine, and essential fatty acid species such as 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [56, 60, 61, 70]. Maternal 
diets lacking essential nutrients can result in severe pathologies in the exclusively 
breast-fed infant; such as growth faltering, megaloblastic anaemia and neurological 
abnormalities [56]. Human milk usually contains low levels of vitamin K [56]. Vitamin 
K is necessary for the formation of blood clotting factors [71]. It is recommended to 
give vitamin K supplementation to the neonate shortly after birth and continually 
during the first months of life or until the diet consists of at least 50% infant milk 
formula. It is emphasized that the short-term and long-term positive health effects of 
breast-feeding are more important than the possibility of (micro) nutrient 
deficiencies in some infants [18, 24, 56]. Unless there are specific medical 
contraindications, human milk with vitamin K supplementation is the best source of 
nutrition for nearly all term infants [50, 56]. 
 
Infant formulae 

Infant milk formulae are intended as an effective substitute to human milk for 
infants without unusual medical or dietary problems [50, 72]. Infant formulae are 
nutritionally (and legally) unique as they must meet and provide all nutritional 
requirements of the rapidly-growing infant [73]. In the past, criteria for the adequacy 
of infant formulae were mainly infant mortality [74]. In more recent history, human 
error and adulteration during the formulation or production of formulae, with serious 
long-term adverse effects or even death of infants, have led to stringent quality 
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control measures and legal minima and maxima for most ingredients [73]. In the 
European Union, the composition of infant formulae is bound by law (directive 
2006/141 and regulation 2008/1243, from 22 February 2020 onwards: regulation 
2016/127). Current commercially available infant formulae are considered to be of 
high quality and safety [50, 72, 73]. Today these formulae, nonetheless, are 
epidemiologically associated with a higher incidence of childhood, adolescent, and 
adulthood obesity [24, 25], among other long-term ailments [26-31, 56]. Modern infant 
formulae may have reached close similarity to human milk with regards to their gross 
biochemical composition [72-74]. Yet, these formulae lack certain components and/or 
characteristics inherent to human milk which can be responsible for the remaining 
differences in the (long-term) health of the infant [24-27, 56]. The biochemical and 
physicochemical composition of infant formulae has continued to be an area of 
research and innovation, to further ‘functionally humanize’ infant formulae [72], 
discussed below. 
 

Mimicking the composition of human milk requires careful formulation of 
ingredients and correcting for the excesses and shortcomings of (for example) cow’s 
milk [73, 75]. Infant formulae for healthy term infants is made from cow’s, goat’s, 
ewe’s, mare’s, donkey’s or camel’s milk [50]. In the European Union, only cow’s and 
goat’s milk-based formula is legal. Alternatively, it can (legally) be manufactured 
from soy [50]. Here, I will focus on cow’s milk-based formulae, which is the basis of 
most common formulae intended for healthy term infants . It is beyond the scope of 
this introduction to fully compare the biochemical composition of human milk and 
cow’s milk. The reader is referred to [62, 69, 75] for an in-depth comparison of human 
milk and cow’s milk. In brief, cow’s milk contains higher levels of fat, minerals and 
protein compared to human milk [50]. The quality, i.e. biochemical composition, of 
cow’s milk fat [50, 76] and protein (casein-to-whey ratio) [77, 78] is different from that of 
human milk. During the production of cow’s milk-based infant formulae, these 
differences must be minimized; in essence ‘functionally humanized’. With regards 
to lipids, cow’s milk contains a higher percentage saturated fatty moieties and a 
lower percentage of mono-unsaturated and poly-unsaturated moieties [50, 76]. 
Essential fatty moieties such as arachidonic acid (ARA), EPA and DHA, important 
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for growth, immune function, vision and development of the nervous system in 
humans are especially low in cow’s milk versus human milk [76]. It is currently not 
possible to (viably) add individual fatty moieties to formulae on a commercial scale 
and reach the desired composition. For the purpose (among others) of attaining a 
human-like fatty acid profile, cow’s milk is skimmed (its MFGM and fat removed), 
and fat from non-bovine sources (predominantly vegetable oils) is added. The choice 
of the fat blend is dependent on legislation (e.g. required amounts of ARA, EPA, 
DHA), commercial availability of fat, economics, and ethical perception (e.g. 
unsustainable farming practices) [76]. Commonly used fats include coconut, palm, 
corn, soybean, sunflower, safflower, and canola oil [50, 76]. Occasionally, (MFGM-
free) milk fat is used [50, 76]. From the current legal requirements of poly-unsaturated 
fatty acid (PUFA) levels, one can infer that infant formulae can contain a maximum 
of two-third cow’s milk fat [76]. The common denominator for typical infant formulae 
is the removal of the MFGM (and cholesterol) during the initial milk processing [59]. 
The steps involved in milk processing are reviewed in [79]. The fats added back to 
infant formulae are emulsified and thereby stabilized by (for example) small amounts 
of soy lecithin and protein aggregates [59, 80]. Typical infant formulae contain fat 
droplets with a mode diameter of 0.4 µm [59]. 
 
Is there a reason for the composition of milk? 

Milk is the sole nourishment of the infant [57]. Milk from different mammalian 
species has, however, widely different compositions, especially concerning 
concentrations of lactose and fat [81, 82]. The (relative) weaning age is highly different 
between mammalian species [83, 84]. Milk secretion (and thereby milk itself) likely 
evolved in order to optimize the later life reproductive success of the suckling (co-
evolving) offspring [85, 86]. Herein lies a fine balance between impacting the 
reproductive success of the mother and the (later life) reproductive success of the 
offspring [85]. Milk composition is partially constrained by osmolarity, which is 
mainly determined by lactose content [81]. Lactose content is, due to its water-
attracting properties inherently negatively correlated with milk fat content and with 
total energy density (kcal/g milk) [81]. In contrast, no clear relationship exists between 
the energy density of milk and protein content [81]. The purposes of fats in milk are 
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most likely for the delivery of energy and essential fat-soluble compounds, and for 
antimicrobial effects [86-88]. It is possible that species-specific parameters of milk 
composition (such as the gross content of carbohydrates, fats and proteins) have been 
(and are being) selected based on the life history of the species. Certain marine 
mammals (such as the hooded seal, Cystophora cristata) have highly concentrated 
milk and nurse for a short duration of time (<1 week). Hooded seals must nurse 
outside of the water, where they are vulnerable to predators, and the young must 
rapidly accrue several kilograms of body fat to survive the harsh arctic conditions 
[81]. It is speculated that milk is more dilute in species that require a high amount of 
evaporative cooling [82]. In primates, milk is dilute likely for a different reason; 
reflecting the slow rate of postnatal growth [82, 89]. It is poorly understood how slow 
rates of postnatal growth are advantageous for a species. In the great apes 
(Hominidae), the taxonomical family which humans are a member of, nursing is 
typically 6 to 8 years in duration, resulting in an interbirth interval of approximately 
the same duration [84]. The long Hominidae nursing period (and interbirth interval) 
may compete with the capacity at which its populations can grow [83]. This is in sharp 
contrast to the WHO-advised 6 months of breast-feeding in humans. It is not known 
for how long pre-historic Homo sapiens nursed their young. Natural human breast-
feeding duration has been estimated to be 3 years [84, 90, 91] and in food-abundant 
environments can be shorter still. Mankind’s comparably short nursing period, and 
thereby short interbirth interval, may have been a (strong) contributing factor to how 
humans (as a species) overcame the low capacity at which typical Hominidae 
populations can grow [83, 84]. Minor differences in the composition of infant formulae 
(such as its protein content) can greatly alter infant growth velocity [92]. It appears 
that our early life development and later life reproductive success is, to some extent, 
optimized for a specific milk composition and/or early life growth velocity. 
 
Closer to human milk 

Infant formulae currently achieve a high level of quality and safety [73]. Breast-
feeding versus IMF-feeding is epidemiologically and duration-dependently 
associated with a lower incidence of childhood, adolescent, and adulthood obesity 
[24, 25, 58], and lower blood pressure and lower plasma cholesterol in adulthood [26, 27, 
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56]. It is suggestive that the remaining differences between human milk and formulae 
are responsible for these long-term effects. The mechanisms of these long-term 
effects are thought to be (partially) mediated via metabolic programming [56]. For an 
in-depth investigation into the long-term effects of the early life diet on later life 
cholesterol metabolism, I refer to [93, 94]. In this thesis, I will focus on the long-term 
effects on body weight and fat mass gain. The underlying programming stimulus, 
responsible for the long-term effects on body weight and fat mass gain, present with 
breast-feeding and absent with formula-feeding (or vice versa) is unknown. The 
stimulus has been hypothesized to be linked to the difference in emulsification and/or 
fat globule diameter (i.e. physicochemical differences) [8, 9, 68, 69, 80, 95-97]. When the 
physicochemical structure of human milk is mimicked in a rodent diet mixed with 
an experimental infant milk formula (eIMF) and fed to mice in early life, these mice 
transiently gain less body weight and fat mass when challenged with a Western style 
diet later in life, when compared to a rodent diet mixed with control IMF (cIMF) [8, 

9, 80, 96]. The eIMF is a concept infant milk formula with large, phospholipid coated 
lipid droplets (mode diameter 3-5 μm); Nuturis® [59]. A schematic representation of 
the structure is shown in Fig. 3 [59]. The beneficial effects of eIMF on body weight 
and fat mass gain are only seen when adding MFGM as a coating to IMFs containing 
large lipid globules and not upon adding MFGM as a coating to IMFs containing 
small lipid globules [9]. The beneficial effects on body weight and fat mass gain are 
also not seen upon adding phospholipids in free form [98]. The absence or presence 
of cholesterol does not appear to play a role in the long-term beneficial effects on 
body weight and fat mass gain [8, 80, 96]. Furthermore, the beneficial effects on body 
weight and fat mass gain were seen with an eIMF with a fat moiety containing 8% 
milk fat (remainder being vegetable fats) [96], ~25% milk fat [80] and even ~50% milk 
fat [8]. It appears that, when adequate amounts of essential nutrients are present, lipid 
blend (i.e., vegetable oil with or without milk fat) is not a strong determining factor 
for the observed long-term effects on later life body weight and fat mass gain as long 
as large MFGM-coated lipid globules are present [9, 59]. In this thesis, I use a 
preclinical mouse model. In an attempt to answer the question ‘is the mouse a 
suitable model for studying human metabolic programming’, I refer to [32-34, 99]. In 
brief, the early murine postnatal period may represent the late human prenatal period 
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[33, 34, 99-102]. Studies in mice should be carefully designed and interpreted to maximize 
their translatability [33]. Mouse models of early life programming are considered an 
indispensable tool to study the mechanisms metabolic programming in humans [33]. 
Mice fed a low-fat chow (approx. 6% energy from fat) rarely develop overweight 
even after extended feeding periods [103]. Mice fed high-fat (such as a diet containing 
45% energy from fat) or ‘Western-style’ diets develop overweight within months of 
feeding. For investigating the effects of an early life diet on later life body weight 
and fat mass gain, it is necessary to ‘challenge’ the model by feeding a high-fat or 
Western-type diet.  
 

To better understand the link between the physicochemical structure of early life 
diet and the later life body weight and fat mass gains on a Western style diet, the 
work described in this thesis aims to explore the involvement of a set of relevant 
metabolic parameters, outlined below. 

 
Fig. 3. Simplified schematic representation of the lipid globule structure in human milk (a), 
typical infant formulae (b) and eIMF (c). Neutral lipids (shown in yellow) do not dissolve in 
water and require emulsification to prevent phase separation. In human milk (a), neutral lipids are 
emulsified by a triple phospholipid membrane (shown as red circles each with two attached fatty 
acyl moieties). In typical infant formulae (b), neutral lipids are emulsified by interfacial 
aggregated protein (shown in green). In eIMF (c), neutral lipids are emulsified by a thin monolayer 
membrane (5–10 nm), including few protein aggregates. Size of globules is not to scale. Figure 
adapted from [59].  
 

Vitamin K in breast-fed and formula-fed infants 
Vitamin K (VK) is a fat-soluble vitamin required for the synthesis of blood 

clotting factors II (prothrombin), VII (proconvertin), IX (Christmas) and X (Stuart–
Prower), and plasma Protein C, S and Z in the liver [71]. VK cannot be synthesized 
by human (and murine) cells. VK can be obtained from the diet and from synthesis 
by the intestinal microbiota [104, 105]. The vitamin K status of women of childbearing 

(a): (b): (c):
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age is often inadequate [56]. During pregnancy, limited amounts of vitamin K are 
transferred via the placenta to the fetus [106, 107]. At birth, term birth infants have low 
plasma vitamin K levels and only limited VK stores [106]. Human milk contains 
approximately 5 µg/L vitamin K [51], versus ~15 µg/L in raw cow’s milk [108]. By law, 
infant formulae contain at least 25 µg/L VK. Breast-fed neonates are vulnerable to 
develop VK deficiency unless they are supplemented [53]. When the neonatal diet 
consists of at least 50% formulae (the remainder human milk), supplementation is 
no longer required [109]. Vitamin K deficiency (VKD) can cause bleedings (VKDB), 
formerly called "hemorrhagic disease of the newborn" [110]. VKDB in 
unsupplemented breast-fed infants has an estimated incidence of 0.25-1.7% [111]. 
Prophylactic VK regimens in the different countries vary in dosages (25 µg up to 2 
mg), administration schemes (daily or weekly) and routes of administration (enteral 
or parenteral) [52, 53]. Absorption of VK relies heavily on its micellization by luminal 
bile acids. VKDB empirically occurs more often in breast-fed infants with (yet 
undiagnosed) impairments of bile flow, such as in biliary atresia [52, 53, 109, 112, 113] 

In the Netherlands, newborns had been supplemented with 25 µg VK daily until 
February 2011. Based on demonstrated prophylactic failure in infants with yet 
unrecognized cholestasis (such as yet unrecognized biliary atresia) this daily dose 
was revised to 150 µg daily. Surveillance data obtained after introduction of this 
latter regimen, however, showed a similar failure rate as the daily 25 µg regimen [53]. 
Intriguingly, formula-fed infants, including patients with yet unidentified 
cholestasis, who receive approximately 25 to 50 µg VK per day via the formula 
without additional supplementation, are protected from VKDB [52]. It appears that 
daily VK supplementation of breast-fed infants with 3-6 times the dose present in 
infant formula fails to prevent VKDB in biliary atresia patients.  
 

Experimentally, VK absorption can be disrupted by concomitant cholesterol 
intake [114]. Human milk contains high levels of cholesterol [93], whereas typical infant 
formulae (with an all plant-derived fat moiety) does not contain cholesterol. To better 
understand the differences between VKD incidence rates in breast-fed and formula-
fed infants with yet unidentified cholestasis, I aim to test whether cholesterol 
interferes with vitamin K absorption.  
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Outline of the thesis 
Human studies support the notion that breast-feeding versus formula-feeding is 

epidemiologically and duration-dependently associated with a lower incidence of 
childhood, adolescent, and adulthood obesity [24, 25]. One distinct difference between 
human milk and typical formulae is the physicochemical structure of milk fat 
globules [59, 68, 69]. Preclinical research supports the notion that the rate of later life 
body weight and fat mass gain can be modified by modest changes in the 
physicochemical structure of the early life diet [8, 9, 80, 96]. It is not known whether the 
physicochemical differences between human milk and infant formulae are solely 
responsible for the lower incidence of later life obesity. The observed (preclinical) 
beneficial effects on body weight and fat mass gain provide an interesting avenue to 
explore the potential benefit for infants that, for whatever reason, cannot be breast-
fed. The mechanism of early life programming in this paradigm is currently poorly 
understood. Therefore, the aim of this thesis is to identify the possible 
mechanism(s) of metabolic programing of later life body weight and fat mass 
gain after feeding mice an early life diet containing large phospholipid-coated 
lipid globules.  
 

In Chapter 2, I tested the robustness and limits of early life eIMF programming 
on later life body weight and fat mass gain using a mouse model of early life 
programming. Wild-type C57BL/6JOlaHsd mice were fed a rodent diet based on 
eIMF or cIMF from postnatal day (PN) 16 to 42, after which they were challenged 
by a Western style diet that was continued until PN 168. The dietary challenge 
extended further than previous studies and the mice were metabolically characterized 
by calorimetry to build on previous knowledge. 

 
The work described in Chapter 3 explored a set of parameters that may underlie 

the long-term effect of eIMF on body weight and fat mass gain. Similar to the mouse 
model employed in Chapter 2, mice were fed a rodent diet containing eIMF or cIMF 
from PN 16-42. During this period, early life growth rate and body composition were 
assessed. At the end of this intervention period (at PN 42), plasma adipokines and 
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cytokines, parameters of bile acid metabolism, and markers of mitochondrial 
substrate utilization were quantified. 

 
In Chapter 4 I tested the hypothesis that early life eIMF feeding alters the 

absorption or the post-absorptive handling of dietary lipids in later life. Similar to 
the mouse model employed in Chapter 2, mice were fed a rodent diet containing 
eIMF or cIMF from PN 16-42. The mice were fed a low-fat or high-fat diet from PN 
42-63. At the end of this period (at PN 63), lipid absorption rate and the post-
absorptive handling of dietary lipids were quantified using stable isotope-based 
methods. 

 
Breast-fed neonates are dependent on vitamin K supplementation to prevent 

vitamin K deficiency bleedings, which occur more often in breast-fed versus 
formula-fed infants with (yet undiagnosed) cholestasis. This observation may 
interfere with efforts to increase breast-feeding rates and durations. Evidence 
suggests that a component in human milk, cholesterol, interferes with vitamin K 
absorption. Within the frame of lipids in early life nutrition, the intriguing 
differences in apparent vitamin K absorption with human milk versus formula was 
investigated in Chapter 5. 

 
In Chapters 2-4 a standard mouse model of early life nutrition was employed. I 

used an inbred mouse strain in combination with standardized (semisynthetic) diets. 
The rationale behind these choices was to minimize genetic and environmental 
heterogeneity. During the course of the experiments, occasionally a high within-
group variability in liver weight was noted. Initially, this was attributed to natural 
variability and therefore all samples were retained. In Chapter 6 this notion was 
challenged in a series of experiments designed to test whether the observed 
variability in liver weight was pathological and, if so, how it may interfere and 
perhaps could be prevented in other experiments. 
 

The implications of these findings and our interpretation of the underlying 
mechanism are discussed in Chapter 7. 
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Abstract 
 
Breastfeeding is associated with a lower risk of developing obesity during childhood 
and adulthood compared to feeding infant milk formula (IMF). Previous studies have 
shown that an experimental IMF (eIMF; comprising Nuturis®), programmed mouse 
pups for a lower body weight and fat mass gain in adulthood when challenged with 
a high-fat diet (HFD), compared to a control IMF (cIMF). Nuturis has a lipid 
composition and structure more similar to breastmilk. Here, the long-term effects 
were tested of a similar eIMF, but with an adapted lipid composition, and a cIMF, 
on body weight, glucose homeostasis, liver and adipose tissue. Nutrient composition 
was similar for the eIMF and cIMF; the lipid fractions comprised ~50% milkfat. 
C57BL/6JOlaHsd mice were fed cIMF or eIMF from postnatal (PN) day 16-42 
followed by a HFD until PN168. Feeding eIMF versus cIMF in early life resulted in 
a lower body weight (-9%) and body fat deposition (-14%) in adulthood (PN105). 
The effect appeared transient, as from PN126 onward, after 12 weeks HFD, eIMF-
fed mice caught up on controls and body and fat weights became comparable 
between groups. Glucose and energy metabolism were similar between groups. At 
dissection (PN168), eIMF-fed mice showed larger (+27%) epididymal fat depots and 
a lower (-26%) liver weight without clear morphological aberrations. Our data 
suggest the size and coating but not the lipid composition of IMF fat globules 
underlies the programming effect observed. Prolonged exposure to a HFD challenge 
partly overrules the programming effect of early diet. 
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Introduction 
Breastfeeding is epidemiologically associated with a lower incidence in 

childhood and adulthood obesity, compared to infant milk formula (IMF)-feeding 
[24]. Breastfeeding is also associated with lower blood pressure and lower plasma 
cholesterol levels in adulthood [26, 27]. The nutritional composition of human milk 
(HM) is mimicked in IMF. However, mimicking fat emulsification is not yet 
possible. Fat in HM is dispersed in particles (5 µm diameter) enveloped by a 
trilayered milk fat globule membrane, composed mainly of phospholipids and 
cholesterol [59]. In contrast, standard IMF fat globules are much smaller (0.1 µm 
diameter) and coated with surface-adhering proteins [59, 115]. Most likely the 
physicochemical structure (size and coating) of lipid globules in HM serves a 
biological purpose [59, 68, 80, 115, 116]. An experimental IMF (eIMF; Nuturis®) was 
developed comprising large (mode diameter 3-5 µm) phospholipid-coated lipid 
globules similar in size to those in HM [59, 80]. Feeding mice an eIMF-based diet in 
early life, compared to standard control IMF (cIMF), resulted in a lower body weight 
and lower fat mass accumulation when fed a high-fat diet (HFD) challenge diet into 
adulthood [9, 80, 96]. The underlying mechanism of this effect on fat deposition of eIMF 
exposure has not yet been elucidated, but is hypothesized to relate to fat globule size 
and structure. 
 

To confirm and extend previous observations on eIMF programming effects in 
mouse pups, we used a similar paradigm, and determined the possible long-term 
effects of early life eIMF exposure on body weight accrual, glucose homeostasis, 
and liver and adipose tissue attributes. We tested the hypothesis that the size and 
coating of lipid globules, and not the composition, underlies the initial programming 
effect observed. We therefore compared the cIMF and the eIMF with similar lipid 
compositions.  
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Materials and methods 
Animals and Study design 

Experimental procedures were approved by an external independent animal 
experiment committee (Central Animal Experiments Committee, The Netherlands), 
and complied with the principles of good laboratory animal care following the EU-
directive for the protection of animals used for scientific purposes. This study was 
conducted in accordance with institutional guidelines for the care and use of 
laboratory animals established by the Ethics Committee for Animal Experimentation 
of the University of Groningen (NVWA 10500) in full compliance to the European 
Directive 2010/63/EU for the use of animals for scientific purposes. All animals were 
kept in the same temperature-controlled room (21±1°C, 55±10% humidity, lights on 
8AM-8PM) in type 1L (360 cm²) polysulfone cages bearing stainless-steel wire 
covers (UNO BV, the Netherlands), with wood shaving bedding, Enviro-dri® 
(TecniLab, The Netherlands) and cardboard rolls. All mice were handled by the same 
researcher. Virgin C57BL/6JOlaHsd breeders (11M, 22F) 12 weeks of age, Envigo, 
The Netherlands) were mated [80] in 2F+1M couples. Males were removed from 
couples after 2 d. Pregnancy was confirmed by a >2 g increase in body weight after 
1 week, and occurred at ~66% efficiency. Delivery day was recorded as postnatal 
day (PN) 0. Pups were randomized between dams, and litters were culled to 4M+2F 
on PN2, weaned at PN21, and diets provided as freshly prepared dough balls (40% 
water) from PN16 to PN42 [80, 96]. Randomization was not performed as the 
programming diets were visually distinct. Breeders and female offspring were 
terminated (CO2) at weaning, in compliance with the AVMA Guidelines for the 
Euthanasia of Animals. From PN42 onward, male offspring was pair-housed with 
siblings and fed a high-fat diet (HFD, 45%en fat, D12451 Research Diets Inc. USA) 
and tap water ad libitum until dissection on PN168. Females were not used, as they 
are protected against HFD-induced metabolic changes [117]. Glucose tolerance and 
calorimetry was assessed at PN133 and PN154, respectively (Fig 1). 
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2 Fig 1. Study design from postnatal day (PN) 0 to 168 (n=12).  

 
Programming diets 

Two IMF powders (Nutricia Cuijk B.V., Cuijk, the Netherlands) were tested. The 
IMF powders had a similar macro- and micronutrient content (Table 1); both lipid 
moieties comprised about 50% vegetable oil and 50% milkfat (Table 1) and had a 
similar fatty acid profile (Table 2). cIMF comprised fat globules with a volume mean 
diameter (D[4,3]) of 0.8 µm, whereas eIMF comprised phospholipid-coated lipid 
globules with a D[4,3] of 7 µm, explained in more detail elsewhere [59]. IMF powders 
(283 g/kg feed) were supplemented with protein and carbohydrate (Ssniff 
Spezialdiäten GmbH, Soest, Germany) to obtain AIN-93G-compliant diets, with a 
fat moiety derived entirely from IMF [118]. 
 
Body composition  

Lean and fat mass was quantified by time-domain nuclear magnetic resonance 
(LF90II, Bruker Optics, Billerica, MA), not requiring fasting or anesthesia.  
 
Glucose, insulin and pyruvate tolerance tests  

Mice were fasted 6, 6 and 4 hours for the glucose, pyruvate and insulin tolerance 
test (GTT, PTT, ITT), respectively. GTT (i.p. 13.9 µmol glucose/g BW), ITT (i.p. 
0.5 mU insulin/g BW) and PTT (i.p. 28.4 µmol pyruvate/g BW) were performed as 
previously described [119].  
 
Calorimetry  

Mice were single-housed in a Comprehensive Laboratory Animal Monitoring 
System (Phenomaster, TSE systems GmbH, Bad Homburg, Germany) at PN154 for 
4 days as previously described [120].   

Control IMF

Experimental IMF

High-fat diet challenge

High-fat diet challenge

PN 0        16       21  28   35   42                         72                       105                            126                                168

Body composition analysis GTT CalorimetryWeaning
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Table 1. Nutrient composition of the programming diets (PN16-42) and the high fat diet (PN42-
168). *: all in g/kg 

  Control 
IMF 

Experimental 
IMF 

High-fat 
diet 

Carbohydrate * 609 618 396 
Mono/di-saccharides 225 235 172.8 
 Glucose  3.7 3.4 - 
 Lactose 134 144 - 
 Sucrose 85 85 172.8 
 Other sugars 2.6 2.4 - 
Polysaccharides * 380 380 172.8 
 Maltodextrin 101 101 100 
 Corn starch 280 280 72.8 
 Other 0.84 0.68 - 
Fiber * 49.0 48.2 50 
 Cellulose 32.0 32.0 50 
 Fructo-oligosaccharides 1.7 1.4 - 
 Galacto-oligosaccharides 15.3 14.3 - 
Lipids * 77.2 70.6 203 
 Vegetable fat 37.5 32.9 25 
 Milkfat 38.6 36.7 - 
 Other animal fat 1.1 0.98 - 
 Lard - - 177.5 
 Phospholipids 0.084 1.1 - 
 Cholesterol 0.12 0.12 0.20 
Protein * 199 198 200 
 Whey 17.6 16.5 - 
 Casein 181 181 200 
Particle size Mean SD Mean SD  
 D[4,3] (µm) 0.81 0.2 6.8 0.2 - 
 D[3,2] (µm) 0.43 0.004 0.86 0.1 - 
 Surface area (m2/g) 15  0.2 7.7 1.0 - 

 
Termination  

Mice were anaesthetized (isoflurane/O2) after a 4-h fasting period (during light 
phase) and sacrificed by heart puncture; a terminal blood sample was drawn. Liver, 
epididymal, inguinal, perirenal and interscapular fat was obtained and weighed.  
 
Assays  

Plasma was analyzed using the V-PLEX Proinflammatory Panel 1 (mouse) kit 
(K15048D), Mouse Adiponectin Kit (K152BXC), Mouse Leptin Kit (K152BYC), 
Mouse MCP-1 Ultra-Sensitive Kit (K152AYC), Mouse/Rat Total Active GLP-1, 
Insulin, Glucagon Kit (K15171C) and the Mouse/Rat Resistin Kit (K152FNC). 



Long-term effects of early life diet 

31 

2 

Analyses were performed according to the manufacturer’s instructions. Kits were 
purchased from MSD (Meso Scale Diagnostics LLC, USA). Blood glucose was 
measured using a OneTouch Select Plus (Lifescan Inc., USA). 

 
Liver fatty acyl chain profiling  

Cryogenically crushed liver was homogenized in Potter-Elvehjem tubes. Lipids 
were trans-methylated, extracted and analyzed by gas chromatography as previously 
described [121]. 
 
Table 2. Fatty acid composition of the programming diets (PN16-42). *: all in FA weight% 

  Control 
IMF 

Experimental 
IMF 

Saturated* 44 42 
 14:0 8.9 7.1 
 16:0 26 25 
 18:0 7.8 8.9 
 20:0 0.28 0.32 
 22:0 0.27 0.39 
 24:0 0.17 0.26 
 26:0 0.032 0.039 
Mono unsaturated* 36 39 
 16:1ω7 1.2 1.1 
 18:1ω7 1.9 1.9 
 18:1ω9 33 35 
 20:1ω9 0.38 0.42 
 22:1ω9 0.080 0.13 
 24:1ω9 0.053 0.074 
Polyunsaturated* 20 19 
 ω-3 species 3.4 3.4 
 18:3ω3 2.8 2.8 
 20:5ω3 0.12 0.12 
 22:6ω3 0.38 0.38 
 22:5ω3 0.090 0.099 
 ω-6 species 16 16 
 18:2ω6 16 15 
 18:3ω6 0.050 trace 
 20:4ω6 0.44 0.43 
 20:3ω6 0.091 0.12 
 20:2ω6 0.046 trace 
 Σ ω-6 / Σ ω-3 ratio 4.8 4.7 
 20:3ω9 0.38 0.42 
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Analysis of gene expression  
Gene expression was analyzed by quantitative real-time PCR as previously 

described [122]. Cyclophilin and 36b4 were used as housekeeping genes for hepatic 
and adipose tissue gene expression respectively. Primer and TaqMan probe 
sequences are given in Suppl Table 1. 
 
Histological analysis  

A liver lobe and the left epididymal fat pad were formalin-fixed and paraffin-
embedded, sectioned, H&E stained. Liver slices were scored blindly for steatosis, 
NAS [123], ballooning [124] and findings were reviewed by a certified veterinary 
pathologist (AdB). Liver sections were stained for the proliferation marker Ki-67 as 
previously described [125]. Histological scoring of Ki-67 was performed in 5 separate 
x40 fields by a single assessor. Binucleation and karyomegaly was assessed as 
described [126]. Adipose tissue sections were quantified using Adiposoft [127]. Adipose 
tissue was assessed for the presence of inflammatory foci (‘crown-like structures’) 
as described [128].  
 
Statistical analysis  

Statistics were performed using GraphPad Prism 5 (GraphPad Software, USA) 
and SPSS 23 (SPSS Inc., USA). Data are plotted as Tukey box-and-whisker plots 
unless stated otherwise. Group sizes were calculated [129] using a relevant and most 
varied value, previously obtained (plasma IL-6) [80]; expected difference 12 ng/L, 
spread 10 ng/L, alpha 0.05, beta 0.80. Analyses were carried out on all individuals 
whenever material was available and no outliers were excluded. 
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Results 
eIMF transiently lowers body weight gain on HFD 

An initially comparable rapid weight gain (PN42-56) preceded a period (PN63-
119) of lower weight gain in eIMF compared to cIMF (-9% on average, p<0.05). 
From PN126 onwards, weights between groups were no longer significantly 
different (Fig. 2A). Fat and lean mass were similar at PN42. At PN72, 105 and 126, 
fat mass was substantially lower in eIMF compared to cIMF (-10%, -14%, -7%; 
p<0.01), and lean mass was slightly lower (-4%, -8%, -6%; p<0.01; Fig 2B) 
respectively. Fat percentage and lean percentage were similar at PN42. The average 
fat percentage (PN42-126) was not-significantly lower in eIMF (-5%; p=0.07), 
whereas lean percentage was not-significantly higher in eIMF (+3%; p=0.08; Fig. 
2C). To assess whether later life effects were due to differences in growth in early 
life, we measured body weight from weaning, which was similar between groups, 
and body composition at PN28 and 35; which was similar. At PN147-154, daily food 
intake was on average 14% lower in eIMF (p=0.08, Fig. 2F), correlating with the 
calculated slope of prior weight gain (PN42-PN147, Spearman’s rank-order, rs = 0.6, 
p<0.01). Energy expenditure (Fig. 2G), and locomotor activity (Fig. 2H) were 
similar. At PN133 the ipGTT time course (Fig 2I) and AUC (2.1±0.6 versus 1.9±0.4 
M·min) was similar between groups. The ipITT (PN140) and ipPTT (PN147) AUCs 
(1.4±0.3 versus 1.2±0.2 and 1.6±0.5 versus 1.4±0.4 M·min, respectively) were 
similar. 

 
eIMF-programmed mice have a lower liver weight independent of body weight 

Upon dissection at PN168, we noted that eIMF-fed mice had lower liver weights 
(Fig 3A; -25%; p<0.05) and a lower liver-to-body weight ratio (Fig 3B; -23%; 
p<0.01). The lower liver weight was not related to triglyceride (TG) levels, which 
showed moderate variability (Fig 3C). Liver protein (mg/g liver) was higher in the 
eIMF group (+9%; p<0.05), whereas total liver protein was lower in eIMF (mg/liver; 
-20%; p<0.05, Fig 3D). Gene expression markers for hepatic de novo lipogenesis 
(Fasn, Scd1, Acaca, Pparg) and fatty-acid oxidation (Pparα, Pgc1α, Cpt1) (Fig 3E) 
were similar. The liver fatty acyl-chain profile (Fig 3G) was similar between groups 
(Fig 3G).  
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Fig 2. Mice programmed with eIMF and challenged with a high-fat diet showed a transient 
lower body weight, lean mass and fat mass compared to animals programmed with cIMF . 
Body weight (A), fat & lean mass (C) are expressed in absolute weights. The percentage of fat & 
lean mass (C) are expressed as % of body weight. Early life body weight (D) and fat & lean mass 
(E) are expressed in absolute weights. Food intake (F), energy expenditure (G), and locomotor 
activity (H) was measured 3 times 24 h from PN154. Glucose tolerance at PN133 is shown as 
AUC (I). A-H: n=11-12; I: n=10-11; Mean±SD (A-E, I), Tukey boxplots and scatter plots (F-H); 
* p<0.05. 
 

Histological analysis (Fig 3H & Table 3) showed that steatosis tended to be 
higher in cIMF (70 ± 17 versus 57 ± 32 %, steatosis grade 2.5 ± 0.5 versus 2.1 ± 1.0), 
but this difference did not reach statistical significance. Microvesicular steatosis was 
more frequent than macrovesicular steatosis in both groups and typically showed a 
zonal distribution characterized by central microvesicular steatosis with mild to 
moderate mid-zonal (occasionally extending to portal) macrovesicular steatosis. 
Lobular inflammation and ballooning was similar between groups. NAFLD score, 
mostly influenced by steatosis, tended to be higher in cIMF but did not reach 
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statistical significance. Varying degrees of biliary / oval cell hyperplasia were seen 
in almost all mice. The mitotic index (Ki-67) was similar between groups. Binuclear 
hepatocyte counts in the central and mid/portal region were similar between groups. 
Hepatic fatty acyl chain ratios representing lipid-related enzymatic activity [130, 131] 
were similar between groups.  
 

 
Fig 3. Mice programmed with eIMF compared to cIMF showed a lower liver weight with a 
concurrent higher protein content without a shift in fatty acyl chain profile. Dissection was 
performed at PN168. Liver weight (A) is expressed as wet weight. The liver to body weight ratio 
(B) is expressed as % of body weight. TG levels (C) are expressed per gram liver. Liver protein 
content (D) is expressed as mg per gram wet liver tissue. Hepatic mRNA levels (E) were 
normalized to cyclophilin. Fatty acyl chain profile is expressed as fold change compared to cIMF 
(G). Liver histology (H&E; F) showed a zonal distribution characterized by central microvesicular 
steatosis with mild to moderate mid-zonal macrovesicular steatosis. Bar: 250µm, inset bar: 
100µm. n=11-12; Tukey boxplots and scatter plots; ** p<0.01; * p<0.05.  
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Table 3. Liver histological scoring and fatty-acid ratios of mice programmed with cIMF (n=12) 
or eIMF (n=11) and subsequently challenged to a HFD. Values represent mean ± SD. 

   Control IMF Experimental 
IMF 

   mean SD mean SD 
Steatosis Steatosis grade  2.5 0.5 2.1 1.0 
 Steatosis % 70 17 57 32 
 Location steatosis  12/12 central 8/10 central;  

2/10 azonal 
 Hepatocytes with micro- vs.  

macrovesicular steatosis 
% 78 9 78 8 

 Ballooning   Few, 
2/12 

 Few, 2/11  

 Lobular inflammation  1.0 0.5 1.1 0.6 
 NAFLD score  3.7 0.8 3.3 1.5 
 Biliary/oval cell 

hyperplasia 
 1.4 0.8 1.5 0.5 

Mitosis Mitotic index % 4.3 2.0 4.3 2.7 
 Binuclear cells per field n 4.5 2.1 4.7 3.3 
 Central binuclear cells n 4.7 3.5 4.1 3.6 
 Mid/portal binuclear cells n 4.4 1.7 5.2 3.7 
Fatty acyl  
chain 
ratios 

Σ ω-6 / Σ ω-3  6.3 0.6 6.2 0.72 
16:1ω7 / 16:0  0.13 0.021 0.12  0.037 

 18:1 / 18:0  8.5 2.6 7.9 2.6 
 18:1ω9 / 18:0  7.8 2.4 7.3 2.4 
 18:1 / 16:1  13 1.9 14 2.8 
 22:4ω6 / 18:2ω6  0.029 0.01 0.025 0.006 
 20:4ω6 / 20:3ω6  4.8 1.1 5.3 1.5 
 18:3ω6 / 18:2ω6  0.021 0.002 0.020 0.003 

 
Body fat storage was shifted by eIMF programming without affecting adult 
adipokine levels 

At PN168 we analyzed adipose tissue and plasma adipokines (Fig 4). Epididymal 
fat mass was larger in eIMF (Fig 4A; +27%; p<0.01). Inguinal fat mass was similar. 
Interscapular brown fat mass tended to be smaller in eIMF (-10%; p=0.06). The 
median epididymal adipocyte diameter tended to be higher in eIMF (Fig 4B; +11%; 
p=0.08). The median perirenal and inguinal adipocyte diameter (Fig 4B) was 
comparable. Gene expression for Ppar-γ, Fas, Fabp4, Tnf-α and Cd68 was similar 
between groups (Fig 4C). The assessed adipokines (leptin, adiponectin, resistin, 
Mcp-1, Tnf-α and Il-6), glucostatic hormones (insulin and glucagon), and cytokines 
(Ifnγ, Cxcl-1, Il-1β, Il-2, Il-5 and Il-10) were similar (Fig 4D). Crown-like structures 
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in adipose tissue were seen in all cIMF and in 10/11 eIMF mice but tended to occur 
more often in cIMF (Fig 4E; epididymal 8.0±8.8 versus 5.0±6.9; perirenal 9±10 
versus 10±19). This difference was not statistically significant.  
 

 
Fig 4. Mice programmed with eIMF compared to cIMF showed an higher visceral adipose 
tissue weight and adipocyte cell diameter. Epididymal (EPI) visceral, inguinal (ING) 
subcutaneous and interscapular (BAT) brown adipose tissue (A) are expressed as absolute 
weights. EPI, perirenal (PERI) and ING (B) adipocyte diameter was calculated (Adiposoft) and 
expressed as equivalent diameter. The epididymal fat gene expression (C) was normalized to 36b4 
and shown as fold change. Plasma adipokines, glucostatic hormones and cytokines are expressed 
as pg/ml (D). Adipose (epididymal depot) pathology (E) characterized by crown-like structures 
composed of macrophages and other mixed inflammatory cells with lipofuscin (*) surrounding a 
necrotic adipocyte, bar: 100 µm, inset bar: 50 µm. Tukey boxplots and scatter plots. n=10-12 ** 
p<0.01; * p<0.05; # p<0.10.  
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Discussion 
In the present work, we studied the long-term effects of early life exposure 

(PN16-42) to eIMF versus cIMF on body weight and body compositional 
development into adulthood when animals were continuously challenged to a HFD, 
as well as its effects on liver and adipose tissues size and function (Fig 1). Previously, 
eIMF with a different lipid composition was found to program mice for a lower body 
fat accumulation when they were challenged with a HFD up to PN126 [80]. In the 
current study, IMFs had a different lipid composition and HFD exposure was 
extended to PN168. Similar programming effects were seen up to PN126, whereafter 
differences in body weight and composition disappeared upon continued HFD 
exposure (Fig 2). Interestingly, food intake, despite high variability, tended to be 
lower at PN154 in eIMF-fed mice (Fig. 2), strongly correlating with the slope of 
prior weight gain. This suggests that the differences in body weight can, at least in 
part, be attributed to differences in food intake. The effects observed being transient 
may indicate that the programming response, i.e., the initial lower fat accumulation 
in adipose stores, can be overruled by a strong and persistent dietary challenge. In 
addition, our study suggests these programming effects, due to early life eIMF 
exposure, occurred regardless of the lipid composition of the fat globules, and is 
rather caused by the physicochemical structure of the lipids, i.e., globule size and 
phospholipid coating [9]. In humans and mammals, the amount of lipids in (mature) 
milk, despite highly variable diets, is remarkably stable [132, 133]. The size of milk fat 
globules, as well as the milk TG content, seem to be tightly regulated and species-
specific [62], and greatly impact the absorption kinetics of breast milk lipids [134, 135]. 
Testing eIMF (large and phospholipid coated fat globules) versus cIMF (small, 
uncoated fat globules) in adult men resulted in a different postprandial response upon 
a single bolus intake: an earlier postprandial glucose and insulin time-to-peak, an 
earlier non-esterified fatty acids (NEFA) time-to-nadir, and a later cholecystokinin 
time course [135]. We hence speculate that fat globule size and phospholipid coating 
programs metabolic and tissue development induced by differential lipid uptake 
kinetics or post-absorptive lipid trafficking or tissue partitioning. Lipid uptake 
kinetics of eIMF, compared to cIMF, are likely to be more comparable to breastmilk. 
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Early life feeding with eIMF compared to cIMF lowered liver weight in later life 
independent of body weight (Fig 3). The difference was not explained by mitotic 
index, or the degree of polyploidization. Hepatic triglyceride content had moderate 
variability without clear correlation with other parameters. Possibly the early life diet 
primed hepatic tissue for a different response to a HFD challenge, resulting in a 
differential tissue growth. It is also possible, however, that the transient difference 
in body weight (or adipose tissue development) triggers a difference in liver size. 
Previously, a non-significantly higher liver weight had been seen in cIMF compared 
to eIMF and to an unchallenged control group [96]. Additionally, a higher liver weight 
was seen upon early life feeding with an IMF containing small compared to large 
lipid globules and challenging with a HFD [9]. We hypothesize that postnatal liver 
development was changed due to a difference in post-absorptive lipid handling and 
trafficking. As mentioned earlier, eIMF is more rapidly absorbed compared to cIMF 
in adult men [135]. In addition, a gavage of breastmilk, compared to standard formula, 
leads to a more rapid chylomicron (CM) production and a more rapid absorption of 
palmitic, arachidonic and docosahexaenoic acid in adult rats [134]. Rapid absorption 
of protein-coated fat results in 3-fold larger CM diameter [97]. However, we believe 
rapid lipid absorption only leads to larger CM when enteral phospholipid supply is 
limited, necessitating higher volume-to-surface area ratios [136]. In contrast, CM 
diameter is lowered by biliary phospholipids [136]. It is possible that breastmilk, and 
likewise eIMF, is rapidly absorbed and produces smaller CM than cIMF due to the 
dietary phospholipids provided with breastmilk and eIMF. The observation that an 
IMF with large globules but lacking phospholipids does not program mice for less 
fat accrual in later life [9], adds weight to this notion. CM size and number affect the 
plasma half-life, as smaller particles have a larger relative surface area available to 
enzymes [137, 138], and are more quickly removed from the plasma via liver sieving 
[139]. CM produced upon eIMF or HM ingestion are expected to have a different 
fractional clearance rate than CM upon cIMF ingestion. It is tempting to speculate 
that a more rapid absorption plus utilization, opposed to storage, of breastmilk and 
eIMF derived lipids in early life programs metabolism and fat accumulation capacity 
towards an advantageous trait for later life health. 
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The effect on fat pad weights and adipocyte diameter was independent of body 
weight and composition (Fig 4). Previous studies showed that at PN98 the 
epididymal fat pad was smaller in eIMF-fed mice [9, 96], whereas this difference 
between test groups had disappeared at PN126 [80]. We observed a higher epididymal 
fat mass in eIMF at PN168, indicating a differential fat distribution in eIMF vs. 
cIMF, as the perirenal and inguinal fat pad were similar in mass. Counterintuitively, 
the larger epididymal fat pads seen in eIMF did not result in lower levels of 
adiponectin and did result in higher levels of inflammatory markers (Tnf-α, Il-6), 
Mcp-1, or resistin (Fig 4) as typically seen with larger visceral adipose tissue [140]. 
Interestingly, we found no effect on glucose metabolism and homeostasis (Fig 2I). 
Previously, eIMF-fed mice had lower plasma leptin, resistin, glucose and HOMA-
IR at PN126 [80], likely related to the lower fat mass. A lower fat accrual rate, 
transiently seen in eIMF, is advantageous to metabolic health. However, given the 
observed minor effects on adipose tissue at PN168, we think it is unlikely that 
adipose tissue initiates the programming effect, and merely is a logical consequence 
and trait of the programmed phenotype.  
 
 
Concluding remark 

The present study shows that feeding a postnatal diet containing large 
phospholipid-coated lipid globules has transient effects on body fat accrual during 
prolonged exposure to HFD. These effects are limited in strength and robustness and 
can be overruled by (too) strong environmental features, such as continued high-fat 
diet feeding. Our findings indicate the robustness and the limits of early life 
programming due to eIMF exposure in the employed mouse model. The observed 
programming effects are hypothesized to be due to a difference in fat absorption, 
and/or post-absorptive handling and trafficking in the body. 
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Supplementary table 1: Primer and TaqMan probe sequences  

Gene 
name 

Forward 5’-3’ Reverse 5’-3’ Probe 5’-3’ 

Cyclo
philin 

CAGATCGAGGGATCGA
TTCAG 

TCACCACTTGACAC
CCTCATTC 

CTCCTCCACATTGGAGAC
AAGAGATGCA 

Fasn GGCATCATTGGGCACT
CCTT 

GCTGCAAGCACAG
CCTCTCT 

CCATCTGCATAGCCACAG
GCAACCTC 

Scd1 ATGCTCCAAGAGATCT
CCAGTTCT 

CTTCACCTTCTCTC
GTTCATTTCC 

CCACCACCACCATCACTG
CACCTC 

Acaca CCATCCAAACAGAGGG
AACATC 

CTACATGAGTCATG
CCATAGTGGTT 

ACGCTAAACAGAATGTCC
TTTGCCTCCAAC 

Pparγ
1 

AACAAGACTACCCTTT
ACTGAAATTACCA 

CACAGAGCTGATTC
CGAAGTTG 

ACACAGAGATGCCATTCT
GGCCCAC 

Pparα TATTCGGCTGAAGCTG
GTGTAC 

CTGGCATTTGTTCC
GGTTCT 

CTGAATCTTGCAGCTCCG
ATCACACTTG 

Pgc1α GACCCCAGAGTCACCA
AATGA 

GGCCTGCAGTTCCA
GAGAGT 

CCCCATTTGAGAACAAGA
CTATTGAGCGAACC 

Cpt1α CTCAGTGGGAGCGACT
CTTCA 

GGCCTCTGTGGTAC
ACGACAA 

CCTGGGGAGGAGACAGA
CACCATCCAAC 

AP2 CACCATCCGGTCAGAG
AGTACTT 

TCTAGGGTTATGAT
GCTCTTCACCT 

CATCGAATTCCACGCCCA
GTTTGA 

FAS GGCATCATTGGGCACT
CCTT 

GCTGCAAGCACAG
CCTCTCT 

CCATCTGCATAGCCACAG
GCAACCTC 

TNFα GTAGCCCACGTCGTAG
CAAAC 

AGTTGGTTGTCTTT
GAGATCCATG 

CGCTGGCTCAGCCACTCC
AGC 

CD68 CACTTCGGGCCATGTT
TCTC 

AGGACCAGGCCAA
TGATGAG 

CAACCGTGACCAGTCCCT
CTTGCTG 
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Abstract 
 
Scope 
We recently reported that feeding mice in their early life a diet containing a lipid 
structure more similar to human milk (eIMF, Nuturis®) results in lower body 
weights and fat mass gain upon high fat feeding in later life, compared to control 
(cIMF). To understand the underlying mechanisms, we now explored parameters 
possibly involved in this long-term effect. 
 
Methods and results  
Male C57BL/6JOlaHsd mice, fed rodent diets containing eIMF or cIMF from 
postnatal (PN) day 16-42, were sacrificed at PN42. Hepatic proteins were measured 
using targeted proteomics. Lipids were assessed by LC-MS/MS (acylcarnitines) and 
GC-FID (fatty-acyl chain profiles). Early life growth and body composition, 
cytokines, and parameters of bile acid metabolism were similar between the groups. 
Hepatic concentrations of multiple proteins involved in β-oxidation (+17%) the TCA 
cycle (+15%) and mitochondrial antioxidative proteins (+28%) were significantly 
higher in eIMF versus cIMF-fed mice (p<0.05). Hepatic L-carnitine levels, required 
for fatty acid uptake into the mitochondria, were higher (+33%, p<0.01) in eIMF-fed 
mice. 
 
Conclusion 
The present study indicates that eIMF-fed mice have higher hepatic levels of proteins 
involved in fatty acid metabolism and oxidation. We speculate that eIMF feeding 
programs the metabolic handling of dietary lipids. 
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Introduction 
Milk is an emulsion of fat in water. Its fat droplets are encapsulated by the milk 

fat globule membrane (MFGM). The MFGM consists of a unique tri-layer 
phospholipid membrane and envelopes milk fat globules [57, 59]. These globules have 
a mode diameter (the particle diameter most abundant by volume) of approx. 3-5 µm 
[59, 65, 69]. Current infant formulae contain plant-based lipids globules, which are 
primarily emulsified by proteins, typically do not contain an MFGM [9, 59]. The lipid 
globules in typical infant formulae have a mode diameter of approx. 0.4 µm [9, 59]. 
The physicochemical structure of milk fat globules (the MFGM, i.e. a phospholipid 
membrane and large diameter), modulates gastrointestinal lipolysis, postprandial 
lipemia and, to some extent, the postabsorptive metabolism of absorbed fats [68, 136, 

138]. 
 

Breast milk feeding is epidemiologically associated with a lower incidence of 
obesity in childhood and adulthood, versus infant milk formula (IMF)-feeding [24]. A 
distinct compositional and/or physicochemical difference between human milk and 
formulae have been suggested to underlie these long-term differences. One of the 
potential drivers for the difference in obesity incidence is thought to be (metabolic) 
‘programming’; a stimulus or insult during a sensitive window of development, 
which has long-term effects on an organism [18, 141]. When the physicochemical 
structure of human milk lipid droplets is mimicked in a rodent diet mixed with an 
experimental infant milk formula (eIMF) and fed to mice in early life, these mice 
gain less body weight and fat mass when challenged with a Western style diet later 
in life compared to a rodent diet mixed with control IMF (cIMF) [8, 80, 96]. The eIMF 
is a concept infant milk formula with large, phospholipid coated lipid droplets (mode 
diameter 3-5 μm; Nuturis®) [59]. 
 

The physicochemical structure of eIMF (large lipid droplets, MFGM-coated) may 
be responsible for the observed effects on later life body weight and fat mass gain, 
for these effects are not found using an IMF containing small MFGM-coated lipid 
droplets [9] and neither upon adding MFGM as an ingredient (in free form) [98]. The 
underlying mechanism of the long-term (programming) effect of eIMF on body 
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weight and fat mass gain has not yet been elucidated. Rapid weight gain in human 
infancy increases the later life risk of obesity, type 2 diabetes, the metabolic 
syndrome and cardiovascular disease [142, 143]. A later life environment which 
includes overnutrition and physical inactivity (an obesogenic environment) amplifies 
the aforementioned risk factors [143]. The “Thrifty Phenotype” hypothesis proposes 
that poor nutrition during early life programs the tissues to more readily store energy 
whenever available [143]. Adipose tissue is largely responsible for storing that surplus 
energy, and hence forms a buffer against variations in (lower) dietary intake and 
(higher) expenditure of energy [144, 145]. Beyond its function as an energy storage 
depot, adipose tissue is now recognized as an endocrine entity [144]. It plays important 
roles in the regulation of food intake, energy expenditure and immune function [144]. 
Adipose tissue mediates these effects through, among others, the secretion of 
(peptide) hormones such as leptin and adiponectin [143, 145, 146]. Leptin plays an 
important neuroendocrine role in metabolic flexibility, defined as the ability to 
efficiently adapt the metabolism by substrate sensing, trafficking, storage, and 
utilization, dependent on availability and requirement [147]. Metabolic flexibility is 
not a binary phenomenon, but involves tightly regulated adjustments mediated by a 
large array of messengers [147]. Many of these messengers, including insulin, 
glucagon and bile acids, show a postprandial response. The postprandial increase in 
plasma bile acids is known to increase insulin sensitivity and energy expenditure [147, 

148]. The bile acid-activated nuclear receptor FXR (NR1H4) is expressed in adipose 
tissue where it is a determinant of adipose tissue architecture [148]. FXR contributes 
to whole-body lipid homeostasis [148]. Of interest, in formula-fed piglets, hepatic bile 
acid synthesis is higher than in breastfed piglets [149]. Metabolic flexibility is, to some 
extent, limited by the maximum rate of substrate utilization. The liver, adipose tissue, 
heart and skeletal muscles govern systemic metabolic flexibility [147]. The liver is a 
central organ in lipogenesis, ketogenesis, gluconeogenesis and glycogenolysis 
among other metabolic homeostasis functions [147]. Its central role in these processes, 
and its relatively high metabolic fluxes and resting metabolic rate in men [150, 151] and 
mice [151], make it an interesting organ to study in terms of metabolic flexibility [147, 

152]. Mitochondria play a crucial role in determining the maximal substrate utilization 
rate and therefore determine, to some extent, metabolic flexibility [147]. Herein, the 
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transcription factor PPAR gamma coactivator 1-alpha (PGC1α) responds to 
increased AMP/ATP ratios via AMPK [153]. PGC1α regulates gene expression levels 
of processes involved in mitochondrial energy homeostasis and metabolic 
adaptations [152], including nuclear respiratory factors (NRFs) and Peroxisome 
proliferator-activated receptors (PPARs). NRFs and PPARs regulate the expression 
of nuclear genes involved in oxidative phosphorylation, substrate transportation and 
fatty acid oxidation [131, 147].  
 

We aim to get a better understanding of the underlying mechanisms of eIMF-
induced early life programming with regards to its long-term effects on body weight 
and fat mass gain. We determined the possible involvement of a set of relevant 
metabolic parameters in the long-term effect of eIMF on body weight and fat mas 
gain. We compared eIMF and cIMF-fed mice with respect to early life growth rate 
and body composition, plasma adipokines and cytokines and parameters of bile acid 
metabolism. To assess metabolic flexibility, we assessed hepatic markers of 
mitochondrial substrate utilization. 
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Materials and methods 
Animals and Study design 

Experimental procedures were approved by an external independent animal 
experiment committee (CCD, Central Animal Experiments Committee, The 
Netherlands), and after positive advice by the Committee for Animal 
Experimentation of the University of Groningen. Subsequently, the study design was 
approval by the local Animal Welfare Body Procedures complied with the principles 
of good laboratory animal care following the European Directive 2010/63/EU for the 
use of animals for scientific purposes.  
 

All animals were kept in a temperature-controlled room (21±1°C, 55±10% 
humidity, lights on 8AM-8PM) in type 1L (360 cm²) polysulfone cages bearing 
stainless-steel wire covers (UNO BV, the Netherlands), with wood shaving bedding, 
Enviro-dri® (TecniLab, The Netherlands) and cardboard rolls. All mice were 
handled by the same researcher (OR). Virgin C57BL/6JOlaHsd breeders (11M, 22F) 
12 weeks of age (Envigo, The Netherlands) were acclimatized for 2 weeks. They 
were time-mated in 2F+1M couples. See [80] for the paradigm used. Males were 
removed after 2 days. Pregnancy was confirmed by a >2 g increase in body weight 
after 1 week. Pregnancy occurred in 15 females. Nonpregnant females were mated 
again for a maximum of 4 times. Delivery day was recorded as postnatal day (PN) 
0. Pups were randomized between dams, and litters were culled to 4M+2F at PN2, 
weaned at PN21, and diets were provided as daily freshly prepared dough balls (40% 
water) from PN16 to PN42 [80, 96]. This study was not performed blinded as the 
programming diets were visually distinct. Breeders and female offspring were 
terminated (CO2) at weaning, in compliance with the AVMA Guidelines for the 
Euthanasia of Animals. 
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Table 1. Calculated nutrient composition (in g/kg) of the diets (given during postnatal day 16-42). 
  Control  

IMF 
Experimental  

IMF 
Carbohydrate 609 618 
 Mono/di-saccharides 225 235 
 Glucose  3.7 3.4 
 Lactose 134 144 
 Sucrose 85 85 
 Other sugars 2.6 2.4 
 Polysaccharides 380 380 
 Maltodextrin 101 101 
 Corn starch 280 280 
 Other 0.84 0.68 
 Fiber 49.0 48.2 
 Cellulose 32.0 32.0 
 Fructo-oligosaccharides 1.7 1.4 
 Galacto-oligosaccharides 15.3 14.3 
Lipids 77.2 70.6 
 Vegetable fat 37.5 32.9 
 Milkfat 38.6 36.7 
 Other animal fat 1.1 0.98 
 Phospholipids 0.084 1.1 
 Cholesterol 0.12 0.12 
Protein 199 198 
 Whey 17.6 16.5 
 Casein 181 181 
Particle size  Mean SD Mean SD 
 Mode diameter (µm) 0.5 0.08 4.2 0.9 
 D[4,3] (µm) 0.81 0.2 6.8 0.2 
 D[3,2] (µm) 0.43 0.004 0.86 0.1 
 Surface area (m2/g) 15  0.2 7.7 1.0 
Total energy kcal/g (kJ/g) 3.87 (16.2) 3.87 (16.2) 

 
Programming diets 

Two IMF powders (Nutricia Cuijk B.V., Cuijk, the Netherlands) were used. The 
IMF powders had a similar macro- and micronutrient content (Table 1), as provided 
by the supplier. The lipid moieties of the two IMF powders both comprised about 
50% vegetable oil and 50% milkfat and had a similar fatty acid profile (Table 2), as 
assessed internally with methodology shown below. The cIMF comprised fat 
globules with a volume moment mean (De Brouckere Mean Diameter; D[4,3]) of 
0.8 µm and a mode diameter 0.5 µm. The eIMF comprised phospholipid-coated 
(Lipamin M 20, Lecico, France) lipid globules with a D[4,3]) of 7 µm, and a mode 
diameter 4.2 µm, explained in more detail elsewhere [59]. The eIMF (Nuturis®) is 
defined as a concept infant milk formula with large, phospholipid coated lipid 
droplets with mode diameter 3-5 μm [59]. IMF powders (283 g/kg feed) were 
supplemented with protein and carbohydrate (Ssniff Spezialdiäten GmbH, Soest, 
Germany) to obtain AIN-93G-compliant diets, with a fat moiety (~7 w%) derived 
entirely from IMF [118].  
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Table 2. Fatty acid composition (FA weight%) of the diets (given during postnatal day 16-42), as 
measured by fatty acyl chain profiling. 

Common name Abbreviation 
Control 

IMF 
Experimental 

IMF 
Σ Saturated moieties 44 42 
Myristic acid 14:0 8.9 7.1 
Palmitic acid 16:0 26 25 
Stearic acid 18:0 7.8 8.9 
Arachidic acid 20:0 0.28 0.32 
Behenic acid 22:0 0.27 0.39 
Lignoceric acid 24:0 0.17 0.26 
Cerotic acid 26:0 0.032 0.039 
Σ Monounsaturated moieties 36 39 
Palmitoleic acid 16:1ω7 1.2 1.1 
Vaccenic acid 18:1ω7 1.9 1.9 
Oleic acid 18:1ω9 33 35 
Gondoic acid 20:1ω9 0.38 0.42 
Erucic acid 22:1ω9 0.080 0.13 
Nervonic acid 24:1ω9 0.053 0.074 
Σ Polyunsaturated moieties 20 19 
 Σ ω-3 species 3.4 3.4 
α-Linolenic acid 18:3ω3 2.8 2.8 
Eicosapentaenoic acid 20:5ω3 0.12 0.12 
Docosapentaenoic acid 22:5ω3 0.090 0.099 
Docosahexaenoic acid 22:6ω3 0.38 0.38 
 Σ ω-6 species 16 16 
Linoleic acid 18:2ω6 16 15 
γ-linolenic acid 18:3ω6 0.050 - 
Eicosadienoic acid 20:2ω6 0.046 - 
Dihomo-γ-linolenic acid 20:3ω6 0.091 0.12 
Arachidonic acid 20:4ω6 0.44 0.43 
 Σ ω-6 / Σ ω-3 ratio 4.8 4.7 
Mead acid 20:3ω9 0.38 0.42 

 
Body composition 

Lean and fat mass was quantified by time-domain nuclear magnetic resonance 
(LF90II, Bruker Optics, Billerica, MA), not requiring fasting or anesthesia as 
described elsewhere [8]. Measurements were done in the same animals at PN28, PN35 
and PN41. 
 
Termination 

Mice were anaesthetized (isoflurane/O2) after a 4-h fasting period (during light 
phase; 9AM-1PM) and sacrificed by heart puncture; a terminal blood sample was 
drawn.  
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Assays 
Plasma was analyzed using the V-PLEX Proinflammatory Panel 1 (mouse) kit 

(K15048D), Mouse Adiponectin Kit (K152BXC), Mouse Leptin Kit (K152BYC), 
Mouse MCP-1 Ultra-Sensitive Kit (K152AYC), Mouse/Rat Total Active GLP-1, 
Insulin, Glucagon Kit (K15171C) and the Mouse/Rat Resistin Kit (K152FNC). 
Analyses were performed according to the manufacturer’s instructions (Meso Scale 
Diagnostics LLC, USA). Plasma was analyzed using commercially available kits for 
triglycerides (Roche, 11877771216), total cholesterol (Roche, 11491458 216), free 
cholesterol (Spinreact, 41035), NEFA (Sopachem, 157819910935), and 
phospholipids (Sopachem, 157419910930). Esterified cholesterol was calculated as 
the difference between total and free. 
 
Plasma bile acids 

Using liquid chromatography-mass spectrometry, plasma bile acid species were 
quantified [154]. To 25 µl of plasma, we added a mixture of internal standards 
(isotopically labelled bile acids). Samples were centrifuged at 15,800×g and the 
supernatants were transferred and evaporated at 40°C under a stream of N2. Samples 
were reconstituted in 200 µl methanol:water (1:1), mixed and centrifuged at 1800×g 
for 3 min. The supernatant was filtered using a 0.2 µm spin-filter at 2000×g for 10 
min. Filtrates were transferred to vials and 10 µl was injected into the LC-MS 
system. The LC-MS system consisted of a Nexera X2 Ultra High Performance 
Liquid Chromatography system (SHIMADZU, Kyoto, Japan), coupled to a Sciex 
Qtrap 4500 MD triple quadrupole mass spectrometer (SCIEX, Framingham, MA, 
USA). Data were analyzed with Analyst MD 1.6.2 software. 
 
Fatty-acyl chain profiling 

Fatty acid methyl esters (FAMEs) were quantified using gas chromatography [8, 

121]. Cryogenically crushed tissues were homogenized in Potter-Elvehjem tubes in 
ice-cold phosphate buffered saline (PBS) solution. A known quantity of 
homogenized tissue, plasma or food was transferred to glass tubes, and capped with 
silicone-ptfe septum screw caps. An internal standard (heptadecanoic acid, C17, 
Sigma, St. Louis, MO, USA) was added. Lipids were trans-methylated at 90°C for 4 
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h in 6 M HCl:methanol (ratio 1:5), liquid-liquid extracted twice using hexane, 
transferred to a clean tube, dried at 45°C under a stream of N2, reconstituted in 
hexane and transferred to GC vials with inserts. Samples were analyzed by gas 
chromatography as previously described [121]. The GC system consisted of 6890N 
network gas chromatograph (Agilent) and was equipped with a HP- ULTRA 1 (50 
m length x 0.2mm diameter, 0.11 µm film thickness) column. 
 
Acylcarnitine profiling 

Acylcarnitine species were quantified using liquid chromatography-tandem mass 
spectrometry [155]. To 50 µl liver homogenate, prepared as described above, a mixture 
of internal standards (isotopically labelled acylcarnitine species) and acetonitrile was 
added. Samples were mixed and centrifuged (15,000×g) to precipitate proteins. 
Supernatant was transferred to GC vials. Samples were analyzed using LC-MS/MS 
as previously described [155]. The LC-MS/MS system consisted of an API 3000 LC-
MS/MS equipped with a Turbo ion spray source (Applied Biosystems/MDS Sciex, 
Ontario, Canada). Data were analyzed with Analyst and Chemoview software 
(Applied Biosystems/MSDSciex). 
 
Targeted proteomics 

Targeted quantitative proteomics was performed on mitochondrial targets 
involved in substrate transport, fatty acid oxidation, and the tricarboxylic acid (TCA) 
cycle using isotopically labeled standards, derived from synthetic protein 
concatemers (PolyQuant GmbH, Bad Abbach, Germany) as previously described 
 [156]. 
 
Gene expression 

Quantification of gene expression was performed as previously described [122]. 
Using TRI-Reagent (Sigma, St. Louis, MO), total RNA was extracted from 
cryogenically crushed whole livers. RNA was quantified by NanoDrop (NanoDrop 
Technologies, Wilmington, DE, USA). Integrity was confirmed by observing 
ribosomal bands on 1% agarose in TAE. cDNA was synthesized using M-MLV 
(Invitrogen, Breda, the Netherlands) and random nonamers (Sigma). cDNA was 
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quantified by relative standard curves using quantitative real-time PCR as previously 
described [122]. Primer and TaqMan probe sequences are given in Table 3.  
 
Table 3. Primer and TaqMan probe sequences  

Gene  NCBI ref. seq. Forward primer 5’->3’ Reverse primer 5’->3’  TaqMan probe 5’->3’ 
36b4 NM_007475 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC 
Acaca NM_133360.2 CCATCCAAACAGAGGGAACA

TC 
CTACATGAGTCATGCCATAGT
GGTT 

ACGCTAAACAGAATGTCCTTTGCCTC
CAAC 

Cd36 
BC010262 

GATCGGAACTGTGGGCTCAT 
GGTTCCTTCTTCAAGGACAAC
TTC 

AGAATGCCTCCAAACACAGCCAGGA
C 

Cpt1a 
NM_013495.1 

CTCAGTGGGAGCGACTCTTCA 
GGCCTCTGTGGTACACGACA
A 

CCTGGGGAGGAGACAGACACCATCC
AAC 

Cs 
NM_026444.3 AAGACGTGTCAGATGAGAAG

TTACGA 
TCCTCAGTACTGCATGACCGT
ATC CTCAATTCAGGACGGGTGGTCCCA 

Dgat1 
NM_010046.2 

GGTGCCCTGACAGAGCAGAT CAGTAAGGCCACAGCTGCTG 
CTGCTGCTACATGTGGTTAACCTGGC
CA 

Dgat2 
NM_026384.2 GGGTCCAGAAGAAGTTCCAG

AAG 
CCCAGGTGTCAGAGGAGAAG
AG CCCCTGCATCTTCCATGGCCG 

Elovl5 
NM_134255.2 

TGGCTGTTCTTCCAGATTGGA 
CCCTTTCTTGTTGTAAGTCTG
AATGTA 

CATGATTTCCCTGATTGCTCTCTTCA
CAAAC 

Elovl6 
NM_130450.2 ACACGTAGCGACTCCGAAGA

T 
AGCGCAGAAAACAGGAAAGA
CT TTTCCTGCATCCATTGGATGGCTTC 

Fabp1 
NM_017399 GAACTTCTCCGGCAAGTACCA

A 
TGTCCTTCCCTTTCTGGATGA
G 

CCATTCATGAAGGCAATAGGTCTGC
CC 

Fads1 
NM_146094.1 CCTTCGCGGACATTGTTTACT

C 
TATGGAGGTCTGCTGCTGCTA
T CTCTGGTTGGACGCTTACCTTCACCA 

Fads2 
NM_019699.1 CCCTGATCGACATTGTGAGTT

C GACGGCAGCTTCATTTATGGA CCAGCCACAGCTCCCCAGACTTCT 

Fasn 
NM_007988 

GGCATCATTGGGCACTCCTT GCTGCAAGCACAGCCTCTCT 
CCATCTGCATAGCCACAGGCAACCT
C 

Hsl 
NM_010719 

GAGGCCTTTGAGATGCCACT 
AGATGAGCCTGGCTAGCACA
G CCATCTCACCTCCCTTGGCACACAC 

Pgc1a 
NM_008904 GACCCCAGAGTCACCAAATG

A GGCCTGCAGTTCCAGAGAGT 
CCCCATTTGAGAACAAGACTATTGA
GCGAACC 

Ppara 
NM_011144 TATTCGGCTGAAGCTGGTGTA

C CTGGCATTTGTTCCGGTTCT 
CTGAATCTTGCAGCTCCGATCACACT
TG 

Pparg
1 

NM_011146 
CACAATGCCATCAGGTTTGG 

GCTGGTCGATATCACTGGAG
ATC CCAACAGCTTCTCCTTCTCGGCCTG 

Srebp-
1c 

NT_039515 
GGAGCCATGGATTGCACATT CCTGTCTCACCCCCAGCATA 

CAGCTCATCAACAACCAAGACAGTG
ACTTCC 

36b4 NM_007475.5 GCTCCAAGCAGATGCAGCA CCGGATGTGAGGCAGCAG (SYBR Green) 

Atgl 
NM_0011636
89.1 

GGAGGAATGGCCTACTGAAC
C ATCCTCTTCCTGGGGGACAA  

Elovl3 NM_007703.2 TCCATGAATTTCTCACGCGG GCTTACCCAGTACTCCTCCAA  

Hmox1 
NM_010442.2 AGAATGCTGAGTTCATGAAG

AA CTGCTTGTTGCGCTGTATCTC  
Sod2 NM_013671.3 ACAACAGGCCTTATTCCGCT TAGTAAGCGTGCTCCCACAC  

 
Statistical analysis 

Statistics were performed using SPSS 23 (IBM Corporation, Chicago, IL, USA). 
Time-series are plotted as median and interquartile range. Data are plotted as Tukey 
box-and-whisker plots and scatter plots. Analyses were carried out on all mice or 
samples whenever technically feasible and material was available. No data were 
excluded. Data were not assumed to be normally distributed, so were tested non-
parametrically using the exact two-sided Mann Whitney U test. A p<0.05 was 
considered statistically significant.  
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Results 
Early life growth, plasma lipids and adipokines 

Body weight (Fig. 1A), fat mass and lean mass (Fig 1B) gain, and tissue weights 
(Fig. 1D) were similar between groups. At weaning (PN21), after 5 days of IMF 
feeding, unfasted plasma triglycerides, cholesterol and NEFA were subtly lower, 
whereas phospholipids were higher in eIMF- versus cIMF-fed mice (Fig. 1C). At 
PN42, after a 4 h fast, plasma lipids were similar between groups, though adipokines 
leptin and adiponectin were lower in eIMF-fed mice (Fig. 1E). Other adipokines 
(resistin, MCP-1, TNFα, IL-6, Fig 1E & 1F), glucostatic hormones (Fig. 1G) and 
cytokines (Fig. 1H) were similar between groups. The plasma bile acid profiles were 
similar between IMF groups at PN21 (data not shown) and at PN42 (Fig. 1I), 
suggesting similar luminal bile acid composition in terms of hydrophobicity. 
 
Markers of fatty acid oxidation 

Using mass spectrometry technology, we quantified hepatic concentrations of 
mitochondrial proteins involved in β-oxidation (Fig. 2A), the TCA cycle (Fig. 2B), 
electron transport (Fig. 3A), antioxidative proteins (Fig. 3B), and substrate 
transportation (Fig. 3C). 
 

Fatty acids, once transported into the mitochondrion’s matrix via the carnitine 
shuttle, are successively chain-shortened via the β-oxidation cycle (Fig. 2A & 2C). 
We noted higher protein concentrations of ACADVL, DECR1, HADHB, and ETFB 
in eIMF-fed mice, suggesting a higher β-oxidation capacity. ACADM and HADHA 
were non-significantly higher in eIMF-fed mice. Each β-oxidation cycle results in 
an acetyl-CoA and a 2C-shortened acyl-CoA. The acetyl-CoA can enter the TCA 
cycle. During the β-oxidation cycle, several electron carriers are reduced (that is, 
they accept electrons), which are oxidized by the electron transport chain. 
 

The tricarboxylic acid (TCA) cycle (Fig. 2B & 2D) oxidizes acetyl-CoA derived 
from a variety of sources, including glycolysis and the aforementioned β-oxidation. 
We noted higher protein concentrations of DLD, OGDH, DLST, SUCLA2, 
SUCLG1 and SDHB in eIMF-fed mice, suggesting a higher TCA cycle capacity. 
Each TCA cycle reduces several electron carriers, which are used by the electron 
transport chain. 
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Fig 1. Body weight, fat mass and lean mass gain during eIMF or cIMF feeding. Plasma lipids, 
adipokines, cytokines and bile acids at PN42. Body weight (A), fat & lean mass (B) are 
expressed in absolute weights. Plasma lipids at PN21 (weaning) and at PN42 (C). All others 
parameters were measured at PN42. Liver, epididymal (epi) and perirenal (peri) fat pads weights 
obtained at dissection at PN42 are expressed absolutely (D). Plasma adipokines (E&F), glucostatic 
hormones (G) and cytokines (H, all 4h fasting at PN42) are expressed as absolute concentration. 
Plasma bile acid species are expressed as a percentage (I, PN42). TG: triglycerides, TC: total 
cholesterol, FC: free cholesterol, CE: cholesterol ester, NEFA: non-esterified fatty acids, Phos: 
phospholipids. MCP-1: monocyte chemoattractant protein-1, TNFα: tumor necrosis factor alpha, 
IL-1b/2/5/6/10: interleukin 1b/2/5/6/10. IFNg: interferon gamma, CXCL-1: CXC chemokine 
ligand 1. (T-) (L) CA: (tauro-) (litho) cholic acid, (T/G-) (U/C/H) DCA: (tauro-) (urso/cheno/hyo) 
deoxycholic acid, (T)A/B-MCA: (tauro-) α/β-muricholic acid. A-I: n=12-16; A-B: Median ± 
interquartile range. C-I: Tukey boxplots and scatter plots. Exact two-sided Mann-Whitney U test 
** p<0.01, * p<0.05.  
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Fig 2. Hepatic levels of proteins involved in β-oxidation and the tricarboxylic acid (TCA) 
cycle at PN42 Mitochondrial proteins involved in fatty acid β-oxidation (A), and the TCA cycle 
(B), were quantified in whole liver homogenates by targeted proteomics [156] using isotopically 
(13C-) labeled standards derived from synthetic peptide concatemers (QconCAT) using mass 
spectrometry technology. Schematic representation of β-oxidation (C), and the TCA cycle (D) 
with the quantified targets placed at their respective position for the purpose of clarification. All 
values are expressed as nanomol per gram total protein. A-B: n=8; Tukey boxplots and scatter 
plots. Exact two-sided Mann-Whitney U test ** p<0.01, * p<0.05, # p<0.1. 
 
Markers of oxidative phosphorylation 

Oxidative phosphorylation (Fig. 3A & 3D) encompasses the last step in substrate 
oxidation towards ATP production. Herein, energy from the chemical bonds in fatty 
acids and carbohydrates, carried by electron carrier molecules, is used to create a 
proton gradient across the inner mitochondrial membrane. Protons are obtained from 
water molecules, whereby oxygen radicals are generated. The free radicals are 
oxidized back to water by various peroxidase and dismutase enzymes. The proton 
gradient is finally used to synthesize ATP from ADP and inorganic phosphate. We 
noted a higher protein concentrations of cytochrome C (CYCS), though a lower 
concentration of COX5A in eIMF-fed mice (Fig. 3A). Antioxidant enzymes SOD2 
and GPX4 were higher in eIMF-fed mice (Fig. 3B). Hepatic mitochondrial substrate 
carriers (Fig. 3C) SLC25A1, A3, A5, A11 and A22 had similar protein levels 
between groups. 
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Fig 3. Hepatic levels of proteins involved in oxidative phosphorylation, antioxidation and 
substrate transport at PN42. Mitochondrial proteins involved in oxidative phosphorylation (A), 
antioxidation (B), and substrate transport (C) were quantified in whole liver homogenates by 
targeted proteomics [156] using isotopically (13C-) labeled standards derived from synthetic peptide 
concatemers (QconCAT) using mass spectrometry technology. Schematic representation of 
oxidative phosphorylation and mitochondrial antioxidation with the quantified targets placed at 
their respective positions (D) for the purpose of clarification. All values are expressed as nanomol 
per g total protein. A-C: n=8; Tukey boxplots and scatter plots. Exact two-sided Mann-Whitney 
U test *** p<0.001, ** p<0.01, * p<0.05. 
 
Hepatic L-carnitine and acylcarnitine species 

Higher tissue levels of L-carnitine are expected upon higher β-oxidation rate, to 
allow for fatty acid transportation across the mitochondrial membrane. Therefore, 
we measured hepatic free and bound carnitine species (Table 4). The cIMF and 
eIMF diets contained similar L-carnitine levels (32 ng/g and 37 ng/g respectively, 
both within the EU legal margins for infant formulae). Yet, hepatic free L-carnitine 
levels were significantly higher (+33%, p<0.01) in eIMF-fed mice. Bound 
acylcarnitine species (C2-C18) were comparable between groups. Of note, the sum 
of hydroxybutyrylcarnitine and malonylcarnitine, which are analytically 
indistinguishable, was higher (+27%, p<0.05). Mainly as a result of higher free L-
carnitine, the free to bound carnitine ratio was higher (+56%, p<0.01) in eIMF-fed 
mice.  
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Table 4. Hepatic L-carnitine and acylcarnitine species at PN42. Liver acylcarnitine species (in 
nmol/g) represent median and interquartile range (IQR). trace: Near or below lower limit of 
quantification. A ‘+’ symbol indicates the sum of 2 analytically indistinguishable compounds. 
Exact two-sided Mann-Whitney U test. n.s.: not significant.  

  Liver (nmol/g)   

  cIMF eIMF  
median IQR median IQR P-value 

Sum 184 35 214 51 <0.05 
Sum C14-C18 0.40 2 0.27 1 n.s. 
Free / bound ratio 3.4 2 5.2 3 <0.01 
Common name Abbreviation      
L-carnitine C0 134 30 172 53 <0.01 
Acetylcarnitine C2 9.9 16 6.4 7 n.s. 
Propionylcarnitine C3 0.77 0.8 0.90 0.6 n.s. 
Butyrylcarnitine C4 0.20 0.5 0.13 0.3 n.s. 
Tiglylcarnitine C5:1 trace    - 
Isovaleryl carnitine C5 trace    - 
Hexanoylcarnitine C6 trace    - 
Octanoylcarnitine C8 trace    - 
Decenoylcarnitine C10:1 trace    - 
Decanoylcarnitine C10 trace    - 
Dodecenoylcarnitine C12:1 0.33 0.1 0.27 0.08 n.s. 
Dodecanoylcarnitine C12 trace    - 
Tetradecenoylcarnitine C14:1 trace    - 
Tetradecanoylcarnitine C14 trace    - 
Hexadecenoylcarnitine C16:1 trace    - 
Hexadecanoylcarnitine C16 trace    - 
Octadecadienoylcarnitine C18:2 trace    - 
Octadecenoylcarnitine C18:1 0.10 1.0 0.07 0.7 n.s. 
Octadecanoylcarnitine C18 trace    - 
Butyrylcarnitine +  
Malonylcarnitine C4OH+C3DC 3.1 0.7 4.1 1.6 <0.05 

3-OH-isovalerylcarnitine + 
Methylmalonylcarnitine C5OH+C4DC 0.60 0.2 0.70 0.2 n.s. 

Glutarylcarnitine C5DC 11 12 10 7 n.s. 
3-Methylglutarylcarnitine C6DC 0.87 1.5 0.73 0.3 n.s. 
3-OH-Dodecanoylcarnitine C12OH 6.9 2.9 6.0 2 n.s. 

 
Hepatic mRNA expression markers of lipid metabolism 

To further characterize the short-term (i.e. 26 days) effect of eIMF-feeding on 
lipid synthesis (Fig. 4A), fatty acid species conversion (Fig. 4B), lipid metabolism 
(Fig. 4C) and mitochondrial targets (Fig. 4D), we performed qPCR analyses and 
determined the hepatic fatty acyl-chain profile (Fig. 4E).  
 

Hepatic expression of genes related to lipid synthesis (Fig 4A; Acaca, Fasn, 
Srebp-1c, Dgat1, Dgat2) was similar between groups. Expression of fatty acid 
elongation genes (Fig. 4B) Elovl3 (+44%) and Elovl5 (+53%) was higher in eIMF-
fed mice. Expression of Elovl6, and genes involved in fatty acid desaturation (Fads1 



Effects of an early life diet on hepatic lipid metabolism in mice 

61 

3 

and Fads2), were similar between groups. Expression of the fatty acid transporter 
Cd36 was non-significantly higher (Fig. 4C, +31%, p=0.06), and the liver-type fatty 
acid binding protein Fabp1 was higher (+20%). The Peroxisome Proliferator-
activated Receptor α (Ppar-a) was similar between groups. Expression of Pparg 
(+45%) was higher in eIMF. Expression of the triacylglycerol lipase Atgl and the 
diacylglycerol lipase Hsl were similar between groups. Mitochondrial biogenesis is 
regulated by the peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (Pgc1a, Fig. 4D), which had similar expression levels between groups. In 
addition, its downstream target, Hmox1 and Fasn, were similar. Expression levels of 
citrate synthase (Cs) and Sod2 were similar between groups. This suggests that under 
these conditions the effect on SOD2 protein levels is regulated beyond transcription. 
Cpt1a expression was non-significantly higher (+21%, p=0.08) in eIMF-fed mice. 
Mice fed eIMF had a subtly different hepatic fatty acyl-chain profile (Fig. 4E), 
whereas the diets had a similar composition (Table 2). Of note, the hepatic presence 
of the dominant dietary ω-3 and ω-6 moiety (18:3ω3 and 18:2ω6) was lower (-36% 
and -22% respectively, p<0.001) in eIMF-fed mice. Derivative ω-3 fatty acids 
(20:5ω3, 22:5ω3 and 22:6ω3) were lower in eIMF-fed mice, whereas derivative ω-
6 fatty acids were similar. The sum of the assessed fatty moieties was similar 
between groups.  
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Fig 4. Hepatic mRNA gene expression of lipid metabolism genes at PN42. Gene expression 

patterns, normalized to 36b4 and shown as fold-change versus cIMF, for lipid synthesis (A), fatty 

acid conversion enzymes (B), lipid metabolism (C) and mitochondria (D). The hepatic fatty acyl 

chain profile (E) is shown as fold-change versus cIMF. See Table 2 for fatty acyl-chain 

abbreviations. Saturated: Σ saturated moieties, MUFA: Σ mono-unsaturated moieties, PUFA: Σ 

poly-unsaturated moieties, total: Σ all assessed fatty moieties. A-E: n=14-16; Tukey boxplots and 

scatter plots. Exact two-sided Mann-Whitney U test *** p<0.001, ** p<0.01, * p<0.05, # p<0.1. 
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Discussion 
In the present study, we show that growth rates and body composition were 

similar during early life eIMF versus cIMF feeding. At PN42, corresponding with 
26 days of either eIMF or cIMF feeding, plasma cytokines and bile acid metabolism 
were similar between groups. These data render it unlikely that the long-term effects 
of eIMF on body weight and fat mass gain following a Western-style diet [8] are 
mechanistically related to these parameters. At the end of the IMF feeding period, 
we do see significantly higher levels of hepatic proteins involved in fatty acid 
oxidation and the TCA cycle. These data suggest that the capacity to oxidize lipids 
and/or carbohydrates, and thereby the metabolic flexibility of the liver, is higher as 
a direct result of early life eIMF-feeding in mice. 
 

Our data show higher levels of a range of hepatic proteins (and enzymes) involved 
in β-oxidation, TCA cycle, antioxidative enzymes, together with higher carnitine 
levels, and a higher hepatic expression of Fabp1. These observations led us to 
speculate that hepatic β-oxidation rate (or at least, its capacity) is higher in eIMF-fed 
mice (Fig. 2 & Fig. 3). The higher hepatic protein levels of the mitochondrial 
antioxidants SOD2 and GPX4 possibly indicate a higher net capacity to remove 
reactive oxygen species. As electron chain complexes I and III produce oxygen 
radicals (i.e. reactive oxygen species) upon proton pumping, we speculate that the 
higher SOD2 and GPX4 levels are the result of a higher ATP synthesis rate [157-160]. 

 
The TCA cycle can dissipate acetyl-CoA derived from the catabolism of lipids, 

carbohydrates, certain amino acids and minor miscellaneous sources (e.g. ethanol, 
ketone bodies). Higher protein levels of TCA cycle enzymes may correspond with a 
higher TCA cycle flux. The concomitant higher levels of proteins involved in β-
oxidation [161] and the higher hepatic carnitine concentration are suggestive of higher 
β-oxidation activity [162, 163]. An increased flux through the β-oxidation cycle, also 
yielding more acetyl-CoA, would then require a higher flux through the TCA cycle. 
Carnitine is required for FA transportation into the mitochondrial matrix, and thus 
for an efficient fatty acid oxidation (Table 4). Hepatic carnitine can be obtained from 
the diet, can be locally biosynthesized, or can originate from tissue redistribution. 
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Carnitine biosynthesis is higher in conditions in which rates of β-oxidation are 
chronically elevated [162, 163]. Negligible accumulation of acylcarnitine species, seen 
in the livers of both cIMF and eIMF-fed mice, implies that β-oxidation does not 
outpace the TCA cycle in this tissue [153]. This implication is backed up by the 
simultaneously higher levels of proteins involved in β-oxidation and proteins 
involved in the TCA cycle. Whereas all these observations point into the direction 
of a more active fat metabolism and oxidation, in vivo measurements of 
mitochondrial substrate utilization, using (for instance) isotopically-labeled lipid 
tracers, would be needed to conclusively confirm this. Such experiments were 
beyond the scope of the present study, but, to our opinion, would be worthwhile as 
subsequent next steps. 
 

The observations on lower leptin and adiponectin levels in mice fed eIMF (Fig. 
1E) may offer insights into the mechanism behind the differences found in body 
weight and composition in later life [141, 146]. Leptin is involved in the regulation of 
food intake and is primarily synthesized and secreted by adipose tissue, in proportion 
to the amount of body fat [145]. Adiponectin is a classic anti-inflammatory agent and 
is known to enhance fatty acid oxidation [145]. Plasma adiponectin is lower in obese 
subjects [145], so is thought to negatively correlate with the amount of body fat [164]. 
We are unsure how to interpret our data, which discrepantly show lower plasma 
leptin and lower adiponectin levels. Plasma adiponectin levels can be decreased by 
unprocessed diets versus ultraprocessed diets in humans [165]. 
 

Previously, it was noted that, upon a Western style diet challenge, gene and 
protein expression of mitochondrial oxidative capacity markers were higher in 
skeletal muscle and adipose tissue in eIMF compared to cIMF-primed mice [166]. It 
is not known whether the observed effects on hepatic β-oxidation proteins persist 
into adulthood. We speculate that this early life phenomenon can be a potential 
trigger for, or consequence of, metabolic programming, and is mechanistically 
involved in the observed long-term effect on body weight and fat mass gain. It will 
now be interesting to determine whether the observed effects on hepatic 
mitochondrial proteins alter whole-body energy expenditure and persist into 
adulthood.   
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Abstract 
 
We reported that feeding mice in early life with a diet containing an experimental 
infant milk formula (Nuturis®; eIMF), with a lipid structure similar to human milk, 
transiently lowered body weight and fat mass gain upon Western-style diet later in 
life, when compared to mice fed diets based on control IMF (cIMF). We tested the 
hypothesis that early life eIMF feeding alters the absorption or the postabsorptive 
handling of dietary lipids in later life. Male C57BL/6JOlaHsd mice were fed eIMF 
or cIMF from postnatal (PN) day 16-42, followed by low- (LFD) or high-fat diet 
(HFD) until PN63-70. Lipid absorption rate was determined after intragastric 
administration of labelled lipids, intraperitoneal injection of poloxamer-407 
(lipoprotein lipase inhibitor) and serial blood sampling. In separate groups, tissue 
concentrations of intragastrically administered labelled lipids were assessed after 4 
h. Lipid enrichments in plasma and tissues were analysed using gas chromatography-
mass spectrometry. The rate of fat absorption was similar between IMF groups. 
Postabsorptive lipid handling, i.e., concentrations of absorbed lipids in tissues, was 
similar in the eIMF and cIMF groups after LFD. At 4 h after administration, 
however, tissue levels of absorbed triglycerides after HFD-feeding were lower in 
heart (-42%) and liver (-46%), and higher in muscle (+81%, all p<0.05) in eIMF-fed 
mice. Whereas lipid uptake rates were similar, early life IMF diet affected 
postabsorptive handling of absorbed lipids after HFD, but not LFD. Changes in 
postabsorptive lipid handling could underlie the observed lower body weight and 
body fat accumulation in later life upon a persistent long-term obesogenic challenge. 
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Introduction 
Breastfeeding versus infant milk formula (IMF)-feeding is epidemiologically 

associated with a lower incidence of childhood, adolescent, and adulthood obesity 
[24, 25]. The difference in obesity incidence could, in part, be due to (metabolic) 
‘programming’; a stimulus / insult during a critical or sensitive window of 
development, with long-term (even lifelong) effects on an organism [18-20]. Distinct 
compositional or physicochemical differences between human milk and formulae 
have been suggested to underlie the observed long-term differences in body weight 
and fat mass gain [68, 95]. A major difference between human milk and IMF, 
potentially relevant for metabolic programming, concerns the emulsification 
characteristics of the (milk) fat. Fat provides the largest fraction (50%) of energy in 
human milk, and also supplies essential building blocks for growth and development 
[57]. Fat in human milk is present as an emulsion of fat (globules) in water. In native 
human milk, the fat globules are emulsified by the milk fat globule membrane 
(MFGM) [59]. The MFGM consists of a unique tri-layer phospholipid membrane [59], 
extensively reviewed in [65]. Human milk fat globules have mode a diameter (the 
diameter most abundant by volume) of approx. 3-5 µm [57, 65]. The physicochemical 
structure of milk fat globules (the MFGM, i.e. its phospholipid membrane and large 
diameter), modulates gastrointestinal lipolysis, postprandial lipemia and, to some 
extent, the postabsorptive metabolism of absorbed fats [68, 136, 138]. 
 

Infant formulae contain adequate amounts of essential nutritional components for 
growth and development [72]. Nevertheless, the biochemical and physicochemical 
composition of infant formulae has continued to be an area of research and 
innovation, primarily aimed to further ‘humanize’ infant formulae [72]. Most infant 
formulae contain lipids from vegetable sources, which are primarily emulsified by 
protein aggregates, do not contain MFGM and have much smaller fat globules with 
a mode diameter of 0.2 µm in diameter [9, 69]. When the physicochemical structure of 
MFGM is mimicked in an experimental infant milk formula (eIMF) and fed to mice 
in early life, these mice gain less body weight and fat mass when challenged with a 
Western style diet later in life, when compared to mice fed a control IMF (cIMF) [8, 

9, 80, 96]. The eIMF is a concept infant milk formula with large, phospholipid coated 
lipid droplets (mode diameter 3-5 μm); Nuturis® [59]. Body weight gain is not 
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different from controls during early life IMF feeding [8]. Upon prolonged exposure 
to a Western style diet, the beneficial effects of eIMF on body weight and fat mass 
gain diminish over time, indicating the limits of early life programming in a 
challenging later life environment [8]. The transient nature implies that the capability 
to gain body weight and fat mass is not permanently affected. Thus, the lower body 
weight and fat mass gain may be due to a less positive energy balance, instead of 
permanently impaired capacity to store lipids per se. 
 

The beneficial effects of MFGM-enriched infant formulae on body weight and 
fat mass gain are only observed when adding MFGM as a coating to IMFs containing 
large lipid globules and not upon adding MFGM as a coating to IMFs containing 
small lipid globules [9]. The beneficial effects on body weight and fat mass gain are 
also not found upon adding phospholipids in their free form [98]. Distinct 
physicochemical differences may thus underlie the observed long-term effects on 
body weight and fat mass gain. In rats, gavage of human milk, versus formula, leads 
to a more rapid chylomicron (CM) production [134]. Breastfed infants, versus formula-
fed infants, have a higher TG:apolipoprotein B48 ratio, suggesting that the 
chylomicrons are larger in volume and carry a larger fat load in these infants [95]. 
Thus, differences in physicochemical structure may result in different rates of lipid 
uptake: lipids from human milk could be more rapidly absorbed than infant formulae. 
In adulthood, the rate of fat absorption is related to the postabsorptive handling and 
the metabolic ‘fate’; rapid absorption leads to higher β-oxidation rates at the expense 
of lipid storage [97]. This could imply that, in adulthood, rapid fat absorption leads to 
rapid LpL-mediated hydrolysis and tissue uptake of CM-TG. Likely, CM particle 
diameter will be larger upon a high rate of fat absorption compared to a low rate of 
fat absorption [97].  
 

Based on these considerations, we hypothesize that early life eIMF versus cIMF-
feeding differentially programs the rate of absorption and/or postabsorptive handling 
of fat in later life [95, 97, 138, 167]. In this study, we tested this hypothesis by quantifying 
the rate of fat absorption and the postabsorptive lipid handling in mice that were fed 
eIMF or cIMF in early life, followed by either a low-fat or a high-fat diet into 
adulthood.  
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Materials and methods 
Animals and Study design  

Experimental procedures were approved by an external independent animal 
experiment committee (CCD, Central Animal Experiments Committee, The 
Netherlands), after positive advice by the Committee for Animal Experimentation of 
the University of Groningen. Subsequently, the study design was approved by the 
local Animal Welfare Body. Procedures complied with the principles of good 
laboratory animal care following the European Directive 2010/63/EU for the use of 
animals for scientific purposes. 
 

 
Fig 1. Terminations and dissections were performed between postnatal day (PN) 63 and 70. LFD: 
16% energy from fat (AIN-93G, D10012G, Research Diets). HFD: 45% energy from fat (D12451, 
Research Diets). Plasma lipid cohorts: Cohorts for measuring the rate of lipid absorption. Organ 
cohorts: Cohorts for measuring tissue concentrations of absorbed lipids. I.P. polox: intraperitoneal 
injection with poloxamer 407 (1 g/kg BW in ~200 µl sterile PBS). Gavage: intragastric 
administration of 100 µl oil containing stable-isotopically labelled lipid tracers. n = 12 in LFD 
arms, n=16 in HFD arms. 
 

All animals were kept in the same temperature-controlled room (20-22°C, 45-
65% humidity, lights on 8AM-8PM) in type 1L (360 cm²) polysulfone cages bearing 
stainless-steel wire covers (UNO BV, the Netherlands), with wood shaving bedding, 
Enviro-dri® (TecniLab, The Netherlands) and cardboard rolls. All mice were 
handled by the same researcher. Virgin C57BL/6JOlaHsd breeders (34M, 80F) 10-
12 weeks of age (Envigo, The Netherlands) were mated [80] in 2-3F+1M groups. 
Males were removed after 2 d. Pregnancy was confirmed by a >2 g increase in body 
weight after 1 week, and occurred in 54 females in total. Nonpregnant females were 
mated again for a maximum of 4 times. Delivery day was recorded as postnatal day 

I.P.
polox

Weaning

PN0    16    21 42   42                    63-70    

Birth

0                                           4 
Time (h) after gavage on day 63-70  

LFD

HFD

Control IMF
Experimental IMF

Plasma lipid cohorts

Organ cohorts

Gavage Sacrifice

SacrificeSerial blood draw

1      2       3         5
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(PN) 0. Pups were randomized between dams, and litters were culled to 4M+2F on 
PN2. Male offspring were weaned at PN21 and housed with siblings in pairs. The 
diets were provided as freshly prepared ‘dough balls’ (40 w% water, prepared and 
exchanged daily) from PN16 to PN42 [80, 96]. This study was not blinded; diets were 
visually distinct. Breeders and female offspring were terminated (CO2) at weaning 
and were not further used in this study. From PN42 onward, mice were fed a low-fat 
diet (LFD, 16% energy from fat, D10012G, Research Diets), or a high-fat diet (HFD, 
45% energy from fat, D12451 Research Diets Inc. USA) and tap water ad libitum. 
Terminations were performed between PN63 and PN70. Fig. 1 shows a visual 
representation of the study design. 
 
Programming diets  

Two IMF powders (Nutricia Cuijk B.V., Cuijk, the Netherlands) were used. The 
IMF powders had a similar macro- and micronutrient content (Table 1); both lipid 
moieties comprised about 50% vegetable oil and 50% milkfat and had a similar fatty 
acid profile (Table 2). Diet designs are explained in more detail elsewhere [59]. IMF 
powders (283 g/kg feed) were supplemented with protein and carbohydrate (Ssniff 
Spezialdiäten GmbH, Soest, Germany) to obtain AIN-93G-compliant diets, with a 
fat moiety (~7 w%) derived entirely from IMF [118]. 
 
Body composition  

Lean and fat mass was quantified by time-domain nuclear magnetic resonance 
(LF90II, Bruker Optics, Billerica, MA) not requiring fasting or anaesthesia, as 
previously described [8]. 
 
Termination  

For reasons of clarity, procedures for terminations are described per termination 
experiment.  
At PN21: Unfasted male offspring were anaesthetized (isoflurane/O2) (during light 
phase; at 9AM) and sacrificed by heart puncture to obtain a blood sample. 
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At PN42: Mice were anaesthetized (isoflurane/O2) after a 4-h fasting period (during 
light phase; from 9AM-1PM) and sacrificed by heart puncture to obtain a blood 
sample. 
Between PN63 and PN70: 
LFD-plasma: Upon intraperitoneal injection of the lipoprotein lipase inhibitor 
poloxamer-407 (1 g/kg BW, BASF Corp., Florham Park, N.J., in ~200 µl sterile 
phosphate-buffered saline solution (PBS)), fasting mice (midnight-9AM) were 
intragastrically administered at t= 0 h a lipid bolus (100 µl) containing 25% olive 
oil, 75% medium-chain triglyceride oil, 1 mg triolein-1,1,1-13C3 and 1 mg oleic acid-
9,10-2H2. Blood was drawn at t= 0, 1, 2, 3 and 5 h in heparinized haematocrit 
capillaries (Vitrex, Herlev, Denmark).  
LFD-organ: Fasting mice (midnight-9AM) were intragastrically administered at t=0 
h a lipid bolus (100 µl) containing 25% olive oil, 75% medium-chain triglyceride 
oil, 10 mg triolein-1,1,1-13C3 and 1 mg oleic acid-9,10-2H2. Tissues were collected 
at t= 4 h. 
HFD-plasma: Upon intraperitoneal injection of the lipoprotein lipase inhibitor 
poloxamer-407 (1 g/kg BW in ~200 µl sterile PBS), fasting mice (midnight-9AM) 
were intragastrically administered at t=0 h a lipid bolus (100 µl) containing 25% 
olive oil, 75% medium-chain triglyceride oil, 1.7 mg triolein-1,1,1-13C3, 1 mg oleic 
acid-9,10-2H2, 1.9 mg palmitic acid-1,2,3,4-13C4, and 4.9 mg stearic acid-1-13C. 
Blood was drawn at t= 0, 1, 2, 3 and 5 h in heparinized haematocrit capillaries. 
HFD-organ: Fasting mice (midnight-9AM) were intragastrically administered at t=0 
h a lipid bolus (100 µl) containing 25% olive oil, 75% medium-chain triglyceride 
oil, 9.4 mg triolein-1,1,1-13C3, 7.9 mg oleic acid-9,10-2H2, 2.4 mg palmitic acid-
13C16, and 4.8 mg stearic acid-1-13C. Tissues were collected at t= 4 h. 
At dissection, mice were anaesthetized (isoflurane/O2) and sacrificed by heart 
puncture for collection of a blood sample. Tissues were snap-frozen in liquid N2. 
Blood samples were spun down at 1300×g for 15 min. 
Stable isotopically-labelled triolein and oleic acid were purchased from Cambridge 
Isotope Laboratories, Inc. (Cambridge, MA, USA). Stable isotopically-labelled 
palmitic acid-1,2,3,4-13C4 and stearic acid were purchased from ISOTEC 
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(Miamisburg, OH, USA). Stable isotopically-labelled palmitic acid-13C16 was 
purchased from CorTecNet (Voisins-Le-Bretonneux, France).  
 
Assays  

Plasma was analysed using commercially available kits for triglycerides (TG, 
Roche, Mijdrecht, the Netherlands, cat. no. 11877771216), total cholesterol (Roche, 
cat. no. 11491458 216), free cholesterol (Spinreact, Santa Coloma, Spain, cat. no. 
41035), NEFA (Sopachem, Wageningen, the Netherlands, cat. no 157819910935), 
and phospholipids (Sopachem, cat. no. 157419910930). Esterified cholesterol was 
calculated as the difference between total and free cholesterol.  
 
Plasma bile acids  

Plasma bile acid species were quantified from 25 µl plasma samples using liquid 
chromatography-mass spectrometry, as previously described [154]. To 25 µl of 
plasma, we added a mixture of internal standards (stable isotopically-labelled bile 
acids) in methanol. Samples were centrifuged at 15,800×g and the supernatant was 
transferred and evaporated at 40°C under a stream of N2. Samples were reconstituted 
in 200 µl methanol:water (1:1), mixed and centrifuged at 1800×g for 3 min. The 
supernatant was filtered using a 0.2 µm spin-filter at 2000×g for 10 min. Filtrates 
were transferred to vials and 10 µl was injected into the LC-MS/MS system. The 
system consisted of a Nexera X2 Ultra High Performance Liquid Chromatography 
system (SHIMADZU, Kyoto, Japan), coupled to a Sciex Qtrap 4500 MD triple 
quadrupole mass spectrometer (SCIEX, Framingham, MA, USA). Bile acids were 
separated with an ACQUITY UPLC BEH C18 Column (1.7 µm x 2.1 x 100 mm) 
equipped with an ACQUITY UPLC BEH C18 VanGuard Pre-Column (1.7 µm x 2.1 
x 5 mm), (Waters, Milford, MA, USA). Data were analysed with Analyst MD 1.6.2 
software.  
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Table 1. Calculated nutrient composition (in g/kg) of the programming diets (PN16-42) and the 
low/high fat diet (PN42-70). 

  Control  
IMF 

Experimental  
IMF 

LFD 
D10012G 

HFD 
D12451 

Carbohydrate 609 618 679 396 
Mono/di-saccharides 225 235 100 172.8 
 Glucose  3.7 3.4 - - 
 Lactose 134 144 - - 
 Sucrose 85 85 100 172.8 
 Other sugars 2.6 2.4 - - 
Polysaccharides 380 380 529 172.8 
 Maltodextrin 101 101 132 100 
 Corn starch 280 280 397 72.8 
 Other 0.84 0.68 - - 
Fibre  49.0 48.2 50 50 
 Cellulose 32.0 32.0 50 50 
 Fructo-oligosaccharides 1.7 1.4 - - 
 Galacto-oligosaccharides 15.3 14.3 - - 
Lipids 77.2 70.6 70 203 
 Vegetable fat 37.5 32.9 70 25 
 Milkfat 38.6 36.7 - - 
 Other animal fat 1.1 0.98 - - 
 Lard - - - 177.5 
 Phospholipids 0.084 1.1 - - 
 Cholesterol 0.12 0.12 - 0.20 
Protein 199 198 200 200 
 Whey 17.6 16.5 - - 
 Casein 181 181 200 200 
Particle size Mean SD Mean SD   
 D[4,3] (µm) 0.81 0.2 6.8 0.2 - - 
 D[3,2] (µm) 0.43 0.004 0.86 0.1 - - 
 Surface area (m2/g) 15 0.2 7.7 1.0 - - 
Total 
energy 

kcal/g (kJ/g) 
3.87 (16.2) 3.87 (16.2) 

3.90 
(16.3) 

4.73 
(19.8) 

 
Fatty acyl-chain profiling  

Cryogenically crushed tissues were homogenized in Potter-Elvehjem tubes in 
phosphate-buffered saline (PBS) solution. A known quantity of tissue was 
transferred to glass tubes, capped with silicone-PTFE septum screw caps. 
Cryogenically crushed adipose tissue was homogenized in Dounce tubes in 
chloroform:methanol (ratio 2:1), a known quantity of tissue transferred to glass tubes 
and dried under a stream of N2 at 45°C. Lipids from a known quantity of plasma, 
tissue or food were trans-methylated at 90°C for 4 h, liquid-liquid extracted twice 
using hexane, transferred to a clean tube, dried at 45°C under a stream of N2, 
dissolved in hexane and transferred to GC vials with inserts. Samples were analysed 
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by gas chromatography and mass spectrometry as previously described [121, 168]. The 
GC system consisted of 6890N network gas chromatograph (Agilent Technologies, 
Amstelveen, the Netherlands) and was equipped with a HP- ULTRA 1 (50 m length 
x 0.2 mm diameter, 0.11 µm film thickness, Agilent) column. The GC-MS system 
consisted of a 7890A GC system coupled to a 5975C mass spectrometer (Agilent) 
with the same HP-ULTRA 1 column and used an ammonia gas carrier. Oleate methyl 
ester (ME) ammonium ions were monitored at m/z 314–318, palmitate ME ions were 
monitored at m/z 288-292 and 303-304, stearate ME ions were monitored at m/z 316-
320. Ions were monitored under selected ion recording. The normalized mass 
isotopomer distributions measured by GC-MS (m0–mx) were corrected for natural 
abundance of 13C by multiple linear regression, described in more detail elsewhere 
[169, 170]. 
 
Statistical analysis  

Statistics were performed using SPSS 23 (IBM Corporation, Chicago, IL, USA). 
Time-series are plotted as median and interquartile range. Single-time data are 
plotted as Tukey boxplots and scatter plots. Analyses were carried out on all mice or 
samples whenever technically feasible and material was available. No data were 
excluded. Data were assumed not to be normally distributed, thus tested non-
parametrically. Groups were compared using the exact two-sided Mann Whitney U 
test. A p<0.05 was considered to indicate statistical significance. Group sizes were 
calculated [129] based on an anticipated difference in the slope of fat absorption of 
20%, an expected spread of 17.5% for LFD study arms. High-fat diet feeding is 
known to introduce heterogeneity [171]. We chose an expected spread of 20% for HFD 
study arms with alpha 0.05, beta 0.80.   
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Table 2. Fatty acid composition (FA weight %) of the programming diets (PN16-42) and the low/high 
fat diet (PN42-70), as measured by fatty acyl chain profiling. 

  Control  
IMF 

Experimental  
IMF 

LFD 
D10012G 

HFD 
D12451 

Σ Saturated 44 42 17 31 
Myristic acid 14:0 8.9 7.1 0.4 1.3 
Palmitic acid 16:0 26 25 12 20 
Stearic acid 18:0 7.8 8.9 4.1 9.6 
Arachidic acid 20:0 0.28 0.32 0.31 0.18 
Behenic acid 22:0 0.27 0.39 0.35 0.07 
Lignoceric acid 24:0 0.17 0.26 0.14 0.04 
Cerotic acid 26:0 0.032 0.039 0.02 - 
Σ Mono unsaturated 36 39 23 37 
Palmitoleic acid 16:1n-7 1.2 1.1 0.12 1.6 
Vaccenic acid 18:1 n-7 1.9 1.9 1.8 2.4 
Oleic acid 18:1 n-9 33 35 20 33 
Gondoic acid 20:1 n-9 0.38 0.42 0.27 0.55 
Erucic acid 22:1 n-9 0.080 0.13 - - 
Nervonic acid 24:1 n-9 0.053 0.074 - - 
Σ Polyunsaturated 20 19 61 32 
 Σ n-3 species 3.4 3.4 7.0 2.7 
α-Linolenic acid 18:3n-3 2.8 2.8 7.0 2.4 
Eicosapentaenoic acid 20:5n-3 0.12 0.12 - - 
Docosapentaenoic acid 22:5n-3 0.090 0.099 - - 
Docosahexaenoic acid 22:6n-3 0.38 0.38 - - 
 Σ n-6 species 16 16 54 29 
Linoleic acid 18:2n-6 16 15 54 28 
γ-linolenic acid 18:3n-6 0.050 - - - 
Eicosadienoic acid 20:2n-6 0.046 - 0.11 0.74 
Dihomo-γ-linolenic acid 20:3n-6 0.091 0.12 - 0.12 
Arachidonic acid 20:4n-6 0.44 0.43 - 0.24 
 Σ n-6 / Σ n-3 ratio 4.8 4.7 7.6 11 
Mead acid 20:3 n-9 0.38 0.42 0.06 0.12 
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Results 
Early life growth and fat mass gain upon LFD or HFD feeding 

Body weight gain (Fig. 2A & 2B), as well as and fat and lean mass gain on LFD 
and HFD (Fig 2D & 2E) were similar between eIMF and cIMF until at least PN63. 
Daily caloric intake per mouse was similar in the two IMF groups and in the 
LFD/HFD groups at age PN45. Caloric intake at PN56 was similar between eIMF 
and cIMF but was subtly higher in HFD-fed versus LFD-fed mice, independent of 
early life feeding with eIMF or cIMF (+9% Fig. 2C, p<0.05). At weaning (PN21), 
after 5 days of IMF access, the unfasted plasma lipid panel showed higher plasma 
phospholipids in eIMF-fed mice, in line with the higher phospholipid levels in the 
eIMF diet (Table 1). Although pups in the days prior to weaning (PN16-21) had 
access to IMF, pups may have (also) been breastfed. In a 4 h fasted sample, taken at 
PN42, after 21 days of IMF feeding, plasma lipids were similar between IMF groups 
(Fig. 2F). In later life (~PN63), in a 4 h fasted sample, plasma lipids were similar 
between IMF groups, with higher TG, cholesterol and NEFA in HFD versus LFD 
(Fig. 2I). Plasma bile acid species were similar between eIMF and cIMF mice, 
irrespective of being fed either LFD or HFD in later life (Fig. 2G & 2H). Also, 
plasma bile acid species were comparable between IMF groups in early life (PN21 
& PN42, data not shown). Regardless of early life IMF feeding, HFD versus LFD-
fed mice appeared to have a higher percentage of secondary (microbiome-converted) 
plasma bile acid species, at least as regards to (tauro-) deoxycholic acid (Fig. 2G & 
2H). 
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Fig 2. Body weight, lean mass and fat mass gain in early life and during LFD or HFD feeding. 
Mice were fed either cIMF or eIMF from PN16-42, and either LFD or HFD from PN42 to PN63-
70. Body weight gain on low fat diet (LFD, A), and high fat diet (HFD, B). Lean and fat mass 
gain on LFD (16% energy from fat; D) and HFD (45% energy from fat; E). Caloric intake was 
calculated from food intake and the manufacturer’s provided caloric content and shown in 
kcal/mouse/day (C). Non-fasting plasma lipids at PN21 (weaning) and 4 h fasted plasma lipids at 
PN42 (F) and adulthood (PN63-70) after LFD or HFD feeding (I). Plasma bile acid species 
composition in adulthood after LFD (G) and HFD (H). IMF: rodent diet made using an infant milk 
formula, LFD: low fat diet, HFD: high fat diet. TG: triglycerides, TC: total cholesterol, FC: free 
cholesterol, CE: cholesterol ester, NEFA: non-esterified fatty acids, Phos: phospholipids. (T) 
(U/C/H) (D) CA: (tauro) (urso/cheno/hyo) (deoxy-) cholic acid, (T) (α/β/ω)-MCA: (tauro-) α/β/ω-
muricholic acid. n.a.: not assessed due to chromatographic issues. U./C.: unconjugated/taurine 
conjugated bile acid species. A-I: n≥12. Values represent median and interquartile range (A-B, D-
E) or Tukey box plots and scatter plots (C, F-I). Error bars are not shown when they fall within 
the symbol. A-B&D-E contain vertical lines at PN16 and PN42 to illustrate the change to IMF 
and LFD or HFD respectively. Horizontal dotted lines are solely for visual aid. Exact two-sided 
Mann Whitney U test *: p<0.05.  
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The rate of fat absorption in mice fed with eIMF- or cIMF in early life and fed a 
low- or a high-fat diet in later life 

We investigated whether early life eIMF versus cIMF feeding changed the rate 
of fat absorption in low-fat and high-fat diet fed mice in later life. For this, fasting 
mice were intraperitoneally administered a lipoprotein lipase inhibitor followed by 
an intragastrically administered lipid bolus containing stable isotopically-labelled 
lipid tracers. Plasma concentrations of labelled oleate from administered triolein in 
LFD-fed mice (Fig. 3A) and HFD-fed mice (Fig. 3B) was similar between eIMF and 
cIMF. Plasma concentrations of administered free fatty acids (FFA) in LFD-fed mice 
(Fig. 3D) and HFD-fed mice (Fig. 3E) was similar between eIMF and cIMF. Also, 
plasma concentrations of labelled palmitate (Fig. 3C) and stearate (Fig. 3F) in HFD-
fed mice were similar between eIMF and cIMF. The calculated (linear) slopes were 
similar between eIMF and cIMF (data not shown). 
 

 
Fig 3. Plasma concentrations of absorbed fats in mice fed with eIMF- or cIMF in early life 
and fed a low- or a high-fat diet in later life. The plasma concentration of an intragastrically 
administered stable isotopically labelled triglyceride (A-B) and free fatty acids (C-F) are 
expressed as % of dose.ml-1 plasma. Fats were prevented from being hydrolysed and thus removed 
from the plasma by using a lipoprotein lipase inhibitor (Poloxamer 407; I.P. 1 g/kg BW in ~200 
µl sterile PBS). A&D: n=11-12; B-C, E-F: n=15-16. Values represent median and interquartile 
ranges. Error bars are not shown when they fall within the symbol. Exact two-sided Mann Whitney 
U test (all comparisons were p>0.05).  
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Tissue concentrations of absorbed fats in mice fed eIMF- or cIMF in early life and 
fed a low- or a high-fat diet in later life 
 We determined whether early life eIMF versus cIMF-feeding changed later life 
postabsorptive handling of an identical intragastrically administered lipid bolus after 
low-fat or high-fat diet feeding in later life. For this, mice were intragastrically 
administered a lipid bolus containing stable isotopically-labelled lipid tracers. 
Postabsorptive lipid handling, i.e., to which tissues the administered lipids were 
trafficked, was assessed by collecting tissues 4 hours after intragastrical bolus 
administration. At 4h after administration, the concentrations in heart, liver and 
skeletal muscle of labels originating from administered triglycerides (triolein, Fig. 
4A) or free fatty acids (oleic acid, Fig. 4D) were similar between eIMF and cIMF in 
LFD-fed mice. At the time of sampling, compared to heart and liver, the 
concentrations of administered lipids were low in muscle, irrespective of IMF 
groups. After HFD feeding, concentrations of labels originating from administered 
triglycerides (triolein, Fig. 4B) were significantly lower in the eIMF group in heart 
(-44%, p<0.05) and liver (-46%, p<0.01), despite comparable plasma levels at the 
time of sampling. As was seen in LFD-fed groups, compared to heart and liver, the 
concentration of administered triglycerides was low in skeletal muscle. In contrast 
with LFD-fed groups, the concentration of administered triglycerides was higher 
(+81%, p<0.05) in the skeletal muscle of eIMF versus cIMF-fed mice. Plasma 
concentrations of labels from administered triglycerides and free fatty acids in 
plasma was similar between eIMF and cIMF (Fig. 4B-C & 4E-F). The concentration 
of administered free oleic acid (Fig. 4E) was lower in heart (-42%, p<0.05) and liver 
(-49%, p<0.01) in eIMF-fed mice following HFD feeding. The concentration of 
administered oleic acid in skeletal muscle was, compared to heart and liver, again 
low, but much lower (-71%, p<0.01) in eIMF-fed mice. The concentration of 
administered palmitic acid (Fig. 4C) was also lower in heart (-41%, p<0.05), and 
liver (-44%, p<0.01) in eIMF-fed mice, whereas its concentration in muscle was 
similar. The concentration of administered stearic acid (Fig. 4F) was non-
significantly lower in heart (-39%, p=0.08) and was lower in liver (-44%, p<0.05) in 
eIMF-fed mice. The concentration of administered stearic acid in muscle was again 
low, but was even lower (-67%, p<0.01) in eIMF-fed mice. The concentration of 
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administered lipids in brain and adipose depots (epididymal adipose depot and 
inguinal adipose depot) was very close to or below the limit of detection. Correction 
for tissue protein content did not statistically change the aforementioned 
comparisons (data not shown).  
 

 
Fig 4. Tissue concentration of absorbed fats in mice fed with eIMF- or cIMF in early life and 
fed a low- or a high-fat diet in later life. The tissue concentrations of intragastrically 
administered isotopically labelled triglyceride (A-B) and free fatty acids (C-F) are expressed as 
% of dose.g-1 for tissues or % of dose.ml-1 for plasma. Brain: whole brain homogenate, Epi: 
epididymal fat pad, Sub: subcutaneous inguinal fat pad, muscle: whole gastrocnemius skeletal 
muscle homogenate, plasma: heart puncture plasma sample. n.a.: not assessed. n.d.: not detected, 
below detection limit. A&D: n=12-13; B-C, E-F: n=14-16. Tukey boxplots and scatter plots. Exact 
two-sided Mann Whitney U test **: p<0.01, *: p<0.05, #: p<0.1.  
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Discussion 
In this study, we tested the hypothesis that eIMF versus cIMF programs the 

uptake rate and/or postabsorptive handling of lipids in later life. The results in our 
model indicate that the rate of fat absorption in later life is not affected by early life 
eIMF feeding (Fig. 3). However, our data do demonstrate that postabsorptive lipid 
handling is a trait that is modifiable by early life feeding with eIMF (Fig. 4). It is 
tempting to speculate that these postabsorptive differences, which are only apparent 
under challenging (high-fat diet feeding) conditions, are related to the previously 
observed long-term difference in body weight and fat mass gain [8].  
 

In humans, the rate of fat absorption determines, to some extent, the ‘fate’ of 
dietary fat, i.e. storage or oxidation, especially in obese subjects [97]. Our data indicate 
that the postabsorptive differences between IMF groups (under challenging HFD 
conditions) are likely not related to the rate of fat absorption, as plasma 
concentrations of absorbed fats were similar between IMF groups (Fig. 3 & Fig. 4).  
 

The postabsorptive differences in concentrations of administered lipids in tissue 
may be caused by tissue-specific differences in lipoprotein lipase (LPL) activity. 
LPL is the rate-limiting step in tissue uptake of plasma triglycerides and is present 
in the vascular bed of extrahepatic tissues including the heart, skeletal muscle and 
adipose tissue [172, 173]. LPL is regulated at transcriptional and post-translational level 
[173, 174]. LPL has a higher binding affinity and activity for larger lipoprotein particles 
compared to smaller lipoprotein particles [172, 175]. The difference in LPL’s binding 
affinity for small and large lipoprotein particles is not well understood, and appears 
counterintuitive considering that surface area usually is correlated positively, and not 
negatively, with enzyme activity. The apparent negative correlation between LPL 
binding affinity and lipoprotein surface area may, however, contributes to the ability 
of LPL to rapidly respond to large (postprandial) variations in plasma triglyceride 
levels [97]. Absorption of large amounts of fat typically results in larger chylomicrons 
[95, 97]. LPL hydrolyses triglycerides (TGs) from lipoprotein particles (including 
chylomicrons) resulting in free fatty acids. Plasma free fatty acids are taken up by 
tissues via active saturable processes (CD36) and by passive non-saturable processes 
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(non-CD36) [172]. The hydrolysis of chylomicron-TGs eventually leads to the 
formation of chylomicron remnants (CR). CRs penetrate the liver sinusoidal 
endothelial fenestrations, bind to hepatocytes and are taken up and cleared from the 
plasma [176].  

 
Considering the aforementioned modifiers of LPL activity, the postabsorptive 

differences in lipid handling between HFD-fed IMF groups may be due to 
differences in the amount of LPL protein in the various extrahepatic vascular beds 
per se, and/or differences in chylomicron diameter. It is known that LPL activity is 
higher in adipose tissue of obese than in that of lean human subjects [177]. Weight loss 
in obese subjects induced an increase in adipose tissue LPL activity, which returned 
to baseline activity levels upon rebound weight gain [177]. To some extent, LPL 
protein levels are regulated via epigenetic means by DNA methylation of the LPL 
promotor region [173]. The degree of LPL promotor methylation positively associates 
with abnormalities of the metabolic profile and basal and postprandial triglycerides 
[173]. It is not known whether a relationship exists between LPL activity and whole-
body energy balance per se. Though, a higher rate of lipid absorption, leading to a 
greater chylomicron diameter, does result in a more rapid development of the 
sensation of hunger in obese human subjects and vice versa [97]. This observation 
supports the concept that LPL activity, the rate of its substrate disappearance, and/or 
the rate of its product appearance, may be related to the sensation of hunger. 

 
Circulating fats enter the liver mostly via LPL-independent routes; namely via 

the uptake of chylomicron remnants [176]. We noted that, at the time of sampling, 
plasma levels of labelled fats were similar between HFD-fed IMF groups. It could 
be that labelled fats were still being absorbed from the gut, replenishing the plasma 
pool. Therefore, the observed lower concentrations of absorbed fats in the livers of 
eIMF-primed HFD-fed mice, suggests that chylomicron remnants contained less 
labelled triglycerides at the time of hepatic uptake [176]. If this were true, it would 
indicate that extrahepatic tissues are more extensively hydrolysing chylomicron-TG 
in eIMF versus cIMF mice [172].  
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In the interpretation of our tissue data (Fig 4), we assume that differences in tissue 
levels of administered fats are mostly due to differences in tissue uptake of plasma 
fats. Alternatively, the effects may be related to differences in β-oxidation rates 
between the two groups. Within the 4 h timeframe, circa 5% of the total administered 
palmitate, stearate and oleate can be expected to be oxidized and thus removed from 
the measurable pools [178]. Previously, it was noted that, upon a Western style diet 
challenge, gene expression and protein levels of mitochondrial oxidative capacity 
markers were higher in skeletal muscle and adipose tissue in eIMF compared to 
cIMF-fed mice [166]. These observations could indicate that part of the differences in 
measured labelled fats, at least in skeletal muscle tissue, is due to β-oxidation. 
However, given the magnitude of the differences in labelled fats (Fig. 4), we assume 
that the majority of the differences are due to differences in lipid handling, and only 
partially due to β-oxidation. 
 
Concluding remarks 

The present study shows that when mice are fed with eIMF or cIMF in early life 
and fed a low fat (LFD) or high fat diet (HFD) in later life, the rate of fat absorption, 
upon intragastric administration of an identical lipid bolus, is similar between IMF 
groups. Thus, the rate of fat absorption in later life does not seem to be affected by 
an early life diet containing large phospholipid-coated lipid globules (eIMF). 
Instead, postabsorptive lipid handling may, in a challenging (high-fat diet-fed) 
environment, be modifiable by early life feeding with eIMF. It is tempting to 
speculate that changes in postabsorptive handling are related to the observed effects 
on later life body weight and fat mass gain upon a persistent long-term obesogenic 
challenge. 
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Abstract  
 
Rationale 
Neonates are dependent on enteral or parenteral vitamin K (VK) supplementation to 
prevent vitamin K deficiency-induced bleeding (VKDB). Daily enteral VK 
supplementation may not be sufficient for breastfed infants with unidentified 
cholestasis, in contrast to formula fed infants with the same condition. Human milk 
contains high concentrations of cholesterol and we hypothesize that (human milk) 
cholesterol interferes with the absorption of VK. 
Methods 
VK1 and VK1-d7 was measured using LC-MS/MS. Fasting plasma VK was measured 
in rats fed low or high-cholesterol chow (‘chronic study’). In an ‘acute study’ VK 
absorption was assessed in low-cholesterol fed rats by intragastrically administering 
4.5 µg/kg BW VK1-d7, dissolved in human milk or formula. As controls, VK1-d7 was 
intragastrically administered in vegetable oil containing a supraphysiological 
cholesterol dose, with or without the intestinal cholesterol transporter inhibitor 
ezetimibe.  
Results 
Fasting plasma VK1 levels were decreased by high-cholesterol feeding. Ezetimibe 
did not further decrease VK1 levels. After VK1-d7 administration with human milk, 
plasma VK1-d7 levels were higher compared with administration with formula, and 
were similar to the concentrations obtained after administration in vegetable oil with 
cholesterol. Coadministration of ezetimibe to the oil with cholesterol did not 
significantly affect the subsequent VK1-d7 appearance in blood. 
Discussion  
Our data are ambiguous with respect to the interaction between cholesterol and VK 
absorption. The chronic cholesterol-induced decrease in VK absorption could not be 
reproduced in an acute intragastric administration experiment. The reason for this 
discrepancy is not clear. To answer the research question, a new study is required 
wherein VK absorption is measured in a different way.  
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Introduction 
Vitamin K (VK) deficiency (VKD) can cause bleedings (VKDB). Neonates are 

especially vulnerable to develop VKDB if enteral or parenteral intake of VK is 
insufficient [53]. In neonates, nomenclature depends on time of VKDB presentation: 
early (<24h postpartum), classic (first week), and late (between 1 week and 6 
months). Late VKDB presents in ~50% of the cases as an intracranial hemorrhage 
and associates with high morbidity and mortality [53]. Newborns are prophylactically 
supplemented with VK [52]. Prophylactic VK regimens in the different countries vary 
in dosages (25 µg up to 2 mg), administration schemes (daily or weekly) and routes 
of administration (enteral or parenteral) [52, 53]. Absorption of VK relies heavily on 
its micellization by luminal bile acids. VKDB empirically occurs more often in 
breastfed infants with (yet undiagnosed) cholestasis, associated with decreased 
secretion of bile acids into the bile, such as in biliary atresia [52, 53, 109, 112, 113]. 
 

VK encompasses a group of vitamers including VK1 (phylloquinone), VK2 
(menaquinones), VK3 (menadione) and other synthetic variants. VK facilitates blood 
coagulation by activating clotting factors II (prothrombin), VII (proconvertin), IX 
(Christmas) and X (Stuart–Prower), and plasma Protein C, S and Z in the liver [71, 

111]. In biochemical terms, VK is converted from its quinone form into a 
hydroquinone form, which is used by the gamma-glutamylcarboxylase enzyme to 
carboxylate the aforementioned targets [179]. In this process, VK-hydroquinone is 
converted into VK-epoxide, which is recycled back into VK-quinone by the VK 
epoxide reductase enzyme [179]. VK1, VK2 and VK3 contain a phytyl side-chain, an 
isoprenyl side-chain, or no side-chain, on position 3 respectively [105, 180]. VK2 has 14 
homologues (MK-1 to MK14), according to the number of isoprene units on its side-
chain [181]. VK cannot be synthesized by murine and human cells. However, as an 
organism, rodents can obtain VK2 from synthesis by their intestinal microbiota if 
coprophagy is possible [104, 105]. In humans, microbial contribution to the VK pool is 
disputed due to poor colorectal VK2 absorption [182]. Infant formulae (which are 
supplemented) and oral supplements generally contain VK1, whereas human milk 
generally contains (low amounts of) VK1 and VK2 in varying proportions depending 
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on the maternal diet. Generally, VK1 is the predominant VK form in milk. In this 
study, we focus on VK1 absorption. 
 

VK1 absorption is an active, saturable process which occurs in the small intestine 
and is highly dependent on bile acids and the formation of micelles [114, 183, 184]. It is 
thought that cholesterol, VK1 and α-tocopherol (vitamin E) are taken up by the 
intestinal cholesterol transporter Niemann-Pick C1-Like 1 (NPC1L1) [71, 179]. 
Cholesterol, VK1 and α-tocopherol absorption can be pharmacologically inhibited 
by administering the NPC1L1-inhibitor ezetimibe [71, 93, 179]. In 85% of patients who 
are coadministered ezetimibe and warfarin, the anticoagulative properties of 
warfarin are enhanced [179]. Adverse events caused by this coadministration can be 
rescued by vitamin K supplementation [179]. Warfarin is clinically used as an 
anticoagulant, and its mechanism of action (primarily) is the inhibition of vitamin K 
oxide reductase, the enzyme responsible for recycling vitamin K [185]. These 
observations are in line with the concept that vitamin K absorption is sensitive to 
ezetimibe [71, 93, 179, 186]. Several compounds are known to be able to disrupt VK1 
absorption; including α-tocopherol and cholesterol [114, 179, 187]. Human milk and 
formulae generally contain comparable α-tocopherol levels. In contrast, human milk 
contains relatively high amounts (0.23–0.39 mM; 89-151 mg/L) of cholesterol, 
compared with infant formulae (0–0.10 mM; 0-39 mg/L) [188]. When IMF comprises 
an all plant-derived fat moiety, cholesterol is typically not present at all [59, 188].  
 

In the Netherlands, newborns had been supplemented with 25 µg VK daily until 
February 2011. Based on demonstrated prophylactic failure in infants with yet 
unrecognized cholestasis (such as yet unrecognized biliary atresia) this dose was 
revised to 150 µg daily (cumulatively ~1 mg per week). Surveillance data obtained 
after introduction of this latter regimen, however, showed a similar failure rate as the 
daily 25 µg regimen [53]. Intriguingly, administration of 1 mg VK in a one weekly 
dose was shown to be effective in preventing VKDB in biliary atresia patients [53]. It 
is unclear why this would be the case [53]. It has been speculated that the fractional 
absorption of VK may be higher with larger doses compared to smaller doses [52, 53]. 
Formula-fed infants, including infants with yet unidentified cholestasis, who receive 
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approximately 25 to 50 µg VK per day via the formula without additional 
supplementation, are protected from VKDB [52]. 
 

It appears that daily, but not weekly, VK supplementation of breastfed infants 
with 3-6 times the dose present in infant formula fails to prevent VKDB in BA 
patients. We speculate that human milk contains (a) substance(s) which lowers 
fractional VK absorption. As VK1 absorption can be disrupted by cholesterol [114], 
and cholesterol levels are higher in human milk compared to formulae [93, 188], we 
speculate that human milk cholesterol is responsible for the VKD in breastfed 
patients with yet unidentified cholestasis. If this is the case, it may be that fractional 
VK absorption is higher for larger (weekly) doses compared to smaller (daily) doses 
by being more able to compete with cholesterol for (limited) absorptive capacity. In 
the present study, we tested the hypothesis that (human milk) cholesterol interferes 
with vitamin K1 absorption in a rat model [179].  
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Methods 
Animals 

Studies were approved by an external independent animal experiment committee 
(CCD, Central Animal Experiments Committee, The Netherlands), and after positive 
advice by the Committee for Animal Experimentation of the University of 
Groningen. Subsequently, the study design was approval by the local Animal 
Welfare Body Procedures complied with the principles of good laboratory animal 
care following the European Directive 2010/63/EU for the use of animals for 
scientific purposes. All animals were housed in pairs and kept in the same 
temperature-controlled room (21±1°C, 55±10% humidity, lights on 8AM-8PM) in 
type IVS (1400 cm²) polysulfone cages bearing stainless-steel wire covers (UNO 
BV, the Netherlands), with wood shaving bedding, and large cardboard rolls. Rats 
(Male Wistar-Unilever, HsdCpb:WU, 10wks of age, Envigo, the Netherlands) were 
handled by the same researcher. 
 
Diets 

Rats were fed Teklad 2018S while at Envigo. Upon arrival in our facility, rats 
were acclimatized for 2 weeks on RM3 (25 kGy irradiated, Special Diet Services, 
Witham, Essex, UK) and subsequently fed for 4 days either RM3 (control), RM3 
with cholesterol (1%w/w) or RM3 with cholesterol (1% w/w) and ezetimibe (0.01% 
w/w, e.g. 100 mg/kg feed, Ezetrol; Merck, Darmstadt, Germany). Diets were 
prepared from RM3 powder (25 kgy irradiated, Special Diet Services). Before 
irradiation, diets contained VK3 (4.15 mg/kg feed, menadione Sodium Bisulfite 
Trihydrate) and VK1, according to the manufacturer. VK could not be assessed in 
food matrices using our analytical procedures at our facility. Thus, we assume that 
the diets contained both VK3 and VK1. Rats had similar weights (~400 g). At 25 g/d 
food intake, calculated dosages were 0.6 g/day/kg BW cholesterol and 6 mg/day/kg 
BW ezetimibe. 

 
Intragastric administration 

Human milk was expressed and refrigerated one day prior to the terminal 
experiment and used during three consecutive days. IMF powder (a kind gift from 
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Nutricia Cuijk B.V., Cuijk, the Netherlands) was dissolved one day prior using tap 
water. The IMF comprised protein-coated lipid globules, similar to the majority of 
commercially available infant formulae, and ~50% of its lipid fraction was cow’s 
milk fat. The presence of milk fat in commercial infant formulae is not unusual. 
Human milk and IMF were protected from light and gently mixed prior to 
administering it intragastrically. Fasted (midnight-9AM) rats were intragastrically 
administered 2 mL infant milk formula (IMF), or 2 mL human milk (HM) containing 
4 nmol VK1-d7 (Vitamin K1- 5,6,7,8-d4, 2-methyl-d3, Eurisotop, Saint-Aubin, 
France). In separate fasted (midnight-9AM) rats, 0.2 mL peanut oil containing 4 
nmol VK1-d7 and 10 µmol cholesterol was intragastrically administered (Fig. 1). The 
vitamin K1-d7 dosage (~4.6 µg/kg BW, ~10 nmol/kg BW) was chosen to be 
comparable to a 25 µg VK1 supplement given to a 5 kg infant (5 µg/kg BW, 11 
nmol/kg BW). The lipids provided by the intragastric administrations equal 
approximately 25% of daily lipid intake for a 400 g rat fed RM3. 
 
Termination 

Blood samples (1 mL) were drawn at t=0 h (immediately preceding intragastric 
administration), and at t= 2 h, 4 h and 6 h after gavage. A total of 4 mL blood was 
drawn from the tail, not exceeding the threshold for maximum blood withdrawal. 
After t= 6 h, rats were anaesthetized (isoflurane/O2) and sacrificed by heart puncture; 
a terminal blood sample was drawn.  
 
Vitamin K determination 

Quantification of VK1 and VK1-d7 using triple quadrupole LC-MS/MS was 
adapted from [104]. VK1-ring-d4 (Vitamin K1-5,6,7,8-d4, Buchem BV, the 
Netherlands) was used as an internal standard. In brief, plasma samples and 
standards, to which internal standard, ethanol, and acetonitrile containing 1% formic 
acid was added, were centrifuged at 10,000×g for 6 min The supernatants were 
transferred to Waters HLB 1mL extraction cartridges, which had been pre-rinsed 
with methanol, and acetonitrile:water:formic acid (ratio 8:2:0.1). The samples were 
washed with methanol:water:formic acid (ratio 1:9:0.1) and with 
acetonitrile:water:formic acid (ratio 8:2:0.1). The samples were eluted using 
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methanol:isopropanol:hexane (ratio 2:1:1) and dried at 40°C under a stream of N2. 
Finally, samples were dissolved in acetonitrile:formic acid (10:0.1), mixed, and 
transferred to LC-MS vials. The LC-MS system consisted of a Prominence LC-
20AD (Shimadzu, Kyoto, Japan), coupled to a AB Sciex Triple Quad 5500 mass 
spectrometer (SCIEX, Framingham, MA, USA). Monitored ions (quadrupole Q1-
>Q3) were: 451.3->187.1 (VK1), 456.3->192.1 (VK1-d4, internal standard), and 
458.3->194.1 (VK1-d7, intragastrically administered stable isotopically labeled 
compound). Data were analyzed with Analyst 1.5.1. software. 
 
Assays 

Plasma was analyzed using commercially available assays for triglycerides (TG, 
Roche, Mijdrecht, NL, cat. no. 11877771216), total cholesterol (Roche, cat. no. 
11491458 216), free cholesterol (Spinreact, Santa Coloma, Spain, cat. no. 41035), 
NEFA (Sopachem, Wageningen, NL, cat. no 157819910935), phospholipids 
(Sopachem, cat. no. 157419910930), and protein (Thermo, Landsmeer, NL, cat. no. 
23225). Esterified cholesterol was calculated as the difference between total and free 
cholesterol.  
 
Milk cholesterol determination 

Cholesterol in human milk and formula was quantified using GC-FID based on 
[170]. In brief, 5 nmol internal standard (5-α-cholestane) was added to 10 and 20 µl 
milk samples, after which lipids were isolated from the solutions by Bligh and Dyer 
extraction [189] and dried at 50°C under a stream of nitrogen. Samples and a standard 
curve were derivatized in a fresh mixture of N,O-
Bis(trimethylsilyl)trifluoroacetamide, pyridine, and chlorotrimethylsilane in a ratio 
of 5:5:0.1 at 50°C for 30 min. Derivatized samples were dried under N2 at room temp 
and dissolved in heptane in GC vials. Samples and standards were analyzed by GC 
(Agilent 6890, Amstelveen, the Netherlands) using a CPSil 19 capillary column 
(25m*0.25m*0.2µm; Chrompack, Middelburg, the Netherlands). Data were 
analyzed with Atlas 8.3 software.  
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Plasma bile acids 
Using liquid chromatography-mass spectrometry, plasma bile acid species were 

quantified. To 25 µl of plasma, we added a mixture of internal standards (stable 
isotopically labelled bile acids). Samples were centrifuged at 16,000×g for 10 min 
and the supernatant was transferred and evaporated at 40°C under a stream of N2. 
Samples were reconstituted in 200 µl methanol:water (1:1), mixed and centrifuged 
at 1800 g for 3 min. The supernatant was filtered using a 0.2 µm spin-filter at 2000 
g for 10 min. Filtrates were transferred to vials and 10 µl was injected into the LC-
MS system. The LC-MS system consisted of a Nexera X2 Ultra High Performance 
Liquid Chromatography system (SHIMADZU, Kyoto, Japan), coupled to a Sciex 
Qtrap 4500 MD triple quadrupole mass spectrometer (SCIEX, Framingham, MA, 
USA). Data were analyzed with Analyst MD 1.6.2 software. 
 
Statistics 

Statistical analyses were performed using SPSS version 23.0 for Windows (IBM 
Corporation, Chicago, IL, USA). Values are expressed as median [interquartile 
range] and shown as box-plots with Tukey whiskers and as scatter plots. Data were 
analyzed with the Kruskal-Wallis H test, corrected for multiple comparisons, and the 
Mann-Whitney U test. A two-sided p<0.05 was considered to indicate statistical 
significance. 

 

 
Fig 1. Study design, subsequent to a 2 week acclimatization period on RM3 diet. Control diet (± 
cholesterol ± ezetimibe) made from RM3. Gavage: intragastric administration. Oil: peanut oil. 
VK: vitamin K. n=6.  

Control diet (RM3)
(low cholesterol)

+ cholesterol
+ cholesterol + ezetimibe

Infant milk formula + 4 nmol VK1-d7

Human milk + 4 nmol VK1-d7

Oil + 10 µmol cholesterol + 4 nmol VK1-d7

Oil + 10 µmol cholesterol + 4 nmol VK1-d7

4 days feeding

Gavage

t = 0                     2                  4                      6 h
Blood sampling before and after intragastric administration

Sacrifice
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Results 
The effect of high cholesterol feeding on fasting vitamin K1 

Feeding a high cholesterol (CHOL) diet for 4 days without or with the intestinal 
cholesterol transporter inhibitor ezetimibe (EZE) decreased fasting plasma VK1 
levels compared to control (Fig. 2A, -58%, -53%, respectively, both p<0.05). 
Vitamin K is transported via the plasma in lipoprotein particles such as chylomicrons 
and very low density lipoprotein (VLDL) particles alongside triglycerides (TGs) [104, 

190]. Plasma VK levels are sometimes corrected for plasma TG levels in the literature 
[190]. Fasting TG levels were comparable between groups (Fig. 2C). Accordingly, 
fasting VK1 levels, corrected for plasma TG, were, similarly to non-corrected values, 
lower in CHOL and EZE-fed rats versus controls (-53%, -60%, respectively, both 
p<0.05). Fasting plasma cholesterol, non-esterified fatty acids and phospholipids 
were also similar between groups. Fasting plasma bile acid levels and profiles (Fig. 
2B) appeared dominated by cholate (CA) and were similar between groups. 

 
Vitamin K1 absorption from infant formula and human milk 

The effect of infant milk formula (IMF) and human milk (HM) on the absorption 
of VK1 was assessed after intragastrically administering rats a bolus of stable 
isotopically labeled VK1 in the aforementioned matrices. As controls, separate rats 
were intragastrically administered peanut oil containing a supraphysiological 
cholesterol dose (CHOL) without and with the intestinal cholesterol transporter 
inhibitor ezetimibe (EZE). The IMF (0.27mM), HM (0.52mM), CHOL (50mM) and 
EZE (50mM cholesterol) boluses net resulted in a 0.54, 1.04, 10, and 10 µmol dose 
of cholesterol per rat, respectively. IMF cholesterol levels were higher than typical 
(0-0.1mM), possibly due to the presence of milk fat in the fat moiety. HM cholesterol 
levels were slightly higher than typical. CHOL and EZE cholesterol levels were near 
the limit of cholesterol solubility in vegetable oil and thus represent a 
supraphysiological dose.  
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Fig 2. Fasting plasma vitamin K1 (VK1), bile acids and lipids in rats fed low (control) or high 
cholesterol diet (CHOL) without and with the intestinal cholesterol transporter inhibitor 
ezetimibe (EZE). Fasting plasma vitamin K1 is expressed as absolute concentration (A). Fasting 

plasma bile acid species are shown as percentage of total (B). Fasting plasma lipids are shown as 

absolute concentrations (C). CHOL: high cholesterol (1% w/w) diet. EZE: ezetimibe (0.01% 

w/w). (T/G-) (L) CA: (tauro/glycol-) (litho) cholic acid, (T/G-) (U/C/H) DCA: (tauro/glyco-) 

(urso/cheno/hyo) deoxycholic acid, (T) α/β/ω-MCA: (tauro-) α/β/ω-muricholic acid. Conjug.: 

conjugated bile acid species. TG: triglyceride, TC: total cholesterol, FC: free cholesterol, CE: 

cholesterol ester, NEFA: non-esterified fatty acids, Phos: phospholipids. A-C: n=17, 6 & 6 for 

control, CHOL and EZE respectively. Tukey boxplots and scatter plots; Kruskal-Wallis followed 

by Mann-Whitney U test * p<0.05.  

 
After VK1-d7 administration with human milk, plasma VK1-d7 levels were higher 

compared with administration with formula (+280% AUC, p<0.05), and were similar 
to the concentrations obtained after administration with peanut oil with cholesterol. 
Coadministration of ezetimibe to the peanut oil with cholesterol did not statistically 
affect the subsequent VK1-d7 concentrations (Fig. 3A & 3B). In the 4 groups, 
exogenous VK1 had the highest measured plasma levels at t=2h post-gavage, 
whereas for triglycerides this was at or beyond 4 h postgavage. Plasma triglyceride 
concentrations showed moderate variability but were similar between groups (Fig. 
3C). Correcting VK1-d7 levels for plasma TG levels did not change the interpretation 
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of the data (data not shown). Plasma cholesterol, free fatty acids, phospholipids and 
protein had similar values between groups (data not shown).  

Fig 3. Plasma vitamin K1-d7 (VK1-d7) and triglycerides (TG) in rats administered infant milk 
formula (IMF), human milk (HM) or cholesterol-enriched peanut oil without and with 
ezetimibe. Plasma vitamin K1-d7 is expressed as absolute concentration (A). The area under the 

curve (AUC) for vitamin K1-d7 was calculated using the trapezoid-rule (B). Plasma triglycerides 

are shown as absolute concentrations (C). VK1-d7 at t= 0 h was near or below the lower limit of 

quantification. 

IMF: infant milk formula, HM: human milk, oil+chol: peanut oil enriched with cholesterol, 
oil+chol+eze: peanut oil enriched with cholesterol and ezetimibe. Postgavage: following 
intragastric administration. A-C: n=5-7. Tukey boxplots and scatter plots; time-series show the 
median curve in red; Kruskal-Wallis followed by an exact two-sided Mann-Whitney U test. 
Different letters indicate statistically significant differences (p<0.05).  
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Discussion  
In this study we tested the hypothesis that (human milk) cholesterol disrupts 

vitamin K absorption. The present results are, however, ambiguous. Fasting VK1 
levels were lower in high-cholesterol fed versus low-cholesterol fed rats (‘chronic 
study’, Fig. 2). This is in agreement with experimental data obtained by others [114, 

179, 187]. The data did not demonstrate an inhibitory effect of ezetimibe on plasma VK1 
levels. It is undisputed that ezetimibe is able to disrupt the absorption of cholesterol 
and VK [71, 179, 186, 191]. However, it has been noted that under certain conditions, 
ezetimibe cannot further inhibit absorption if the absorption is already inhibited via 
other means [192]. It may be that high-cholesterol feeding inhibits VK absorption, and 
that ezetimibe cannot further inhibit this process [192]. 
 

Intragastric administration of human milk with stable isotopically labeled VK1 
resulted in higher plasma VK1 levels compared to infant formula and was similar to 
peanut oil containing a supraphysiological cholesterol dose (‘acute study’, Fig. 3). 
This is seemingly not compatible with the notion that formula feeding is the most 
effective prophylaxis to prevent VKDB [52]. The group fed a diet containing 
cholesterol and ezetimibe had a similar plasma VK response as the group fed the 
same diet without ezetimibe. This study lacked a group fed a low-cholesterol diet, 
thus it is not possible to speculate whether the absence of ezetimibe’s effect is due 
to saturation of the inhibition [192]. Throughout this study, we assumed that plasma 
VK levels correlate with absorption [104]. 
 

The discrepancy between the ‘chronic and ‘acute’ study could be due to several 
processes. Based on several arguments, we postulate that the postabsorptive 
metabolism of VK may be different after intragastric administration of human milk 
or formula. Following intestinal transport, VK1 is transported via the lymph and the 
blood in lipoprotein particles; chylomicrons (CM) [71, 114]. The liver can transport VK1 
from its stores to extra-hepatic tissue via the secretion of very-low density 
lipoprotein (VLDL) particles [71, 114, 190]. In line, plasma VK1 is strongly correlated 
with plasma triglycerides, which are also carried by chylomicrons and VLDL 
particles [190]. Plasma VK1 levels are determined by both intestinal uptake and 
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peripheral distribution via lipoprotein particles. It is not known how VK1 is 
transferred from a lipoprotein particle to (extra-) hepatic tissue. It is expected that 
VK1 is taken up by hepatic and extra-hepatic tissues following a meal at similar or 
equal rates as the clearance rate of chylomicrons and VLDL particles [71, 114, 193]. The 
clearance rate of CM particles (and its content) is known to be positively correlated 
with CM diameter [136]. Smaller CMs have a lower affinity for lipoprotein lipase 
(LPL) than large particles and therefore are hydrolyzed slower [136]. Due to lower 
hydrolysis rates, small CMs have a longer plasma residence time compared to large 
CMs [114]. By inference, it may be that VK similarly has a longer plasma residence 
time if it is transported via smaller lipoprotein particles versus larger lipoprotein 
particles. CD36 knockout mice show an impairment in CM secretion, resulting in 
smaller CM particles [114]. CD36 knockout mice have similar intestinal VK1 levels, 
but higher apparent plasma VK1 levels following intragastric administration of VK1, 
compared to control mice. This suggests that intestinal VK1 transport is not affected 
by the absence of CD36 and instead that CM diameter seemingly negatively 
correlates with plasma VK1 levels, possibly due to longer CM residence time [114, 194]. 
Breastfed versus formula-fed infants have a higher plasma TG:apoB48 ratio, 
suggesting that the chylomicrons carry a larger fat load [95]. In formula-fed infants, 
this may be compensated for by a higher number of (smaller) chylomicrons [95]. It is 
not known whether formula-feeding versus human milk feeding increases plasma 
VK1 residence time. However, if this were true, it would not explain our observation 
that intragastrically administering formula versus human milk results in lower 
plasma VK1 levels (Fig 3). High-cholesterol feeding increases the CM remnant 
residence time [194]. It is not known whether high-cholesterol feeding would then 
similarly increase plasma VK1 residence time, but nonetheless potentially acts as a 
confounder in the correlation between plasma VK1 levels and intestinal VK1 
transport. However, if this were true, it would not explain our observation that high-
cholesterol feeding lowers fasting VK1 (Fig. 2). 
 

Given the aforementioned limitations in our study design, our data do not 
unequivocally support or discard the original hypothesis. It appears that factors 
independent of intestinal VK1 transport, including plasma residence time, may 
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influence plasma VK1 levels and confound the results of VK1 absorption. To answer 
the research question, a new study is required wherein VK absorption is measured 
in a different way. It may be possible to test the hypothesis using a double-tracer 
approach [170]. Herein, VK’s bioavailability is calculated from VK levels in serially 
drawn samples following intravenous and intragastric administration of two 
distinguishable stable isotopically labeled VK compounds [170]. Using this method, 
two assumptions are made: 1) plasma VK levels correlate with absorption and 2) 
plasma VK clearance is similar for the two administration routes. Alternatively, VK 
absorption can be measured indirectly by measuring parameters of blood coagulation 
[182]. 
 
Concluding remarks 

In this study we tested the hypothesis that (human milk) cholesterol disrupts 
vitamin K absorption. Our data are ambiguous and do not allow us to reasonably 
eliminate plausible alternative explanations and do not allow us to eliminate likely 
confounders. To answer the research question, a new study is required whereby VK 
absorption is measured using a different method.  



Chapter 5 

104 

Acknowledgements 
We thank the anonymous mother who donated a sample of her milk for this study. 
The authors would like to thank Dorothea M. de Reus and Prof. Dr. Ido P. Kema 
(Department of Laboratory Medicine, University Medical Center Groningen) for 
helpful discussions and for facilitating the VK analyses.  
 
Financial support 
Support for this study has been obtained from Danone Nutricia Research. 
 
Conflict of interest 
H.J.V. was a consultant for Danone Nutricia Research outside the submitted work, 
for which his institution was compensated financially. 
 
Authorship (contribution statements) 
H.J.V, F.K. and O.R. formulated the research question and designed the study. O.R. 
and R.H. carried out the study. J.C. vd M. and O.R. analyzed the data. H.J.V., F.K., 
and O.R. wrote the paper.



 

 



 

 

  



 

 

Chapter 6 

 

 

Spontaneous liver disease in wild-type 
C57BL/6JOlaHsd mice fed semisynthetic 
diet 
 
 
Onne A.H.O. Ronda    Bert J. M. van de Heijning 
Alain de Bruin     Rachel E. Thomas 
Ingrid Martini      Martijn Koehorst 
Albert Gerding     Mirjam H. Koster 
Vincent W. Bloks    Angelika Jurdzinski 
Niels L. Mulder     Rick Havinga 
Eline M. van der Beek   Dirk-Jan Reijngoud 
Folkert Kuipers     Henkjan J. Verkade 
 
 
 
Submitted



Chapter 6 

108 

Abstract 
 
Mouse models are frequently used to study mechanisms of human diseases. 
Recently, we observed a spontaneous bimodal variation in liver weight in 
C57BL/6JOlaHsd mice fed a semisynthetic diet. We now characterized the 
spontaneous variation in liver weight and its relationship with parameters of hepatic 
lipid and bile acid (BA) metabolism. In male C57BL/6JOlaHsd mice fed AIN-93G 
from birth to postnatal day (PN)70, we measured plasma BA, lipids, Very low-
density lipoprotein (VLDL)-triglyceride (TG) secretion, and hepatic mRNA 
expression patterns. Mice were sacrificed at PN21, PN42, PN63 and PN70. Liver 
weight distribution was bimodal at PN70. Mice could be subdivided into two 
nonoverlapping groups based on liver weight: 0.6±0.1 g (approximately one-third of 
mice, small liver; SL), and 1.0±0.1 g (normal liver; NL; p<0.05). Liver histology 
showed a higher steatosis grade, inflammation score, more mitotic figures and more 
fibrosis in the SL versus the NL group. Plasma BA concentration was 14-fold higher 
in SL (p<0.001). VLDL-TG secretion rate was lower in SL mice, both absolutely (-
66%, p<0.001) and upon correction for liver weight (-44%, p<0.001). Mice that 
would later have the SL-phenotype showed lower food efficiency ratios during 
PN21-28, suggesting the cause of the SL phenotype is present at weaning (PN21). 
Our data show that approximately one-third of C57BL/6JOlaHsd mice fed 
semisynthetic diet develop spontaneous liver disease with aberrant histology and 
parameters of hepatic lipid, bile acid and lipoprotein metabolism. Study designs 
involving this mouse strain on semisynthetic diets need to take the SL phenotype 
into account. Plasma lipids may serve as markers for the identification of the SL 
phenotype.  
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Introduction. 
Inbred mouse strains are frequently used in biomedical research, often in 

combination with standardized (semisynthetic) diets. The rationale behind these 
choices is to minimize genetic and environmental heterogeneity in experimental 
models of human diseases. The widely available C57BL/6 mouse strain is the most 
commonly used inbred mouse strain in basic research [195]. It has offered scientists a 
powerful tool for understanding gene function and mechanisms of many diseases 
[196]. Several substrains of C57BL/6 exist, including J, JArc, JRccHsd, JOlaHsd, 
JBomTac, N, NCrl, NHsd and NTac, which differ genetically and phenotypically 
[197]. The American Institute of Nutrition (AIN) established guidelines for 
formulating standardized diets for laboratory mice and rats, to reduce the variation 
inherent to grain-based and natural-ingredient-based (chow) diets [118]. Diets 
formulated by the AIN, or derivatives thereof, are widely used in metabolic and 
nutritional research. Recently, however, by chance we observed a spontaneous 
bimodal variation in liver weight and very low density lipoprotein (VLDL)-
triglyceride (TG) secretion rate in a frequently used mouse strain (C57BL/6JOlaHsd) 
fed a standard semisynthetic control diet (AIN-93G) [198]. We observed that, under 
pair-housed conditions, each cage tended to contain a mouse with a normal VLDL-
TG secretion rate and a mouse with much lower VLDL-TG secretion rate. Mice 
appeared to have a normal or a small liver size (in wet weight as well as relative to 
body weight), respectively [198]. We hypothesized that the phenotypic variability in 
VLDL-TG secretion rate, and possibly also liver weight, was related to social 
dominance ranks [199]. To investigate the influence of social dominance ranks on 
VLDL-TG secretion, we subsequently studied this relationship in single- versus pair-
housed mice [200]. Social housing conditions (single versus pair) and thereby social 
hierarchy appeared, however, not to influence VLDL-TG secretion rate, nor the liver 
weight [200]. In the present study, we characterized in more detail the spontaneous 
variation in VLDL-TG secretion rate and liver weight in male C57BL/6JOlaHsd 
mice fed a standard semisynthetic diet in an attempt to deduce its origin. 
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Materials and methods 
Animals 

Studies were approved by an external independent animal experiment committee 
(CCD, Central Animal Experiments Committee, The Netherlands), after positive 
advice by the Committee for Animal Experimentation of the University of 
Groningen. Subsequently, the study designs were approved by the local Animal 
Welfare Body. Procedures complied with the principles of good laboratory animal 
care following the European Directive 2010/63/EU for the use of animals for 
scientific purposes. All animals were kept in the same temperature-controlled room 
(21±1°C, 55±10% humidity, lights on 8AM-8PM) in type 1L (360 cm²) polysulfone 
cages bearing stainless-steel wire covers (UNO BV, the Netherlands), with wood 
shaving bedding, Enviro-dri® (TecniLab, The Netherlands) and cardboard rolls. All 
mice were handled by the same researcher and housed conventionally. All mice in 
the described cohorts were fed diets compliant with AIN-93G (Research Diets Inc. 
USA, or Ssniff Spezialdiäten GmbH, Soest, Germany) and tap water ad libitum. 
Virgin C57BL/6JOlaHsd breeders (12M, 35F; 12 weeks of age, Envigo, The 
Netherlands) were acclimatized for at least 2 weeks at our facility and were fed AIN-
93G from arrival onward. Breeders were housed in groups (females), or individual 
(males) prior to breeding, and were mated in 2-3F+1M groups. See [80] for the 
paradigm used. Males were removed after 2 days. Pregnancy was confirmed by a >2 
g increase in body weight after 1 week Upon confirmation of pregnancy, females 
were housed individually. Nonpregnant females were mated again the following 
week, for a maximum of 4 times. Pregnancy occurred in 24 females. Delivery day 
was recorded as postnatal day (PN) 0. Pups were randomized between dams, and 
litters were culled to 4M+2F at PN2, weaned at PN21 and males were housed either 
in pairs or solitarily (solo). Breeders and female offspring, not further used in this 
study, were terminated (CO2) at weaning.  
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Study design 
Cohorts refer to mice sacrificed on the same postnatal day. At weaning (PN21), 

C57BL/6JOlaHsd mice were pair-housed (entire PN42 cohort, entire PN63 cohort, 
pair-housed PN70 cohort) or solo-housed (solo-housed PN70 cohort only). Mice 
were sacrificed at PN21, PN42, PN63 or PN70. In a subset of the PN70 cohort, 
VLDL-TG secretion was determined (see below). Suppl. Fig. 7 shows a visual 
representation of the study design. Reported ‘n=’ represent total number of mice 
within a cohort, unless specified to be ‘SL’ or ‘NL’. Pair housed C57BL/6J control 
mice were fed low-fat semisynthetic control diet (D12450J) during PN56-140. The 
calculated macro- and micronutrient contents of the diets are given in Suppl. Table 
3. 
 
Body composition 

Lean and fat mass were quantified by time-domain nuclear magnetic resonance 
(LF90II, Bruker Optics, Billerica, MA), not requiring fasting or anesthesia as 
described [8]. Simultaneously, body weights were recorded. Measurements were 
performed from PN21 once per week until termination at PN70.  

 
Efficiency of food conversion 

Food intake was determined by weekly weighing the food and calculating the 
difference. The mice were weighed weekly. The efficiency of conversion of ingested 
food to unit of body substance (ECI) was calculated (opposite to normal, for reasons 
of visual presentation) as ΔBW / food intake. 
 
VLDL-TG secretion 

At PN70, in a subset of the ‘PN70 cohort’ (n=14 pair-housed, n=8 solo-housed), 
upon intraperitoneal injection of the lipoprotein lipase inhibitor poloxamer-407 [201] 
(1 g/kg BW in ~200 µl sterile PBS), retro-orbital blood was drawn at 0, 1, 2, 3 & 5 
h in 9 h fasted (midnight-9AM, food taken away at midnight) mice. Blood was drawn 
during the light-phase. In total, less than 0.2 ml blood was withdrawn per mouse. 
After the last time point, mice were anaesthetized (isoflurane/O2) and sacrificed by 
heart puncture. A terminal blood sample was collected. Triglycerides (TG) were 
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measured enzymatically (see below). The VLDL-TG secretion rate was calculated 
from the plasma TG slope over 5 h (mM.h-1) multiplied by the estimated plasma 
volume (28.17 ml/kg BW) [201, 202], giving the TG secretion rate (µmol.h-1.kg BW-1). 
It was assumed that all mice had approximately the same plasma volume. Poloxamer 
407 was assumed to have a strong effect on gene expression. Thus, tissues obtained 
from this cohort were not used for further analyses.  
 
Termination 

At PN21, unfasted mice were anaesthetized at 9AM and sacrificed by heart 
puncture (n=12). At PN42, fasted mice (9AM-1PM) were anaesthetized 
(isoflurane/O2) and sacrificed by heart puncture (n=14). At PN63 (n=14) and PN70 
(n=14 pair, n=8 solo-housed), fasted (midnight-9AM) mice were anaesthetized 
(isoflurane/O2) and sacrificed by heart puncture. A terminal blood sample was 
collected. Blood was centrifuged at 2,000×g for 15 minutes at 4°C. Liver weights 
were recorded. Whole tissues were snap-frozen in liquid N2 and later cryogenically 
crushed to powder using a mortar and pestle. 
 
Assays 

Plasma was analyzed using commercially available kits for triglycerides (TG, 
Roche, Mijdrecht, the Netherlands, cat.no. 11877771216), total cholesterol (TC, 
Roche, cat. no. 11491458-216), free cholesterol (FC, Spinreact, Santa Coloma, 
Spain, cat. no. 41035), non-esterified fatty acids (NEFA, Sopachem, 
157819910935), phospholipids (Sopachem, Wageningen, the Netherlands, cat. no. 
157419910930), aspartate transaminase (AST, Spinreact, cat. no. 1001165), and 
alanine transaminase (ALT, Spinreact, cat. no. 1001175). Esterified cholesterol was 
calculated from the difference between total and free.  
 
Plasma bile acids 

Plasma bile acid species were quantified by liquid chromatography-mass 
spectrometry [154]. To 25 µl of plasma, we added a mixture of internal standards 
(isotopically labeled bile acids). Samples were centrifuged at 16,000×g for 10 min 
and the supernatant was transferred and evaporated at 40°C under a stream of N2. 
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Samples were reconstituted in 200 µl methanol:water (1:1), mixed and centrifuged 
at 1,800×g for 3 min. The supernatant was filtered using a 0.2 µm spin-filter at 
2,000×g for 10 min. Filtrates were transferred to vials and 10 µl was injected into 
the LC-MS/MS system. The LC-MS/MS system consisted of a Nexera X2 Ultra 
High-Performance Liquid Chromatography system (SHIMADZU, Kyoto, Japan), 
coupled to a Sciex Qtrap 4500 MD triple quadrupole mass spectrometer (SCIEX, 
Framingham, MA, USA). Data were analyzed with Analyst MD 1.6.2 software. 
 
Fatty-acyl chain profiling 

Fatty acid methyl esters (FAMEs) were quantified using gas chromatography [121]. 
Cryogenically crushed tissues were homogenized in Potter-Elvehjem tubes in ice-
cold phosphate buffered saline (PBS) solution. A known quantity of homogenized 
tissue, food, or plasma was transferred to Sofirell tubes, and capped with silicone-
PTFE septum screw caps. An internal standard (heptadecanoic acid, C17, Sigma, St. 
Louis, MO, USA) was added. Lipids were trans-methylated at 90°C for 4 h in 6 M 
HCl:methanol (ratio 1:5), liquid-liquid extracted twice using hexane, transferred to 
a clean tube, dried at 45°C under a stream of N2, reconstituted in hexane and 
transferred to GC vials with inserts. Samples were analyzed by gas chromatography 
as previously described [121]. The GC system consisted of 6890N network gas 
chromatograph (Agilent) and was equipped with a HP-ULTRA 1 (50 m length x 0.2 
mm diameter, 0.11 µm film thickness) column. 
 
Liver lipids 

Total lipids were extracted from liver homogenates using the Bligh & Dyer 
method [189]. In brief, 50 µl liver homogenate was mixed with 750 µl water, 3 ml 
chloroform:methanol (1:2), 1.2 ml water and 1 ml chloroform (vortexed at every 
step) and centrifuged 10 min at 1,000×g. The bottom fraction was transferred, dried 
at 50°C under a stream of N2, and reconstituted in 1 ml water with 2% triton X-100. 
From there, using the abovementioned commercially available kits, liver 
triglycerides, cholesterol and NEFA were quantified. Hepatic protein content was 
determined from diluted liver homogenates as is. 
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Acylcarnitine profiling 
Using liquid chromatography-tandem mass spectrometry, acylcarnitine species 

were quantified [155]. To 10 µl plasma, or 50 µl liver homogenate, a mixture of 
internal standards (isotopically labeled acylcarnitine species) and acetonitrile was 
added. Samples were mixed and centrifuged (15,000×g, 10 min) to precipitate 
proteins. Supernatant was transferred to GC vials. Samples were analyzed using LC-
MS/MS as previously described [155]. The LC-MS/MS system consisted of an API 
3000 LC-MS/MS equipped with a Turbo ion spray source (Applied 
Biosystems/MDS Sciex, Ontario, Canada). Data were analyzed with Analyst and 
Chemoview software (Applied Biosystems/MSDSciex). 
 
Gene expression 

Using TRI-Reagent (Sigma), total RNA was extracted from cryogenically 
crushed whole livers. RNA was quantified by NanoDrop (NanoDrop Technologies, 
Wilmington, DE, USA). Integrity was confirmed by observing ribosomal bands on 
1% agarose in TAE. cDNA was synthesized using M-MLV (Invitrogen, Breda, the 
Netherlands) and random nonamers (Sigma). cDNA was quantified by relative 
standard curves using quantitative real-time PCR as previously described [122]. Primer 
and TaqMan probe sequences are given in Suppl Table 2.  
 
Histological analysis 

Liver was formalin-fixed and paraffin-embedded and sectioned. paraffin sections 
were stained with haematoxylin and eosin (H&E) for routine histological analysis, 
with Picosirius Red for detection of fibrillar collagen, and with Ki-67 for mitotic 
figures. H&E-stained specimens were scored blindly for steatosis, non-alcoholic 
steatosis (NAS) [123], ballooning [124] and findings were reviewed by a certified 
veterinary pathologist (AdB). Ki-67-positive hepatocyte nuclei were counted in 5 
separate x40 fields by a single assessor. Fibrosis was assessed using Pico Sirius-red 
and quantified using ImageJ (Suppl. methods).  
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Nicotinamide Nucleotide Transhydrogenase (NntC57BL/6J) genotyping  
DNA was extracted using 75 µl alkaline lysis buffer (25 mM NaOH, 0.2 mM 

Na2EDTA) and 75 µl neutralization buffer (40 mM Trizma-HCl). Diluted DNA was 
amplified using HOT FIREPol (Bio-Connect 04-25-02015, Huissen, the 
Netherlands) and 3 primers. Common: 5’-GTAGGGCCAACTGTTTCTGCATGA-
3’, WT: 5’-GGGCATAGGAAGCAAATACCAAGTTG-3’, mutant: 5’-
GTGGAATTCCGCTGA GAGAACTCTT-3’ [203]. DNA was visualized on 2% 
agarose gel and genotypes were determined based on PCR product length quantified 
using a DNA ladder (NEB N0556S, New England Biolabs Inc., MA, USA). Samples 
with a band at 743 bp were considered mutant (NntC57BL/6J), whereas samples with a 
band at 579 bp were considered wild-type (Nnt wild-type) [203]. 
 
Statistical analysis 

Statistics were performed using SPSS 23 (SPSS Inc., USA). Repeated measures 
are plotted as median and interquartile range. Single-time data are plotted as Tukey 
boxplots and scatter plots. No data were excluded. Data were not assumed to be 
normally distributed, thus tested non-parametrically. Groups were compared using 
the exact two-sided Mann-Whitney U test. A p<0.05 was considered to indicate null 
hypothesis rejection. A parameter was considered bimodal when the null hypothesis 
of Hartigan’s dip test was rejected and the scatter plot showed 2 distinct clusters. 
Principal component analysis (PCA, correlation matrix) was restricted to 2 factors 
and varimax rotated. PCA variables were exported by method regression and plotted. 
Classical hierarchical cluster analysis was computed using the unweighted pair 
group method with arithmetic mean (UPGMA) on the Gower's similarity coefficient 
for mixed data [204].  
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Results 
Liver weight and VLDL secretion of C57BL/6JOlaHsd mice fed semisynthetic diet  

We noted a bimodal distribution in absolute and relative liver weight distributions 
irrespective of whether the mice were pair- or solo-housed at postnatal day (PN) 70 
(Hartigan’s dip test, p<0.05, Fig. 1A). Mice could be subdivided into two, 
nonoverlapping groups based on liver weight: 0.6±0.1 g (small liver; SL, 2.3±0.1 
%BW) and 1.0±0.1 g (normal liver; NL, 3.4±0.2 %BW). Liver weights at PN70 were 
statistically significant between SL and NL both in wet weights as well as relative to 
BW (both p<0.001). Values for body weight, as well as lean and fat mass at PN70 
were unimodal (Fig. 1B). Offspring labeled SL and NL appeared randomly 
distributed across (surrogate) dams and cages. To determine whether the 
observations on the bimodality of liver weights were consistent we repeated the 
experimental procedures in a separately bred and reared cohort (the “PN63” cohort). 
We noted a bimodal distribution in absolute and relative liver weight distributions at 
PN63 (p<0.05, Fig. 1A). VLDL-TG secretion rate was, irrespective of whether the 
mice were pair- or solo-housed, lower in SL mice both absolutely (-66%, p<0.001) 
and after correcting for liver weight (-44%, p<0.001), indicating that the lower 
VLDL-TG secretion rate possibly is, at least in part, a direct consequence of the 
differences in liver weight in these mice (Fig. 1C). We noted that plasma was 
visually more yellow in SL versus NL mice at PN70 (data not shown). Based on liver 
weights, the SL phenotype occurred at similar rates in pair- and solo-housing (5/14, 
36% and 3/8, 38%, respectively, the ‘PN70’ cohort, Fig. 1A). The SL/NL phenotype 
also occurred in the independent PN63 cohort (8/15, 53%). In subsequent analyses 
we analyzed parameters from pair-housed mice only, unless specifically mentioned. 
 
Liver morphology and histological analyses for steatosis, inflammation, 
proliferation, and fibrosis 

Diffuse macroscopic hepatic pallor was exclusively seen in SL mice (Fig. 2). 
Histological analyses revealed notably more severe centrilobular hepatocellular 
hypertrophy and more frequent karyocytomegaly in SL, as compared with NL mice 
(p<0.001, Table 1). Ballooning was not seen in either SL or NL livers. SL livers had 
higher steatosis grades (p<0.05), more necrotic cells and mitotic figures per 
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microscopic field (p<0.001), and more prominent mixed inflammatory cell lobular 
inflammation (p<0.01) The presence of pigmented macrophages and moderate bile 
duct hyperplasia was a consistent feature of the SL phenotype (Table 1). Hepatocyte 
proliferation was higher in SL mice (Fig. 2C & Table 1, p<0.01). Moderate liver 
fibrosis was present in SL mice (Fig. 2D, p<0.01). Fibrous depositions were seen 
around portal triads and central vasculature, and associated with bile duct 
proliferation. Bridging fibrosis was seen extending from portal to central regions 
along the sinusoids (particularly evident subcapsularly).  
 

Fig. 1. Liver weight, body weight, body composition and VLDL-TG secretion rate of 
C57BL/6JOlaHSD mice fed AIN-93G Liver weight (A, left), body weight, lean tissue and fat 

tissue (B) at PN70 are expressed in absolute weights and relative liver weight as a percentage of 

body weight (A, right). Plasma triglyceride (TG) levels and the calculated Very-low density 

lipoprotein (VLDL)-TG secretion rate (µmol.h-1.kg BW-1, inset) expressed as the rate of plasma 

TG secretion over 5 h after I.P. injection of the lipoprotein lipase inhibitor (Poloxamer 407, 1 g/kg 

BW, C) at PN70. (C) represents a different cohort than (A-B) (see methods). A: n=15 (PN63), 

n=14 (PN70, pair-housed), n=8 (PN70, solo-housed). B: n=14 (PN70, pair-housed), n=8 (PN70, 

solo-housed). Data are shown as scatter plots and violin plot. C: n=14 (pair-housed), n=8 (solo-

housed). Data are shown as aligned scatter plots with the median line. Pair- (○) and solo (●)-

housed mice. 

 
Hepatic markers of inflammation and fibrogenesis 
Expression of inflammatory markers (Tnf-α, Tgf-β, Mcp-1, F4/80) was higher in the 
livers of SL mice. Expression of Il-1b and Il-6, typically co-elevated with Tnf-α 
(NFκB signaling) was similar between groups (Fig. 2E). Expression of fibrogenesis 
markers (fibrillar forming collagens Col1a1 and Col1a2, and the (inhibitor of) matrix 
metalloproteinase Timp1 and Mmp3) were profoundly higher in SL mice (Fig. 2F). 
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Fig. 2. Liver morphology and histological analyses and gene expression markers of steatosis, 
inflammation, hepatocyte proliferation, and fibrosis Gross liver appearance (most extreme, A, 

scale bars: 1 cm). Representative histological staining using hematoxylin and eosin (B, ‘H&E’), 

Ki-67 (C, proliferation marker) and Sirius-red (D, collagen fiber staining). Top row: NL, bottom 

row: SL. Hepatic gene expression for inflammatory (E) and fibrogenesis (F) markers. Histology 

scale bars: 50 µm. B: CV: central vein, circle: pigmented macrophage, arrowhead: mixed 

inflammatory cell infiltrate). Histological data represent the PN63 cohort. A-D: NL: n=7, SL: n=8. 

Gene expression data represent the pair-housed PN70 cohort. E-F: NL: n=9, SL: n=5. Data are 

shown as Tukey box plots and scatter plots. Exact two-sided Mann Whitey U test * p<0.05, ** 

p<0.01, *** p<0.001. 

 
Hepatic triglyceride content, plasma liver enzymes and fasting plasma lipids in SL 
and NL mice 

In accordance with the histological steatosis, we found a higher hepatic 
triglyceride content in SL livers compared with NL (+105%, Fig. 3A). Hepatic free 
fatty acid content (29 SD 11 versus 16 SD 5 µmol/g, p<0.05) was higher in SL versus 
NL. Plasma liver enzymes ASAT and ALAT (aspartate/alanine aminotransferase) 
were higher in SL (Fig. 3B). Fasting plasma TG and cholesterol levels were lower. 
Plasma NEFA was subtly higher in SL (Fig. 3C), whereas total plasma protein (52 
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± 4 versus 50 ± 4 mg/ml) concentrations were similar. Hepatic expression of genes 
related to lipogenesis (Fasn, Srebp1f, and Dgat1/2) were similar. Expression of 
Pparg1, the master regulator of the adipogenic program to store fats in lipid droplets, 
was higher in SL (Fig. 3D). 
 
Table 1. Hepatic histological scoring for steatosis, inflammation, proliferation and fibrosis 
of NL (n=7) and SL (n=8). Quantification of Fig. 2. Steatosis grade 0= < 5%; 1= 5-33%; 2= 33-
66%; 3= > 66%. Inflammatory foci per 5 (200x) fields. Lobular inflammation 0= none; 1 = <2 
foci; 2= 2-4 foci; 3= >4 average foci/200x field. Non-alcoholic fatty liver disease (NAFLD) 
activity score = sum of steatosis + lobular inflammation + ballooning); score >=5 steatohepatitis; 
Score <3 non-steatohepatitis. Ballooning was not seen in any sample. Mitotic figures per 5 (40x) 
fields. Biliary hyperplasia (0=none; 1=mild; 2=moderate; 3=marked). Ki-67: average positive 
hepatocyte nuclei per 5 (200x) fields. Sirius-red area: fold change of Sirius-red-positive signal in 
comparable surface areas. Data represent the PN63 cohort. Values represent means ± SD. Exact 
two-sided Mann-Whitney U test. 

   NL (n=7) SL (n=8) P-value 
   mean SD mean SD 
Steatosis Steatosis grade score 0.4 0.8 1.1 0.4 0.05 
Inflammation Inflammatory foci n 0.7 1.1 6.4 3.7 <0.01 
 Lobular inflammation score 0.1 0.4 1.1 0.6 <0.01 
 NAFLD activity score 0.6 0.8 2.3 0.9 <0.01 
 Pigmented 

macrophages 
presence 0/7  8/8   

 Sirius red area fold change 1.0 0.4 8.0 4.5 <0.01 
Proliferation Karyocytomegaly score 0.9 0.2 2.9 0.4 <0.001 
 Mitotic figures n 0 0 4.6 1.8 <0.001 
 Bile duct hyperplasia score 0.1 0.2 1.6 0.4 <0.001 
 Ki-67 n 0.3 0.2 7.3 3.7 <0.01 

 
Essential fatty acids and long-chain polyunsaturated fatty acids in SL and NL mice 
 Essential fatty acid deficiency (EFAD) may cause or contribute to liver disease 
[205]. We assessed EFA status/concentrations by determining the hepatic fatty acyl-
chain (FA) profile, primarily defined by moieties of plasma membranes, cholesteryl 
esters, free fatty acids and triglycerides. The hepatic FA profile at PN70 showed 
large differences between SL and NL. All ω6 species, apart from 18:2ω6, were 
higher (p<0.05) in the livers of SL mice (Fig. 3E). The hepatic osbond:DHA ratio, a 
marker of poor DHA status, was higher in SL (Fig. 3F). These observations were 
also found in the separate groups of mice at PN63 (Suppl. Fig. 1H & 1I, 
respectively). With respect to ω3/6 moieties, we detected 18:3ω3, 18:2ω6 and trace 
amounts 20:2ω6 in the diet, (Suppl. Table 3). The ω3/6 levels were typical for a 



Chapter 6 

120 

soybean oil-based diet with no other FA-bearing ingredients, such as the 
semisynthetic AIN-93G diet. Osbond acid (22:5ω6) concentration was higher in 
plasma, heart and skeletal muscle, resulting in a higher osbond:DHA ratio (Suppl. 
Fig. 1A-F). Analyzing the hepatic fatty acyl-chain profiles using principal 
component analysis (PCA), NL and SL mice from PN63 and PN70 appeared to form 
discrete clusters based on their NL/SL status, whereas their age (PN63 versus PN70) 
seemingly had no effect on these principal components (Suppl. Fig. 1G). To 
approximate when the SL phenotype develops, we repeated the experimental 
procedures in a separately bred and reared cohorts (the “PN21” and “PN42” cohort). 
Mice from the PN42 cohort also appeared to form two discrete clusters, near the SL 
and NL cluster, whereas the PN21 cohort clustered separately (Suppl. Fig. 1G). The 
molar plasma triene/tetraene ratio, a surrogate EFAD marker, was similar in SL and 
NL mice at PN70 and 63 (Suppl. Fig. 1B & 1J, respectively). Essential (dietary) 
fatty acids can be elongated, desaturated and used to synthesize (among others) 
ligands involved in inflammatory processes. Hepatic expression of elongases 
Elovl5/6 and of cyclooxygenase 1 (Ptgs1), were similar between SL and NL mice. 
Expression of desaturase enzymes Fads1/2 (Δ5/6 desaturase, D5/6D) and of 
lipoxygenase 15 (Alox15) was higher in SL mice (Fig. 3G). Lipids can enter the liver 
as free fatty acids via transporters including Cd36, which was higher expressed in 
SL (Fig. 3H). The expression of markers of β-oxidation was ambiguous; expression 
of the transporter of long-chain FAs (Fabp1) and the master regulator of lipid 
metabolism (Ppara) were lower in SL, whereas that of a member of the carnitine 
shuttle (Cpt1a) and the master regulator of mitochondrial/peroxisomal biogenesis 
(Pgc1a, Fig. 3H) was higher in SL.  
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Fig. 3. Plasma lipids, liver enzymes, hepatic lipid metabolism and levels of essential fatty 
acids and long-chain polyunsaturated fatty acids. Hepatic TG and total cholesterol (µmol/g) 
and protein (mg/g) are expressed as absolute concentrations (A). Fasting plasma ASAT (GOT) 
and ALAT (GPT) are expressed as units/L (B). Fasting triglycerides (TG), total (TC), free (FC), 
esterified (CE) cholesterol, and non-esterified fatty acids (NEFA, C) are expressed as absolute 
concentrations. Hepatic gene expression was corrected for 36b4 and shown as fold-change versus 
NL (D, G-H). The hepatic FA profile is shown as the fold-change of absolute values versus NL 
(E). The hepatic DHA status was calculated as the molar ratio 22:5ω6/22:6ω3 (F).  
Abbreviations used: ASAT/ALAT: aspartate/alanine aminotransferase. 14:0 myristic acid, 16:0 
palmitic acid, 18:0 stearic acid, 20:0 arachidic acid, 22:0 behenic acid, 24:0 lignoceric acid, 
18:3ω3 α-linolenic acid (ALA), 20:5ω3 eicosapentaenoic acid (EPA), 22:5ω3 docosapentaenoic 
acid (DPA), 22:6ω3 docosahexaenoic acid (DHA), 18:2ω6 linoleic acid (LA), 18:3ω6 γ-linolenic 
acid (GLA), 20:2ω6 eicosadienoic acid, 20:3ω6 dihomo-γ-linolenic acid (DGLA), 20:4ω6 
arachidonic acid (ARA), 22:4ω6 adrenic acid, 22:5ω6 osbond acid (OsbA), 16:1ω7 palmitoleic 
acid, 18:1ω7 vaccenic acid, 18:1ω9 oleic acid, 20:1ω9 gondoic acid, 20:3ω9 mead acid, 24:1ω9 
nervonic acid. Sat: Σsaturated FAs, MUFA: Σmono-unsaturated FAs, PUFA: Σpoly-unsaturated 
FAs. 
A-H: n=9 (NL) and n=5 (SL), Tukey box plots and scatter plots. Data represent the pair-housed 
PN70 cohort. Exact two-sided Mann-Whitey U test *: p<0.05, ** p<0.01, *** p<0.001. 
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Fig. 4. Plasma bile acids and hepatic mRNA expression of BA synthesis and transport genes 
in SL and NL mice. Fasting plasma bile acids (A) are expressed as absolute concentrations. For 

visual clarity, the percentages of each bile acid species are shown as a fold change versus NL (B). 

Hepatic gene expression was corrected for 36b4 and shown as fold-change versus NL (C-E). 

Abbreviations used: (T) (L) CA: (tauro) (litho) cholate, (T) (U/C/H) DCA: (tauro) 
(urso/cheno/hyo) deoxycholate, (T) (α/β/ω)-MCA: (tauro-) α/β/ω-muricholate. 
A-E: n=9 (NL) and n=5 (SL), Tukey box plots and scatter plots. Data represent the pair-housed 
PN70 cohort. Exact two-sided Mann Whitey U test * p<0.05, ** p<0.01, *** p<0.001. 
 
Plasma bile acid species in SL and NL mice 

Liver disease can coincide with altered bile acid (BA) metabolism [206-208]. In SL 
mice, at PN70, fasting plasma BA were 14-fold higher than in NL mice (Fig. 4A). 
BA are synthesized by the liver as primary species (cholate: CA, ursodeoxycholate: 
UDCA, chenodeoxycholate: CDCA and α/β-muricholate: α/β-MCA), and taurine 
(T) conjugated. In the gut lumen, BA are deconjugated and converted to one of the 
secondary species (hyo/deoxycholate: H/DCA, lithocholate: LCA, ω-muricholate: 
ω-MCA) by the microbiota [209]. The sums of the primary BA species (168±49 versus 
3±4 µM, p<0.001) and the secondary BA species (16±9 versus 2±3 µM, p<0.001) 
were higher in SL. The secondary-to-primary species ratio was lower in SL (0.1±0.1 
versus 0.9±0.4, p<0.01) (Fig. 4B). The ratio between conjugated and deconjugated 
BA was similar between groups. 
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Fig. 5. Hepatic mRNA expression of genes involved in endoplasmic reticulum stress. Hepatic 

gene expression for endoplasmic reticulum stress (A) and chaperones (B) was corrected for 36b4 

and shown as fold-change versus NL. A-B: n=9 (NL) and n=5 (SL), Tukey box plots and scatter 

plots. Data represent the pair-housed PN70 cohort. Exact two-sided Mann Whitey U test *: 

p<0.05, ** p<0.01, *** p<0.001. 

 
Hepatic mRNA expression of BA synthesis and transport genes in SL and NL mice 

Hepatic Cyp7a1 expression, encoding the rate limiting enzyme in BA synthesis, 
was higher in SL mice at PN70. Other bile acid synthesis enzymes Cyp27a1 and 
Cyp2c70 were lower in SL, whereas Cyp8b1 was similar. The bile acid receptor Fxr 
and its downstream target Shp were lower in SL, with similar levels of Lxr and Rxr 
(Fig. 4C). Expression of hepatic BA transporters (Bsep, Ntcp and Mrp3) was lower 
in SL, suggesting lower transhepatic BA fluxes. Expression of Mdr2, the biliary 
phospholipid transporter, was similar between groups (Fig. 4D). Bile acid 
metabolism is closely linked to liver size control via Fgf15 and Hippo signaling [206]. 
Expression of Ctgf (YAP target gene [206]) was higher in SL (Fig. 4E). 
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Table 2. Liver acylcarnitine species in SL and NL mice at PN70. Liver (nmol/g) acylcarnitine 
species are shown as absolute values. Values represent means ± SD. Data represent the pair-
housed PN70 cohort. Exact two-sided Mann Whitney U test. n.s.: not significantly different 
between NL and SL. 

 Liver (nmol/g)  
 NL (n=9) SL (n=5) P-value 

mean SD mean SD 
Sum 265 34 441 34 <0.001 
Sum C14-C18 0.65 0.35 0.91 0.24 <0.05 
Free/bound ratio 9.2 1.1 5.3 1.8 <0.001 
Common name Abbreviation      
L-carnitine C0 233 30 363 16 <0.001 
Acetylcarnitine C2 0.4 0.2 11 15 <0.01 
Propionylcarnitine C3 0.09 0.05 0.72 0.33 <0.001 
Butyrylcarnitine C4 0.07 0.02 0.45 0.16 <0.001 
Tiglylcarnitine C5:1 0.09 0.15 0.09 0.04 n.s. 
Isovaleryl carnitine C5 0.07 0.02 0.15 0.03 <0.01 
Hexanoylcarnitine C6 0.00 0.00 0.03 0.04 n.s. 
Octanoylcarnitine C8 0.11 0.05 0.13 0.05 n.s. 
Decenoylcarnitine C10:1 0.06 0.02 0.08 0.03 n.s. 
Decanoylcarnitine C10 0.07 0.00 0.19 0.03 <0.001 
Dodecenoylcarnitine C12:1 0.19 0.07 0.11 0.08 n.s. 
Dodecanoylcarnitine C12 0.00 0.00 0.01 0.03 n.s. 
Tetradecenoylcarnitine C14:1 0.07 0.00 0.07 0.00 n.s. 
Tetradecanoylcarnitine C14 0.04 0.03 0.05 0.03 n.s. 
Hexadecenoylcarnitine C16:1 0.04 0.04 0.07 0.00 n.s. 
Hexadecanoylcarnitine C16 0.23 0.31 0.25 0.07 <0.01 
Octadecadienoylcarnitine C18:2 0.08 0.03 0.11 0.04 n.s. 
Octadecenoylcarnitine C18:1 0.12 0.04 0.21 0.11 n.s. 
Octadecanoylcarnitine C18 0.07 0.02 0.15 0.03 <0.01 
Butyrylcarnitine +  
Malonylcarnitine 

C4OH+C3DC 
4.6 0.8 5.8 1.7 n.s. 

3-OH-isovalerylcarnitine + 
Methylmalonylcarnitine 

C5OH+C4DC 
0.76 0.11 1.29 0.17 <0.001 

Glutarylcarnitine C5DC 17 4 49 14 <0.001 
3-Methylglutarylcarnitine C6DC 2.0 0.6 6.7 0.7 <0.001 

 
Hepatic expression markers of cellular and mitochondrial stress 

We determined gene expression markers of cellular and mitochondrial stress in 
hepatic tissue of SL and NL mice at PN70. Hepatic expression of Ddit3 (often called 
Chop), a cellular stress marker, was higher in SL. Markers of endoplasmic reticulum 
(ER) stress (Atf4, Atf6, Gadd34, Trib3) were similar (Fig. 5A). In classic ER-stress, 
molecular chaperones are upregulated, which was not the case in SL mice, where 
those were downregulated (Fig. 5B). Instead, Atf5, the mitochondrial unfolded 
protein response (UPR) mediator, and Hmox1, involved in protection against 
oxidative stress, were higher in the liver of SL mice.  
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Table 3. Plasma acylcarnitine species in SL and NL mice at PN70. Plasma (µM) acylcarnitine 
species are shown as absolute values. Values represent means ± SD. Data represent the pair-
housed PN70 cohort. Exact two-sided Mann Whitney U test. n.s.: not significantly different 
between NL and SL. 

 Plasma (µM) 
 
 

NL (n=9) SL (n=5) P-value 
mean SD mean SD 

Sum 44 6 38 5 <0.05 
Sum C14-C18 1.1 0.2 2.0 0.2 <0.001 
Free/bound ratio 10.1 1.5 6.3 0.6 <0.001 
Common name Abbreviation      
L-carnitine C0 14 3.0 11 2.4 n.s. 
Acetylcarnitine C2 27 6 24 3 n.s. 
Propionylcarnitine C3 0.32 0.11 0.30 0.07 n.s. 
Butyrylcarnitine C4 0.21 0.05 0.18 0.02 n.s. 
Tiglylcarnitine C5:1 0.01 0.00 0.02 0.00 n.s. 
Isovaleryl carnitine C5 0.06 0.01 0.08 0.01 <0.05 
Hexanoylcarnitine C6 0.03 0.01 0.06 0.01 <0.01 
Octanoylcarnitine C8 0.03 0.01 0.03 0.01 n.s. 
Decenoylcarnitine C10:1 0.01 0.00 0.02 0.00 <0.01 
Decanoylcarnitine C10 0.01 0.01 0.02 0.00 n.s. 
Dodecenoylcarnitine C12:1 0.02 0.01 0.03 0.01 <0.05 
Dodecanoylcarnitine C12 0.03 0.01 0.05 0.01 <0.001 
Tetradecenoylcarnitine C14:1 0.09 0.02 0.17 0.04 <0.001 
Tetradecanoylcarnitine C14 0.11 0.02 0.27 0.05 <0.001 
Hexadecenoylcarnitine C16:1 0.10 0.03 0.22 0.04 <0.001 
Hexadecanoylcarnitine C16 0.34 0.06 0.51 0.03 <0.001 
Octadecadienoylcarnitine C18:2 0.12 0.02 0.24 0.04 <0.001 
Octadecenoylcarnitine C18:1 0.32 0.04 0.51 0.06 <0.001 
Octadecanoylcarnitine C18 0.07 0.01 0.08 0.01 n.s. 
Butyrylcarnitine +  
Malonylcarnitine 

C4OH+C3DC 
0.4 0.1 0.3 0.1 n.s. 

3-OH-isovalerylcarnitine + 
Methylmalonylcarnitine 

C5OH+C4DC 
0.08 0.02 0.09 0.03 n.s. 

Glutarylcarnitine C5DC 0.34 0.07 0.51 0.21 <0.01 
3-Methylglutarylcarnitine C6DC 0.0 0.0 0.1 0.0 n.s. 

 
Hepatic and plasma acylcarnitine species in SL and NL mice 

Higher Atf5 and Hmox1 expression (Fig. 5A) may indicate mitochondrial 
dysfunction. We assessed hepatic and plasma acylcarnitines as a surrogate marker 
for mitochondrial (β-oxidation) function. Hepatic acetylcarnitine (C2) concentration 
was 27-fold higher in SL versus NL. In addition, glutarylcarnitine derivatized 
conjugate (C5DC) and methylglutarylcarnitine (C6DC, both p<0.001) were 3-fold 
higher in SL. In plasma, long-chain acylcarnitine species were higher (+74%, C14-
18, p<0.001, Table 3) in SL mice. As C57BL/6J mice have a defective nicotinamide 
nucleotide transhydrogenase (Nnt) gene, involved in the generation of the 
antioxidants glutathione and thioredoxin [203], we genotyped NntC57BL/6J in our 
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C57BL/6JOlaHsd mice. It appeared that C57BL/6JOlaHsd mice were wild-type for 
Nnt (Suppl. Fig. 4). 
 
Course of SL 

For investigating the timeframe wherein the SL phenotype develops, we assessed 
body weights, body composition and food intake from weaning until PN70. For this, 
we used the solo-housed PN70 cohort. Body weight (Fig. 6A) and lean and fat mass 
(Fig. 6B) suggest that SL mice grow slower immediately after weaning. Food intake 
was similar, but the food efficiency ratio (BW gain per gram food per week) was 
lower in SL mice in the first week following weaning (PN21-28, Fig. 6C). Relative 
liver weight was unimodal at PN21 and 42 (Fig. 6D). Plasma bile acid levels varied 
widely in the PN21 cohort (2.7-74 µM), in the PN42 cohort (0.3-176 µM), and in the 
PN63 cohort (0.2-191 µM; Fig. 6E). Analysis of relative liver weight, plasma lipids, 
bile acids and hepatic fatty acyl-chain profiles using principal component analysis 
(PCA), showed that NL and SL mice from PN63 and PN70 appeared to form discrete 
clusters based on their NL/SL status. The age (PN63 versus PN70) had no apparent 
effect on these principal components. The PN42 cohort, which does not display 
bimodality with respect to wet or relative liver weight, does display 2 clusters on the 
PCA scatter plot, closely positioned to the NL and SL clusters. Mice from PN21 
cluster together on a scatter plot, separate from NL and SL clusters (Fig. 6F). 
Hierarchical cluster analysis of relative liver weights, plasma parameters and hepatic 
fatty acyl-chain profiles showed that the PN42 cohort contained mice (4/14; 29%) 
that clustered with SL mice (cluster 2) whereas others clustered with NL mice 
(cluster 1), and the PN21 cohort clustered separately (Suppl. Fig. 2). The two PN42 
clusters were analyzed as separate groups. Hepatic mRNA expression of Col1a1, 
Cd36, Pparg1 and Hmox1was higher in cluster 2 (Suppl. Fig. 3A & 3B). The hepatic 
fatty-acyl chain profiles at PN42 (Suppl. Fig. 3C) showed a distinct pattern between 
cluster 1 and 2. These data suggest that cluster 2 may be (an early form of) the SL 
phenotype. The hepatic FA profile at PN21 (Suppl. Fig. 3D) was similar for all mice 
and no distinct clusters could be identified. Plasma triglycerides and cholesterol at 
PN42 and PN63 were, similarly to PN70, lower in SL versus NL mice. Liver 
acylcarnitines (+47%, p<0.01), in particular C5DC and C6DC (both +200%. p<0.01) 
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were higher in cluster 2 versus cluster 1 mice at PN42 (Suppl. Table 1). At PN21, 
all mice had similar plasma lipid levels (Suppl. Fig. 5). At PN21, all mice had similar 
liver acylcarnitine profiles (data not shown). The cohorts (PN42: 29%, PN63: 53%, 
PN70: 35%) suggest that the SL phenotype occurs in approximately one-third of 
C57BL/6JOlaHsd mice fed semisynthetic diet. In a control experiment, WT 
C57BL/6J mice, reared on chow, were fed a low-fat semisynthetic control diet 
(D12450J, Research Diets Inc. USA) from PN56 until PN140 (Suppl. Fig. 6). 
Hierarchical cluster analysis of relative liver weights, plasma lipids and total plasma 
bile acids indicated that among the 9 mice tested, 2 mice appeared to cluster 
separately from the remaining 7 mice (Suppl. Fig. 6A). Histological analysis 
revealed that these 2 mice, compared to the 7 others, had more prevalent 
karyocytomegaly, mitosis, single cell death and scattered moderate mononuclear 
infiltration (Suppl. Fig. 6 B-E).  
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Fig. 6. Body metrics, food intake, liver weight and plasma BA over-time. Body weight (A), lean 
(B, upper points) and fat mass (B, lower points) are shown as absolute values. Food intake (C, upper 
points) is shown as absolute values and represents food intake 24 h subsequent to the indicated time 
(PN21) or during 7 d prior to the indicated time (PN28-70). The efficiency of conversion of ingested 
food to unit of body substance (ECI, ΔBW/food intake per week) is shown per week (C, lower points). 
Liver weight as % of body weight at PN21, PN42, PN63 and PN70 (D). Absolute plasma bile acid 
levels at PN21, PN42 and PN63 (E). Principal component analysis (PCA) on relative liver weight, 
plasma lipids and liver fatty acyl-chain profiles from pair-housed PN21, PN42, PN63 and PN70 cohorts. 
Principal component (PC) 1 (37% of variance) and PC 2 (23% of variance) on the x- and y-axis 
respectively (F). 
A-C: data represent the single-housed PN70 cohort, median and interquartile ranges, error bars are not 
shown when they fall within the symbol, NL: n=11, SL: n=5. D: data represent the pair-housed PN21 
(n=12) and PN42 (n=14) cohorts. E: Data represent the pair-housed PN21 (n=12), PN42 (n=14) and 
PN63 (n=14) cohorts. F: Data represent the pair-housed PN21 (n=12), PN42 (n=12), PN63 (n=7 NL, 
n=7 SL) and pair-housed PN70 (n=9 NL, n=5 SL) cohorts. Exact two-sided Mann-Whitney U test. * 
p<0.05, ** p<0.01.  
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Discussion 
In this study, we show spontaneous divergence in liver weight in experimentally 

and nutritionally identically treated C57BL/6JOlaHsd mice fed a commonly used 
semisynthetic low-fat diet (AIN-93G). This diet is typically not considered to induce 
a model of liver disease. The divergence in liver weights resulted in mice with a 
small liver (SL) or normal liver NL) and coincided with profound metabolic 
differences in terms of lipid and bile acid metabolism. Our data indicate that the 
difference evolve at or immediately after weaning. 

 
Heterogeneity and heterogeneous responses to stimuli in inbred mice have been 

reported in the context of high-fat diet feeding [171, 210], in neurobiology [211, 212], and 
in the apoE*3-Leiden.CETP model [207, 213]. Clear parallels exist between our study 
and those performed in apoE*3-L.CETP mice [207, 213], which are empirically 
subdivided (at PN42) into phenotypical responders (R) and non-responders (NR) 
based on plasma lipids [207]. Upon reassessing this literature, however, it became 
apparent that, despite the suggestive name, R and NR mice already differ in plasma 
lipids on chow [207]. This illustrates that “non-responding” to a dietary challenge is 
preceded by an existing spontaneous phenotype [207]. NR apoE*3-L.CETP show, 
similar to our SL, lower liver weight, higher liver TG, an inflammatory liver 
pathology, higher plasma liver enzymes and higher plasma BA, compared to R or 
NL mice [207]. Cudalbu et al reported substantial neurochemical variability in 
C57BL/6J, but not in mouse strains NMRI, BALB/c, ICR CD1, NUDE, NOD-SCID, 
or SV 129 28, 29. Approximately 25% of C57BL/6J mice have threefold elevated 
cerebral glutamine levels from circa PN30 onwards, with lower cerebral myo�
inositol, taurine and total choline, independent of diet or superimposed genetic 
manipulation to model human disease states [211, 212]. C57BL/6J mice with high 
cerebral glutamine levels appear to concomitantly have mild liver steatosis, and a 
congenital portosystemic shunt (PSS) that resembles incomplete ductus venosus 
closure [212]. The metabolic consequences of portal blood directly entering the 
systemic circulation (i.e. PSS) are profound [211]. In humans, a PSS does not typically 
result in fibrosis. A low portal blood flow nonetheless lowers liver weight/volume in 
various mammals. It may thus well be that the spontaneous bimodal liver size 
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distribution observed in our study and the (non-)responders in apoE*3L.CETP mice, 
and the occurrence of spontaneous congenital PSS share etiologies. 
 

Histologically and based on gene expression patterns, the livers from SL mice 
showed an inflammatory phenotype and mild steatosis. Marked karyocytomegaly in 
the livers of SL mice likely indicates polyploidy and higher rate of cell division. The 
karyocytomegaly was linked to hepatocellular swelling that may reflect glycogen 
storage or acute hydropic degeneration [214]. Despite the suggested higher hepatocyte 
division rate, livers of SL are smaller. Thus, higher rates of hepatocyte cell division 
may be counteracted by, or even compensatory for, higher hepatocyte cell death 
(degeneration). The presence of pigmented macrophages in the livers of SL mice, 
together with elevated hepatic F4/80, Tnf-α, Mcp-1 and Col1a1 expression, are 
suggestive of an immune response which activates fibrogenesis [215]. Mild steatosis 
was observed in the livers of SL mice, together with lower VLDL-TG secretion rate 
and higher plasma NEFA and hepatic gene expression of Cd36. Hepatic expression 
and protein levels of Cd36 are higher in, and thought to contribute to, non-alcoholic 
steatosis [216]. The higher hepatic TG levels, lower VLDL-TG secretion rates, and 
higher Cd36 expression levels in SL mice are suggestive of a (net) flux towards 
hepatic TG stores. 

 
Supplementing DHA in an acute model of liver damage (CCL4) lowers the 

fibrotic and inflammatory response [205]. The enzymes necessary for the conversion 
of 18:3ω3 to DHA (ω3) also convert ω6 species and thereby synthesize osbond acid. 
Higher osbond acid concentrations, and high osbond:DHA ratios have been observed 
in human NAFLD liver biopsies [217, 218]. A high osbond:DHA ratio is considered a 
marker of functional DHA deficiency [217-219]. We noted higher concentrations of 
osbond acyl moieties in liver, plasma, heart and skeletal muscle of SL mice. High 
osbond:DHA ratios were observed in the aforementioned tissues of SL mice. As the 
used diet did not contain osbond nor DHA moieties, the mice rely on its endogenous 
synthesis from dietary linoleic (18:2ω6) and α-linolenic acid (18:3ω3), respectively. 
As ω6 and ω3 metabolism shares enzymes, we interpret the higher concentration of 
osbond acyl moieties as an endogenous attempt to synthesize (among others) DHA. 
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Considering that DHA can dampen fibrotic and inflammatory responses [205], we 
speculate that its endogenous synthesis is higher in SL mice, possibly for the purpose 
of generating anti-inflammatory ligands, such as resolvins [220]. Therefore, the data 
seem to suggest that the synthesis of long-chain polyunsaturated fatty acids (LC-
PUFAs) is activated secondary to the inflammatory process. 
 

Liver fibrosis and bile duct proliferation, observed in SL, are elements observed 
during the onset of certain types of cholestasis [208, 221]. Cholestasis is the reduction 
or stagnation of bile secretion and bile flow. The accumulation of bile acids (BA) in 
the plasma, seen in SL mice, is typical for cholestasis [222]. We did not measure bile 
flow, thus cannot conclusively state that cholestasis is part of the SL phenotype. 
Alternatively, elevated plasma BA levels can be a consequence of a deficiency in 
basolateral BA transporters, such as an NTCP deficiency [223, 224]. We did not assess 
transhepatic BA fluxes, thus cannot conclusively say whether these fluxes are lower 
in SL mice. Expression levels of Bsep and Ntcp were lower in the livers of SL mice, 
but these transporters are known to have an excess transport capacity [224]. Plasma 
BA composition in SL mice indicated a high abundance of primary BA species. 
Primary BA species, such as cholate and chenodeoxycholate, are synthesized by the 
liver and excreted into the bile. In the gut, primary BA are partially converted by 
microbiota, into secondary BA species, such as deoxycholate and lithocholate. The 
main enteral BA uptake transporter, ASBT, does not have a strong substrate 
specificity for conjugated primary or secondary BA [225]. Thus, the lower relative 
secondary BA abundance may be indicative of either a lower microbial 
biotransformation capacity [226, 227], or less exposure of the BA pool to the microbiota. 
The latter could indicate that less BA are excreted into the bile, or that the time BA 
spend inside the lumen (exposed to the microbiota) is shorter in SL mice. Under 
physiological conditions, the terminal ileum reabsorbs BA and thereby releases 
FGF15 protein into the portal circulation which exerts a negative feedback signal to 
the liver for BA synthesis [228, 229]. BA and FGF15 downregulate de novo BA 
synthesis via Fxr and Shp [228-231] and via FGFR4 [228, 229], respectively. The lower Shp 
and higher Cyp7a1 expression levels suggest that FXR signaling is lower in SL mice 
[229]. The (much) higher relative and absolute tauro-beta-muricholic acid (Tβ-MCA) 
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plasma levels in SL mice (Fig. 4) may inhibit FXR signaling [229]. Tβ-MCA is a 
powerful (gut microbiota-sensitive) FXR antagonist in mice [229]. Considering the 
high plasma BA levels, the low abundance of secondary BA species, the high hepatic 
expression of BA synthesis genes, and the low expression of hepatic BA transporters, 
it is tempting to speculate that the transhepatic (and enterohepatic) BA flux is lower 
in SL mice. 
 

Liver size is, at least in part, regulated by FGF15-Hippo signaling along the gut-
liver axis [206]. FGF15 suppresses YAP signaling by activating Hippo signaling [206]. 
When YAP signaling is not suppressed, it upregulates genes necessary for bile duct 
and hepatocyte proliferation [206]. Our data suggest YAP signaling is activated in the 
livers of SL mice (Fig. 4E), suggesting that the low liver weight in SL mice is likely 
not caused by a suppression of YAP signaling. Instead, activated YAP signaling may 
be in accordance with the higher rates of hepatocyte cell division seen in the livers 
of SL mice. 
 

High levels of acylcarnitines have been described in liver biopsies from NASH, 
but not from NAFLD patients, which has been linked to mitochondrial dysfunction 
[232]. We noted substantially higher acylcarnitine species in the livers of SL mice, as 
well as higher hepatic expression of Pgc1a (the master regulator of peroxisomal and 
mitochondrial biogenesis) and Cpt1a (part of the carnitine shuttle, rate-limiting 
factor in β-oxidation). It is tempting to speculate that the inflammatory process exerts 
a relatively high energy demand, for example generated via mitochondrial β-
oxidation. The apparent accumulation of acylcarnitine species, however, may 
indicate that β-oxidation or the tricarboxylic acid (TCA) cycle is not operating 
optimally in the livers of SL mice [232]. It could be that β-oxidation outpaces the TCA 
cycle, upon which incompletely oxidized acyl-carnitine intermediates can 
accumulate [153]. Alternatively, higher levels of acetylcarnitine may reflect higher 
peroxisomal β-oxidation rate [233]. Upon impairment of the carnitine shuttle, fatty 
acids are directed to the peroxisomes for oxidation [233]. The higher hepatic 
acylcarnitines levels coincided with higher expression markers of the mitochondrial 
unfolded protein response (Atf5 and Ddit3, higher expressed in the livers of SL mice) 
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[160], which suggest mitochondrial dysfunction [205, 234]. A potential contributor to 
mitochondrial dysfunction may be the absence of Nicotinamide Nucleotide 
Transhydrogenase (Nnt), which generates the antioxidant compounds glutathione 
and thioredoxin in the mitochondria [203]. Nnt is defective in C57BL/6J [203], but it 
appeared intact in NL and SL C57BL/6JOlaHsd mice (Suppl. Fig. 4), and is 
therefore not likely to contribute to the observed SL phenotype. 
 

We describe a spontaneous, but likely pathological liver phenotype in 
C57BL/6JOlaHsd mice, bred and reared on a semisynthetic control diet (AIN-93G). 
Rodent diets are typically available in ‘growth’ (AIN-93G) and ‘maintenance’ (AIN-
93M) formulation [118]. The “G” variant was formulated to be suitable for growth, 
pregnancy and lactation [118]. The G and M formulations differ in composition, 
namely higher protein (20% versus 14%), fat (7% versus 4%) and minerals (mainly 
calcium carbonate and ferric citrate) in the former, at the expense of corn starch and 
maltodextrin [118]. We observed the SL and NL phenotype in independent cohorts fed 
AIN-93G from 2 different vendors. Experimental and nutritional conditions were 
identical for the mice within each cohort. In our view, this makes an environmental 
or nutritional origin of the SL phenotype unlikely. Though, we cannot exclude that 
our experimental conditions amplified an otherwise unremarkable genetic 
heterogeneity. Mice fed AIN-93G compared to a non-purified (chow) control diet, 
for unknown reasons, have a lower liver weight [235]. Breeders were obtained from a 
commercial specific-pathogen-free stock, and tested negative for major bacterial, 
viral and parasitic etiologic agents. We consider it unlikely that the SL phenotype is 
caused by an infection; we did observe the two phenotypes also within individual 
cages, housing different mice. The SL and NL phenotype appeared randomly 
distributed across (surrogate) dams. Due to randomization at PN2, we do not know 
whether SL/NL is linked to intrauterine conditions. Due to observation of the two 
phenotypes both in pair-housed and in solo-housed mice, differences in housing 
conditions or in social hierarchy do not seem to be a contributing factor. Through 
phenotyping, we were able to identify (an early form of) the SL phenotype at PN42. 
Such a distinction could not yet be made at weaning (PN21). However, the absence 
of a phenotype (at PN21) does not fully rule out that the cause for the phenotype is 
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not present. The immediate post-weaning difference in food efficiency ratio and lean 
mass growth suggests that the cause of the SL phenotype is actually present at 
weaning. We speculate that the SL phenotype is caused by (subtle) early life events 
or variations in C57BL/6JOlaHsd’s (epi)genome. As the occurrence rates varied 
between cohorts; i.e. PN42 (~29%), PN63 (~53%) and PN70 (~36%), it is tempting 
to speculate that (an) uncontrolled variable(s) potentiate(s) the cause.  
 

It is beyond the scope of the present study to completely assess whether the same 
phenomenon also occurs in other mouse strains and/or under other nutritional 
conditions. We observed the SL phenotype in C57BL/6JOlaHsd mice fed 
semisynthetic AIN-93G. A similar phenotype appears to occur in C57BL/6J mice 
fed semisynthetic low-fat control diet (Suppl. Fig. 6). A similar phenomenon 
appears to have been described in apoE*3-L.CETP mice (C57BL/6J background 
strain) fed chow. In a large phenotyping study comprising 44 inbred mouse strains 
(Paigen1, The Jackson Laboratory), challenged to a high fat (semisynthetic) 
lithogenic diet for 8 weeks, plasma bile acids showed large variability between 
strains: 0.9 to 350 µM but also within strains [236]. In Paigen1, male C57BL/6J liver 
weight distribution was bimodal (p<0.05), whereas other strains did not show this 
either due to low statistical power or absence of bimodality per se [236]. 
 

We identified markers for the identification of the SL phenotype that could 
potentially be used at postnatal day 42 and later ages. Plasma triglycerides, total 
cholesterol, bile acid levels or composition, hepatic FAME osbond:DHA ratio, 
C5DC or C6DC acylcarnitine species, or Col1a1 gene expression (or other 
fibrogenesis markers) could serve as potential markers for the (early identification) 
of the SL phenotype.  
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In summary, our data show that approximately one-third of C57BL/6JOlaHsd 
mice fed semisynthetic diet develop spontaneous liver disease. This correlates with 
low liver weight, low VLDL secretion, high plasma bile acids, liver steatosis, fibrosis 
and inflammation, and mitochondrial dysfunction. We advise researchers who use 
this strain (and possibly other C57BL/6 substrains) to be aware of this spontaneous 
phenotype that may interfere with the interpretation of results. Our data suggest that 
lower plasma triglyceride and cholesterol concentrations (among others) may 
function as surrogate parameters for early identification of mice with the apparent 
SL phenotype. 
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Supplementary results 

 
Supplementary Fig. 1. Plasma, cardiac and skeletal muscle fatty acyl-chain profiles in SL 
and NL mice. The plasma FA profile is shown as the fold-change of the percentages versus NL 
(A). The molar plasma triene/tetraene ratio is calculated from Σ(18:3ω3 + 18:3ω6 + 20:3ω6 + 
20:3ω9) / Σ(20:4ω6 + 22:4ω6). Plasma DHA status was calculated as the molar ratio 
22:5ω6/22:6ω3 and shown for PN70 (B) and PN63 (J). The cardiac (C), gastrocnemius muscle 
(F) and hepatic (H) FA profile is shown as the fold-change of absolute values versus NL. The 
DHA status is calculated as the molar OsbA:DHA ratio for cardiac (D), gastrocnemius muscle (E) 
and hepatic tissue (H).  
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Supplementary Fig. 1. (Continued from previous page) Principal component analysis (PCA) 
on hepatic fatty acyl-chain profiles from pair-housed PN21 (n=12), PN42 (n=14), PN63 (n=14) 
and PN70 (n=14) cohorts. Principal component (PC) 1 (42%) and PC 2 (24%) on the y- and x-
axis respectively (G). A-B: NL: n=9, SL: n=5, data represent the pair-housed PN70 cohort. C-F, 
H-=I: NL: n=7-8, SL: n=6-8, data represent the pair-housed PN63 cohort. Exact two-sided Mann-
Whitney U test *: p<0.05, ** p<0.01, *** p<0.001. n.d.: not detected.  
 

Supplementary Fig. 2. Classical hierarchical cluster analysis on relative liver weight and 
assessed plasma and hepatic lipid parameters of the pair-housed PN21, PN42, PN63 and 
PN70 cohorts Heatmap containing the normalized relative liver weight, plasma parameters 
(lipids, total protein, liver enzymes, bile acids) and hepatic fatty acyl-chain profiles. Each column 
contains data from one mouse. Each row represents a discrete biometric or biochemical parameter. 
Each square in the heatmap represents a normalized value (parameter value divided by the average 
of that parameter in all animals). Missing values are shown as an X in grey. Red color indicates 
the values is higher than the average, whereas blue color indicates the value is lower than the 
average of all mice for that particular parameter. Hierarchical clusters were computed using the 
unweighted pair group method with arithmetic mean (UPGMA) on the Gower's similarity 
coefficient for mixed data. Data represent the pair-housed PN21 (n=12), PN42 (n=14), PN63 
(n=15) and PN70 (n=14) cohorts. Cophenetic correlation coefficient = 0.842. 
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Supplementary Fig. 3. Hepatic mRNA expression of genes involved in fibrogenesis and lipid 
metabolism at PN42 and hepatic fatty-acyl chain profiles at PN42 and PN21. Mice dissected 
at postnatal day (PN) 42 were split into clusters 1 and 2 based on principal component analysis 
(Fig. 6F). Cluster 1 was positioned near the NL clusters of PN63 and PN70 mice, whereas cluster 
2 was positioned near the SL clusters of PN63 and PN70. Hepatic gene expression for fibrogenesis 
markers (A) and genes involved in lipid metabolism (B). Hepatic gene expression was corrected 
for 36b4 and shown as fold-change versus Cluster 1. The hepatic FA profile at PN42 is shown as 
the fold-change of absolute values versus Cluster 1 (C). Hepatic DHA status at PN42 (D) and 
PN21 (F) was calculated as the molar ratio 22:5ω6/22:6ω3. The hepatic FA profile at PN21 is 
shown as normalized values (each value divided by the average of all values for that particular 
parameter). Data are shown as Tukey box plots and scatter plots. 
Data represent the pair-housed PN21 (n=12) and PN42 (n=14) cohorts. A-D: cluster 1: n=10, 
cluster 2: n=4. Exact two-sided Mann-Whitney U test *: p<0.05, ** p<0.01.  
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Supplementary Fig. 4. NntC57BL/6J genotype in C57BL/6JOlaHsd and C57BL/6J controls. 
Pair and solo-housed mice dissected at postnatal day (PN) 70 and random C57BL/6J control 
samples were genotyped for the spontaneous intragenic deletion mutation in the nicotinamide 
nucleotide transhydrogenase (Nnt) gene. Samples with a band at 743 bp were considered mutant 
(NntC57BL/6J), whereas samples with a band at 579 bp were considered wild-type (Nnt wild-type). 
Lane 1 and 28 contain 3 µl DNA ladder (NEB N0556S). Data represent the pair-housed and solo-
housed PN70 cohort. Numbers along the ladder indicate fragment length in base pairs. 

 

 
Supplementary Fig. 5. Plasma lipids at weaning (PN21), PN42 and PN63. Plasma triglycerides 
(TG), total (TC), free cholesterol (FC), esterified cholesterol (CE), and non-esterified fatty acids 
(NEFA) at postnatal day (PN)21 (A), PN42 (B) and PN63 (C). Levels are expressed as absolute 
concentrations. Mice dissected at PN42 were split into clusters 1 (NL) and 2 (SL) based on principal 
component analysis (Fig. 6F). Data represent the pair-housed PN21 (n=12 total), PN42 (n=10 cluster 
1, n=4 cluster 2), and PN63 (n=7 NL, n=7 SL) cohorts. Exact two-sided Mann-Whitney U test *: 
p<0.05, ** p<0.01, *** p<0.001. 
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Supplementary Fig. 6. Classical hierarchical cluster analysis on relative liver weight and 
assessed plasma lipid parameters of a pair-housed WT C57BL/6J cohort. WT C57BL/6J 
mice, reared on chow, were fed a low-fat semisynthetic control diet (D12450J) from PN56 until 
PN140. The mice were sacrificed at PN140. Heatmap containing the normalized relative liver 
weight and plasma lipids and total bile acids. Each column contains data from one mouse. Each 
row represents a discrete biometric or biochemical parameter. Each square in the heatmap 
represents a normalized value (parameter value divided by the average of that parameter in all 
animals). Red color indicates the values is higher than the average, whereas blue color indicates 
the value is lower than the average of all mice for that particular parameter. Hierarchical clusters 
were computed using the unweighted pair group method with arithmetic mean (UPGMA) on the 
Gower's similarity coefficient for mixed data (A). Data represents the pair-housed WT C57BL/6J 
cohort. Cophenetic correlation coefficient = 0.897. Histological staining using hematoxylin and 
eosin (‘H&E’) of sample # 8 (B), #11 (C), #12 (D) and #34 (E). Numbers in A correspond to the 
numbers in B-E. Histology scale bars: 50 µm. 
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Supplementary Table 1: Liver acylcarnitine species in SL and NL mice at PN42. Mice 

dissected at PN42 were split into clusters 1 and 2 based on principal component analysis (Fig. 
6F). Liver (nmol/g) acylcarnitine species are shown as absolute values. Values represent 

means ± SD. Data represent the pair-housed PN42 cohort. Exact two-sided Mann Whitney U 

test. n.s.: not significantly different between NL and SL. 
 Liver (nmol/g)  
 
 

Cluster 1 (n=10) Cluster 2 (n=4) P-value mean SD mean SD 
Sum 166 25 244 51 <0.01 
Sum C14-C18 1,2 2,0 7,2 7,9 n.s. 
Free/bound ratio 3,9 1,5 2,5 1,0 n.s. 
Common name Abbreviation      
L-carnitine C0 128 20 170 49 n.s. 
Acetylcarnitine C2 14 12 21 23 n.s. 
Propionylcarnitine C3 1,05 0,66 1,40 0,81 n.s. 
Butyrylcarnitine C4 0,45 0,69 0,75 0,64 n.s. 
Tiglylcarnitine C5:1 0,07 0,00 0,07 0,00 n.s. 
Isovaleryl carnitine C5 0,17 0,06 0,17 0,04 n.s. 
Hexanoylcarnitine C6 0,09 0,13 0,10 0,09 n.s. 
Octanoylcarnitine C8 0,09 0,06 0,15 0,03 n.s. 
Decenoylcarnitine C10:1 0,05 0,04 0,13 0,08 <0.05 
Decanoylcarnitine C10 0,07 0,04 0,18 0,06 <0.01 
Dodecenoylcarnitine C12:1 0,33 0,13 0,28 0,08 n.s. 
Dodecanoylcarnitine C12 0,05 0,06 0,13 0,09 n.s. 
Tetradecenoylcarnitine C14:1 0,06 0,04 0,18 0,16 n.s. 
Tetradecanoylcarnitine C14 0,07 0,13 0,58 0,66 n.s. 
Hexadecenoylcarnitine C16:1 0,15 0,30 0,90 1,06 n.s. 
Hexadecanoylcarnitine C16 0,19 0,29 2,07 2,31 n.s. 
Octadecadienoylcarnitine C18:2 0,05 0,08 0,23 0,27 n.s. 
Octadecenoylcarnitine C18:1 0,57 1,11 2,65 3,03 n.s. 
Octadecanoylcarnitine C18 0,13 0,11 0,58 0,53 <0.05 
Butyrylcarnitine +  
Malonylcarnitine C4OH+C3DC 2,97 0,58 3,37 0,80 n.s. 

3-OH-isovalerylcarnitine + 
Methylmalonylcarnitine C5OH+C4DC 0,57 0,08 0,77 0,09 <0.01 

Glutarylcarnitine C5DC 9,1 2,7 29,1 8,3 <0.01 
3-Methylglutarylcarnitine C6DC 0,79 0,32 3,15 0,75 <0.01 
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Supplementary Table 2. Primer and TaqMan probe sequences  
Gene  NCBI ref. 

seq. 
Forward primer 5’->3’ Reverse primer 5’->3’  Taqman probe 5’->3’ 

36b4 NM_0074
75 

GCTTCATTGTGGGAGCAGAC
A 

CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC 

Alox1
5 

NM_0096
60.3 

GACACTTGGTGGCTGAGGTC
TT 

TGTAGAGTAGGTGAGGAACTA
GAAGCTTAA 

CAGGCACCTCATGGTGGCCACA 

Atf5 NM_0306
93.1 

AGAGCCCCTGGCAGGTGA CAGAGGAAGGAGAGCTGTGAA
GT 

ACCCGCTCAGTCATCCAATCAGAGAAG
C 

Bsep NM_0210
22.3 

CTGCCAAGGATGCTAATGCA CGATGGCTACCCTTTGCTTCT TGCCACAGCAATTTGACACCCTAGTTGG 

Cd36 BC01026
2 

GATCGGAACTGTGGGCTCAT GGTTCCTTCTTCAAGGACAACT
TC 

AGAATGCCTCCAAACACAGCCAGGAC 

Col1a
1 

NM_0077
42.3 

CGGCTCCTGCTCCTCTTAGG CTGACTTCAGGGATGTCTTCTT
GG 

CCACTGCCCTCCTGACGCATGG 

Col1a
2 

NM_0077
43.2 

TGTGGATACGCGGACTCTGTT CTGATCCCGATTGCAAATATTG
G 

CTGCTTGCAGTAACTTCGTGCCTAGCAA
CA 

Cpt1a NM_0134
95.1 

CTCAGTGGGAGCGACTCTTC
A 

GGCCTCTGTGGTACACGACAA CCTGGGGAGGAGACAGACACCATCCAA
C 

Cyp27
a1 

AK00497
7 

GCCTTGCACAAGGAAGTGAC
T 

CGCAGGGTCTCCTTAATCACA CCCTTCGGGAAGGTGCCCCAG 

Cyp2c
70 

NM_1454
99.2 

ACCAGGGAGATGAGTTTTCT
GA 

TCCATTGCTGAAGACGATGC CATCGTTACTCAGTAGAACCAGCCAAG
G 

Cyp7a
1 

NM_0078
24.2 

CAGGGAGATGCTCTGTGTTC
A 

AGGCATACATCCCTTCCGTGA TGCAAAACCTCCAATCTGTCATGAGACC
TCC 

Cyp8b
1 

NM_0100
12 

AAGGCTGGCTTCCTGAGCTT AACAGCTCATCGGCCTCATC CGGCTACACCAAGGACAAGCAGCAAG 

Ddit3 NM_0078
37.3 

CAGGAAACGAAGAGGAAGA
ATCA 

GCTCCTCTGTCAGCCAAGCTA CCTTCACTACTCTTGACCCTGCGTCCC 

Dgat1 NM_0100
46.2 

GGTGCCCTGACAGAGCAGAT CAGTAAGGCCACAGCTGCTG CTGCTGCTACATGTGGTTAACCTGGCCA 

Dgat2 NM_0263
84.2 

GGGTCCAGAAGAAGTTCCAG
AAG 

CCCAGGTGTCAGAGGAGAAGA
G 

CCCCTGCATCTTCCATGGCCG 

Elovl5 NM_1342
55.2 

TGGCTGTTCTTCCAGATTGGA CCCTTTCTTGTTGTAAGTCTGAA
TGTA 

CATGATTTCCCTGATTGCTCTCTTCACA
AAC 

Elovl6 NM_1304
50.2 

ACACGTAGCGACTCCGAAGA
T 

AGCGCAGAAAACAGGAAAGAC
T 

TTTCCTGCATCCATTGGATGGCTTC 

F4/80 NM_0101
30.4 

TCAAGGACACGAGGTTGCTG
A 

CCAAGGGGCCAATCTGGAA CCAGCACCCAGGAGCAGCCCA 

Fads1 NM_1460
94.1 

CCTTCGCGGACATTGTTTACT
C 

TATGGAGGTCTGCTGCTGCTAT CTCTGGTTGGACGCTTACCTTCACCA 

Fads2 NM_0196
99.1 

CCCTGATCGACATTGTGAGTT
C 

GACGGCAGCTTCATTTATGGA CCAGCCACAGCTCCCCAGACTTCT 

Fas NM_0079
88 

GGCATCATTGGGCACTCCTT GCTGCAAGCACAGCCTCTCT CCATCTGCATAGCCACAGGCAACCTC 

Foxa2 NM_0104
46.1 

GTATGCTGGGAGCCGTGAAG TTCATGTTGCTCACGGAAGAGT
A 

CGAGCCATCCGACTGGAGCAGC 

Fxr NM_0091
08.2 

GAGGGCTGCAAAGGTTTCTT
C 

ACTTCCTGCGCATGTACATGTC CCGTTCTTACACTTGTACACGGCGTTCT
TG 

Ifn-g NM_0083
37 

GAACTGGCAAAAGGATGGTG
AC 

GTTGCTGATGGCCTGATTGTC AGCCAGATTATCTCTTTCTACCTCAGAC
TCTTTGAAGTC 

Il-1b NM_0083
61 

ACCCTGCAGCTGGAGAGTGT TTGACTTCTATCTTGTTGAAGA
CAAACC 

CCCAAGCAATACCCAAAGAAGAAGATG
GAA 

Il-6 NM_0311
68 

CCGGAGAGGAGACTTCACAG
A 

AGAATTGCCATTGCACAACTCT
T 

ACCACTTCACAAGTCGGAGGCTTAATTA
CA 

iNOS NM_0109
27 

CTATCTCCATTCTACTACTAC
CAGATCGA 

CCTGGGCCTCAGCTTCTCAT CCCTGGAAGACCCACATCTGGCAG 

Lxr NM_0138
39 

GCTCTGCTCATTGCCATCAG TGTTGCAGCCTCTCTACTTGGA TCTGCAGACCGGCCCAACGTG 

Mcp1 NM_0113
33.1 

GGCTCAGCCAGATGCAGTTA
A 

AGCCTACTCATTGGGATCATCT
T 

CCCCACTCACCTGCTGCTACTCATTCA 

Mdr2 NM_0088
30.1 

GCAGCGAGAAACGGAACAG GGTTGCTGATGCTGCCTAGTT AAAGTCGCCGTCTAGGCGCCGT 

Mrp3 BC04656
0 

TCCCACTTTTCGGAGACAGTA
AC 

ACTGAGGACCTTGAAGTCTTGG
A 

CACCAGTGTCATTCGGGCCTATGGC 

Mttp NM_0086
42 

CAAGCTCACGTACTCCACTG
AAG 

TCATCATCACCATCAGGATTCC
T 

ACCGCAAGACAGCGTGGGCTACA 

Ntcp AB00330
3 

ATGACCACCTGCTCCAGCTT GCCTTTGTAGGGCACCTTGT CCTTGGGCATGATGCCTCTCCTC 

Pgc1a NM_0089
04 

GACCCCAGAGTCACCAAATG
A 

GGCCTGCAGTTCCAGAGAGT CCCCATTTGAGAACAAGACTATTGAGC
GAACC 

Pgc1b NM_1332
49 

GAGACACAGATGAAGATCCA
AGCT 

CTTGCCAAGAGAGTCGCTTTGT CCAGGTGCCTCATGCTGGCCT 

Ppara NM_0111
44 

TATTCGGCTGAAGCTGGTGTA
C 

CTGGCATTTGTTCCGGTTCT CTGAATCTTGCAGCTCCGATCACACTTG 

Pparg NM_0111
46 

CACAATGCCATCAGGTTTGG GCTGGTCGATATCACTGGAGAT
C 

CCAACAGCTTCTCCTTCTCGGCCTG 

Rxr NM_0113
05.3 

GGCAAACATGGGGCTGAAC GCTTGTCTGCTGCTTGACAGAT CCAGCTCACCAAATGACCCTGTTACCAA
C 
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Supplementary Table 2. (continued from previous page)  
Gene  NCBI ref. seq. Forward primer 5’->3’ Reverse primer 5’->3’  Taqman probe 5’->3’ 
Shp NM_011850 AAGGGCACGATCCTCTTCAA CTGTTGCAGGTGTGCGATGT ATGTGCCAGGCCTCCGTGCC 
Srebp-
1c 

NT_039515 GGAGCCATGGATTGCACATT CCTGTCTCACCCCCAGCATA CAGCTCATCAACAACCAAGACAGTG
ACTTCC 

Tgfb1 NM_011577.1 GGGCTACCATGCCAACTTCT
G 

GAGGGCAAGGACCTTGCTGTA CCCTGCCCCTATATTTGGAGCCTGGA
C 

Tnfa NM_013693 GTAGCCCACGTCGTAGCAA
AC 

AGTTGGTTGTCTTTGAGATCCA
TG 

CGCTGGCTCAGCCACTCCAGC 

Trib3 NM_175093.2 TGTCTTCAGCAACTGTGAGA
GGA 

CAGTCATCACGCAGGCATC TCCAGGTTCTCCAGCACCAGCTTC 

Xbp1s AF443192.1 GCTGAGTCCGCAGCAGGT CCCAAAAGGATATCAGACTCA
GAATC 

CCCAGTTGTCACCTCCCCAGAACATC
T 

Xbp1u NM_013842.2 ACTATGTGCACCTCTGCAGC
A 

CCCAAAAGGATATCAGACTCA
GAATC 

CCCAGTTGTCACCTCCCCAGAACATC
T 

36b4 NM_007475.5 GCTCCAAGCAGATGCAGCA CCGGATGTGAGGCAGCAG (SYBR Green) 
Atf4 NM_009716.3 TCCCTTTCCTCTTCCCCTCC CCGGCTCCGTTATGGC 
Atf6 NM_00108130

4.1 
GAGAGGTGTCTGTTTCGGGG CAGCAAACAACGTCGACTCC 

Bip NM_00116343
4.1 

GTGTGTGAGACCAGAACCG
T 

GCAGTCAGGCAGGAGTCTTA 

Ctgf NM_010217.2 AAGACACATTTGGCCCAGA
C 

GACAGGCTTGGCGATTTTAG 

Erp72 NM_009787.2; ACGCCACCGAACAGACAGA
C 

CCAGACTGCTCAATCATGTAG 

Gadd3
4 

NM_008654.2 CCGAGATTCCTCTAAAAGC CCAGACAGCAAGGAAATGG 

Grp94 NM_011631.1 CCTGAGAGAACTGATTTCAA
ATGC 

TGTCTGTGACATGCAGCAGG 

Hmox1 NM_010442.2 AGAATGCTGAGTTCATGAA
GAA 

CTGCTTGTTGCGCTGTATCTC 

Pdi1 NM_011032.2 CAAGATCAAGCCCCACCTG
AT 

CTGCTTGCAGTGACCACACC 

Yap1 NM_009534.3 GCGGTTGAAACAACAGGAA
T 

TGCTCCAGTGTAGGCAACTG 
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Supplementary Table 3. Fatty acid composition of the AIN-93G diet. *: all in FA weight% 
Common name Abbreviation AIN-93G 

D10012G 
Saturated* 17 
Myristic acid 14:0 0.4 
Palmitic acid 16:0 12 
Stearic acid 18:0 4.1 
Arachidic acid 20:0 0.31 
Behenic acid 22:0 0.35 
Lignoceric acid 24:0 0.14 
Cerotic acid 26:0 0.02 
Mono unsaturated* 23 
Palmitoleic acid 16:1ω7 0.12 
Vaccenic acid 18:1ω7 1.8 
Oleic acid 18:1ω9 20 
Gondoic acid 20:1ω9 0.27 
Erucic acid 22:1ω9 - 
Nervonic acid 24:1ω9 - 
Polyunsaturated* 61 
 ω-3 species 7.0 
α-Linolenic acid 18:3ω3 7.0 
Eicosapentaenoic acid 20:5ω3 - 
Docosahexaenoic acid 22:6ω3 - 
Docosapentaenoic acid 22:5ω3 - 
 ω-6 species 54 
Linoleic acid 18:2ω6 54 
γ-linolenic acid 18:3ω6 - 
Arachidonic acid 20:4ω6 - 
Dihomo-γ-linolenic acid 20:3ω6 - 
Eicosadienoic acid 20:2ω6 0.11 
 Σ ω-6 / Σ ω-3 ratio 7.6 
Mead acid 20:3ω9 0.06 

 
Supplementary Table 4. Calculated nutrient composition (in g/kg) of the diets.  

  AIN-93G 
(D10012G) 

LFD 
(D12450J) 

Carbohydrate 679 714 
Mono/di-saccharides 100 69 
 Sucrose 100 69 
Polysaccharides 529 598 
 Maltodextrin 132 118 
 Corn starch 397 480 
Fibre  50 47 
 Cellulose 50 47 
Lipids 70 43 
 Soybean oil 70 24 
 Lard - 19 
Protein 203 193 
 Casein 200 190 
 L-cystine 3 2.8 
Mineral mix  35 47 
 S10022G 35 - 
 S10026B - 47 
Vitamin mix  12.5 2.9 
 V10037 10 - 
 V10001C - 1.0 
 Choline Bitartrate 2.5 1.9 
Total 1000 1000 
Total energy kcal/g (kJ/g) 3.96 (16.6) 3.82 (16.0) 



Chapter 6 

146 

Supplementary methods 

 
Supplementary Fig. 7. Study design from postnatal day (PN) 0 to 70. C57BL/6JOlaHsd mice were 
bred in-house and nests were culled to 4 males and 2 female pups at PN2. Male pups were weaned at 
PN21 and either pair-housed (entire PN42 cohort, entire PN63 cohort, pair-housed PN70 cohort) or 
solo-housed (solo-housed PN70 cohort only). Mice were sacrificed at PN21, PN42, PN63 or PN70. In 
a subset of the PN70 cohort, upon intraperitoneal injection of the lipoprotein lipase inhibitor poloxamer-
407, retro-orbital blood was drawn at 0, 1, 2, 3 & 5 h for determining the Very-low density lipoprotein-
triglyceride (VLDL-TG) secretion rate. PN21: n=12, PN42: n=14, PN63: n=15, PN70, pair-housed: 
n=14, PN70, solo-housed: n=8, PN70, pair-housed, VLDL-TG experiment: n=14, PN70, pair-housed, 
VLDL-TG experiment: n=8. 

 
Histological analysis Small liver sections were stained with Pico-Sirius red. Portal 
and parenchymal fibrosis was assessed using digital image analysis software 
(ImageJ). Briefly, two x20 digital photomicrographs, representing between 50 and 
100% of total sample surface area (where possible avoiding large, longitudinal 
vascular structures), were obtained from comparable regions in every section using 
polarized light. The Images were analyzed using an in-house developed macro that 
quantified the area of positively stained collagen fibers (fibrosis) in every image. 
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Suboptimal early life nutrition can have a life-long effect on the risk to develop 
obesity and its associated detrimental health afflictions such as type-2 diabetes, 
atherosclerosis, and cardiovascular disease [24-31]. Mother’s own milk with vitamin K 
supplementation is considered the most optimal source of early life nutrition for 
nearly all term infants [50, 56, 57]. The alternative, namely infant milk formula, is 
(among other long-term health effects [28-31]) epidemiologically associated with a 
higher incidence of childhood, adolescent, and adulthood obesity [24, 25], and higher 
blood pressure and plasma cholesterol levels in adulthood [26, 27]. It appears that 
differences between breast-feeding and formula-feeding, whatever they may be, are 
associated with persisting effects on later life health [24-31]. Increasing the initiation 
rate and duration of breast-feeding are expected to decrease the aforementioned non-
communicable disease risk factors [54]. In the Netherlands, the rate and duration of 
breast-feeding are mainly determined by socioeconomic and legislative factors [54-

56]. Alternatively, the gap between breast-fed and formula-fed infants, with regards 
to the incidence of later life obesity, could be narrowed by further ‘humanization’ or 
otherwise improvement of infant formulae [18, 72, 92, 237]. Preclinical research indicates 
that mimicking the physicochemical structure of human milk lipid globules in infant 
formula, versus control infant formula, lowers the body weight and fat mass gain in 
later life upon a Western-style diet challenge [8, 9, 80, 96]. In this thesis I aimed to 
determine possible mechanism(s) of metabolic programming of adult life body 
weight and fat mass gain after feeding mice an early life diet containing large 
phospholipid-coated lipid globules. 
 
The robustness and l imits of early l ife IMF-induced programming 

In a series of preclinical experiments, it was shown that mimicking the 
physicochemical structure of human milk fat globules in an IMF fed in early life 
lowered fat mass gain upon a Western-style diet challenge in later life [8, 9, 80, 96]. On 
a logical basis, it was not possible to conclude whether the observed lower fat mass 
(gain) was a consequence of a lower ‘response’ to the Western-style diet, or due to 
an incapability to gain fat mass per se [9, 80, 96]. Data in Chapter 2 showed that the 
beneficial effects of eIMF versus cIMF with regards to later life body weight and fat 
mass gain were transient when the exposure to a high-fat diet was continued [8]. This 
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observation provided evidence that the effects on body weight and fat mass gain 
were not due to an incapability to gain body weight and/or fat mass per se [238-240]. If 
this was the case, the effect could logically not have been transient [8]. This 
distinction is important as the inadequacy to respond to a high-fat diet (i.e. lower 
body weight and fat mass gain) may in fact indicate a pathological condition instead 
of a beneficial (programming) effect [171, 207, 210]. Data in Chapter 2 did not indicate 
signs of IMF-induced (long-term) pathology with regards to the assessed parameters 
[8]. Also peak body weight was similar between eIMF and cIMF-fed mice [8]. The 
observation that the programming effect (i.e. the ability to partially resist HFD-
induced weight gain) can be overruled by a prolonged exposure to a HFD challenge 
is therefore considered a sign that the mice are able to exhibit their natural (body 
weight accruing) phenotype to their full potential given sufficient time [8].  
 

Mice are born more altricial (immature, less developed) compared to humans, 
e.g. without developed ears and eyes [102]. In terms of brain development, the third 
trimester of human pregnancy approximately corresponds to murine postnatal day 
(PN) 0-10 [100, 101]. Artificial methods of rearing rat and mouse pups are colloquially 
named “pup in a cup” models [101, 241, 242]. These models are possible as early as 
postnatal day 1 through invasive methods [243]. Artificial rearing models versus 
standard dam rearing, however, may result in undesirable long-term consequences 
such as anxiety-like behavior [244] and thus by itself are a likely programming factor. 
I chose to avoid the inherent stress associated with artificial rearing models. A time 
period for the dietary intervention was chosen in Chapter 2-4 wherein pups eat food 
on their own. The programming diets were provided from PN16 onwards; the 
approximate age from which mouse pups are able to (and do) eat solid food by 
themselves [245]. In mice, the quantity of secreted milk reduces from PN17, and 
breast-feeding ceases entirely after PN22 [245]. Milk production and thereby milk 
feeding reduces earlier (and natural weaning then also occurs earlier) in smaller nests 
compared to larger nests [245]. The IMF diets were provided during the periweaning 
(PN16-21) and postweaning (PN21-42) period [8, 245, 246]. Plasma lipid data in 
Chapter 3, in particular the phospholipid levels, suggested that the weanlings had 
eaten from the IMF diets (shortly) prior to sampling at PN21. However, dietary 
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phospholipids may alter the phospholipid content of breast milk [247]. Thus, it cannot 
be stated conclusively whether the pups (mostly) ate the IMF diets during the 
periweaning period or not. It was not further tested which days within the PN16-42 
period were (non-) essential for the effects on later life body weight and fat mass 
gain. Others have shown that central mechanisms important in dietary preferences 
can be programmed in mice during the period PN21-28 [248]. It is assumed that IMF 
feeding does not impede or otherwise disturb breast-feeding and that eIMF’s long-
term beneficial effects on body weight and fat mass gain occurred in (fully) breast-
fed mice. If that assumption is valid, it indicates that eIMF acted independently from, 
or in combination with, breast-feeding in mice [8, 9, 80, 96]. If eIMF exerts a similar 
long-term beneficial effect on body weight and fat mass gain in humans, it may do 
so either with or without concomitant breast-feeding. Proving the long-term (multi-
decade) efficacy of eIMF in humans is not practically feasible. As per European law, 
it is required to show the (short-term) safety and tolerance of a new infant formula 
prior to allowing it on the commercial market. The eIMF was recently evaluated for 
safety and tolerance in a trial (Dutch Trial Register NTR3683) [249]. The eIMF was 
found to be safe, and well tolerated (i.e. number, severity, or relatedness of adverse 
events) [249]. In healthy infants, early life growth (daily weight gain) was equivalent 
between eIMF and commercially available control IMF [249]. Follow up (5 years) of 
infants fed eIMF in early life (Dutch Trial Register NTR5538) is expected to provide 
insights into body mass index, and the prevalence of overweight and obesity at 3, 4, 
and 5 years of age.  
 
Energy balance 

After establishing that the long-term effects on body weight and fat mass gain 
were not a result of an incapability to store fat mass [8, 207, 238-240], possible underlying 
mechanisms with regard to body weight and fat mass gain were explored in Chapter 
3 and 4. Fundamentally, weight gain by fat mass gain is the result of a positive energy 
balance of the organism [250], i.e. energy intake exceeds total energy expenditure. 
Energy intake is determined by food intake and the efficiency of absorption. Total 
energy expenditure is the sum of basal metabolic rate, adaptive thermogenesis and 
physical activity [250]. The basal (resting) metabolic rate is the amount of energy 
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consumed at rest by the myriad of biochemical processes necessary to sustain life at 
thermoneutrality [150, 250]. When adequately corrected for tissue weights, only subtle 
changes in basal metabolism occur due to age [150]. Adipose tissue consumes very 
low amounts of energy per day for its basal metabolism [150]. Whole body basal 
metabolic rate (when expressed per kg) may therefore decrease upon fat mass gain. 
The remainder of energy expenditure depends on heat loss to the environment and 
bodily activity and is highly variable. The concept of ‘slow metabolism’, i.e. a low 
energy expenditure per kg of body weight, is clearly erroneous [251]. This concept led 
to years of futile clinical studies on obese humans seeking to find obese individuals 
with a slow metabolism; none were found [251]. A plethora of studies indicate that 
total energy intake and/or energy intake per unit of body weight was lower in free-
living obese versus normal weight human subjects [252-259]. The premise that obesity 
is not linked to food intake is, however, absurd and misleading. The contribution of 
dietary (energy) intake to weight gain and obesity is heavily confounded by the 
difficulty of attaining accurate measurements of caloric intake and by human 
psychology [250, 260, 261]. Caloric intake is underreported by as much as 47%, and 
physical activity is overreported by as much as 51% by obese subjects [260]. The 
discrepancy between self-reported energy intake and actual intake is not unique to 
the obese, as it is also seen in athletes [261]. It appears that self-reported data on energy 
intake and energy expenditure is not sufficiently accurate to assess energy balance 
[260, 261]. Using doubly-labeled (heavy) water, it is possible to calculate total energy 
expenditure in free-living humans [262]. Using that method, total energy expenditure 
in men and women increases steadily with increasing BMI [263]. Under controlled 
metabolic chamber conditions, both the basal metabolic rate, and the metabolic rate 
during sedentary activities is higher in obese versus normal-weight subjects [264]. In 
men and women, a clear relationship exists between investigator-measured caloric 
intake and weight gain or weight loss [165]. Between 1980 and 2005, physical activity 
expenditure (measured by doubly-labeled water) has not declined in Europe and 
North America [265]. The additional costs of moving a higher body weight and the 
additional (lean) body mass in the obese may offset less overall movement [265]. 
Energy expenditure in Western societies is not lower compared to that of inhabitants 
of third world countries, and not relatively lower compared to wild terrestrial 
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mammals [265]. It may still be that total energy expenditure per person was higher 
prior to 1980, but no accurate data exists to (dis)prove this. Estimations of total 
energy fluxes from 1980 onwards indicate that substantial increases in total energy 
intake are more likely to have driven the increases in body weight rather than a 
decrease in energy expenditure [6, 265]. Preventing (too) high energy intake is key and 
early life programming provides a unique opportunity to set later life susceptibility 
to weight gain and subsequent obesity [24-27]. 
 
Energy balance by expenditure 

The basal metabolic rate has been presented as a static number, highly dependent 
on tissue mass and (to a minor extent) age in humans [150]. The recent increase in the 
prevalence of overweight among Western European citizens is more likely to be 
caused by a higher energy intake than a lower energy expenditure [6, 265]. For reasons 
of completeness, I will nonetheless discuss the biological plausibility that later life 
energy expenditure can be affected by early life factors. The basal metabolic rate of 
animals is responsible for a significant part of total energy expenditure. One would 
expect, given that basal metabolic rate is a large contributor to total energy 
expenditure, that it strongly affects reproductive success and thereby has a high 
heritability [266]. However, in wild leaf-eared mice (Phyllotis darwini) heritability of 
basal metabolic rate is low, and is associated instead more strongly with maternal 
and environmental factors [267, 268]. In zebra finches (Taeniopygia guttata), later life 
basal metabolic rate can be programmed in early life by altering the growth rates via 
the diet [266]. It appears that later life basal metabolic rate is higher when finches are 
primed in early life with a poor quality diet, and fed a high-quality diet in later life, 
compared to when diets match [266]. In rats, protein restriction during pregnancy 
and/or lactation results in permanently growth-retarded offspring with permanent 
and selective changes in organ weights, versus ad libitum fed controls [269]. Essential 
organs like the brain and lungs were unaffected, whereas the liver, pancreas, skeletal 
muscles and the spleen were smaller and lighter upon protein restriction [269]. In 
growth-retarded offspring, liver metabolism appears permanently biased towards a 
starved-like condition in that the activities of key hepatic enzymes of glycolysis were 
lower and of gluconeogenesis were higher [269]. Individuals with smaller organs will 
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have a lower basal metabolic rate at the expense of a lower maximal metabolic rate 
[268]. Energy spent on movement, or the amount of spontaneous movement (i.e. 
pacing or fidgeting), may be a modifiable trait [270]. Rat pups, born from 
undernourished versus nourished mothers and weaned on an ad lib control diet, were 
less active in adolescence (PN35) and later life (PN145 and PN420) [270]. This later 
life effect was exacerbated by high-fat diet feeding [270]. A similar phenomenon was 
observed in mice [271]. Mouse pups, born from protein-malnourished versus 
nourished dams, and breast-fed (cross-fostered) by protein-nourished dams, engaged 
in less voluntary wheel running exercise in later life [271]. Mouse pups, breast-fed in 
litters of 4 pups versus 9 pups (a model of postnatal overnutrition; i.e. more milk per 
pup), had lower bodily activity and lower energy expenditure in later life (PN180) 
[272]. Data in Chapter 2 indicated that early life eIMF feeding, under well-nourished 
conditions, did not significantly change later life (PN154) energy expenditure (per 
kg body weight) in HFD-fed sedentary males [8]. The reader is advised to be critical 
of measurements involving (indirect) calorimetry [251]. Subtle differences in energy 
expenditure (and intake, for that matter) can account for marked differences in 
accumulated expenditure over time [251]. Such subtle differences in energy 
expenditure can fall below the limits of the discriminatory capacity of the technique 
used to assess it [251]. Interestingly, the maximum mitochondrial oxidative capacity 
in eIMF versus cIMF-fed mice, fed high-fat diet in later life, was higher in skeletal 
(M. tibialis) muscle and retroperitoneal white adipose tissue (at PN98) [166]. These 
findings indicate that early life environmental factors such as maternal 
undernutrition [270, 271], postnatal overnutrition [272], and even the postnatal diet’s 
physicochemical structure [166], can change parameters of energy expenditure. It is 
unclear whether the observed differences in mitochondrial oxidative capacity [166] 
underlie the long-term beneficial effects on body weight and fat mass gain. Even if 
this is the case, it still remains unclear how a relatively subtle change in the 
physicochemical structure of an early life diet changes the later life mitochondrial 
capacity. Chapter 3 showed, at least in liver tissue, that surrogate markers of 
mitochondrial capacity were already higher during eIMF-feeding. It is, however, 
unreasonable to assume that a higher capacity to utilize substrates always results in 
a higher long-term rate of substrate utilization (i.e. a higher energy expenditure). A 



Chapter 7 

156 

dramatic example of this is seen in endurance athletes, who have a much higher total 
energy expenditure during competitions compared to during the (pre-competition) 
training season [261]. Endurance training in elderly subjects (aged 56-78 years) 
notably increases maximum oxygen consumption without a concomitant increase in 
total energy expenditure [273]. Similarly, aerobic training in young non-obese 
sedentary women increases maximum oxygen consumption without increasing the 
total energy expenditure [274]. In both studies, it is thought that the energy costs of 
training are compensated for by a reduction in activity outside of the training sessions 
[273, 274]. These studies do not argue against the usefulness of endurance training for 
young and old subjects. Endurance exercise promotes mitochondrial biogenesis in 
skeletal muscle and enhances muscle oxidative capacity [275]. By inference, it may 
thus well be that a higher mitochondrial oxidative capacity in (for instance, skeletal 
muscle) does not automatically result in a higher (whole body) total energy 
expenditure. It appears that relatively short bouts of higher substrate utilization are 
sufficient to increase mitochondrial oxidative capacity. It is unclear why eIMF-fed 
mice have higher hepatic levels of proteins involved in fatty acid oxidation (Chapter 
3). It is also not clear which mechanism could underly the higher muscle and adipose 
tissue mitochondrial capacity in eIMF versus cIMF-primed mice in later life during 
WSD-feeding [166]. Vors et al, administered a breakfast comprising of (biochemically 
identical) emulsified versus spread fats to normal weight and obese men [97]. Stable 
isotopically labelled triglycerides were added to these breakfasts. They reported that 
emulsified versus spread fat was more rapidly absorbed, led to larger chylomicrons, 
and a sharper 13CO2 appearance in obese subjects [97]. These observations suggested 
that emulsified versus spread fats, despite being biochemically identical, are more 
rapidly oxidized (and converted to stable isotopically labeled CO2) [97]. This is in 
agreement with the notion that rapid fat absorption results in larger chylomicrons, 
from which the triglycerides are more rapidly taken up by extra-hepatic tissues [167, 

172, 175, 176]. Whether this would then coincide with a higher mitochondrial capacity is 
unclear. Vors et al reported that total fat oxidation was similar after ingestion of 
emulsified or spread fat [97]. It may be that the peak rate of fatty acid oxidation is 
different after ingesting emulsified or spread fat. I hypothesize that rapid fat 
absorption (in early life) results in short bouts of high peripheral lipid oxidation. 
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These short bouts may then (temporarily) increase mitochondrial oxidative capacity 
in extra-hepatic tissues. I cannot, with reasonable certainty, state whether this would 
then explain the differences in liver mitochondrial enzyme levels between eIMF and 
cIMF-fed mice in Chapter 3. I hypothesize that the higher oxidative capacity in 
muscle tissue [166] and the higher levels of proteins involved in fatty acid oxidation 
(Chapter 3) are a consequence of a difference in the handling of absorbed fats. It is 
unclear whether the observed differences in mitochondrial capacity are 
mechanistically related to the long-term effects on body weight and fat mass gain. 
Alternatively, it is possible that whatever factor is responsible for the effects on 
mitochondria, simultaneously and independently underlies the long-term effects on 
body weight and fat mass gain per se. The rate of fat absorption is linked to the onset 
of the sensation of hunger in obese but not in lean subjects [97]. This now makes it 
tempting to speculate that an aspect of the absorption and/or postprandial handling 
of fats underlies the effect on mitochondria and perhaps also on food intake. 
 
Energy balance by intake 

Under conditions of food availability, food intake occurs at the intersect between 
free will and determinism [276, 277]. Decisions on total energy intake may appear to be 
free to the individual, but are nonetheless unquestionably subject to (occasionally 
strong) biological regulation and environmental influences [276-283]. A seemingly 
perpetual war is waged over the most ideal human diet; low-carb, low-fat, keto, 
paleo, low-protein, high-protein, plant-based, vegetarian, vegan and endless other 
diets with disputed short-term and long-term effects on health [165]. These diets 
arguably cause public confusion and they may lower the (public) trust in (nutritional) 
science. The seemingly common denominator of these widely diverse diets is the 
avoidance of so-called ‘ultra-processed foods’ [165, 284]. These are described as 
“formulations mostly of cheap industrial sources of dietary energy and nutrients plus 
additives, using a series of processes”, and contain low amounts of whole foods [165]. 
Men and women offered (ad libitum) an ultra-processed diet versus a mostly 
unprocessed diet consumed more calories and gained body weight [165]. These 
observations suggest that attributes of a meal determine (to some extent) satiety. This 
notion is underlined by the observation that obese (but not lean) subjects, when 
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offered a breakfast containing spread fat versus (biochemically identical, but 
physicochemically dissimilar) emulsified fat, felt more hungry prior to lunch [97]. 
Clear differences exist with regards to the rate of fat absorption, when comparing 
spread versus emulsified fat [97]. This concept has been coined ‘slow versus fast fat’ 
[68], as a homage to slow and fast carbohydrates. In Chapter 2, data indicated that 
eIMF-programmed mice ate slightly (albeit non-significantly) less of the high-fat 
diet [8]. Food intake did correlate with long-term (PN42-147) weight gain [8]. The 
hypothesis that eIMF’s long-term effects on body weight and fat mass gain are 
caused by a lower food intake is plausible. Given the lack of statistical significance, 
I cannot conclude with certainty that this is indeed the case. Even if this is the case, 
then it remains unclear how a relatively subtle change in the physicochemical 
structure of an early life diet changes later life food intake.  
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Understanding the underlying mechanisms of eIMF-induced 
programming 

Upon absorption, dietary fats are packaged into lipoprotein particles 
(chylomicrons) by the gut [136]. These particles are subsequently secreted into the 
lymph [136]. Lipoprotein particles consist of apolipoproteins and a phospholipid 
monolayer containing amphipathic molecules (such as cholesterol) [138, 175]. The type 
of apolipoprotein B (ApoB) is unique to the type of particle; ApoB48 for 
chylomicrons and ApoB100 for VLDL particles in humans [285]. Chylomicron 
particles typically contain one ApoB48 protein. The lipoprotein particle membrane 
encapsulates a core consisting of neutral lipids [138]. The diameter of chylomicron 
particles during fasting and during active lipid absorption depends (among others) 
on the quantity of biliary phospholipids [136]. In adulthood, active lipid absorption 
increases the diameter of chylomicrons [95, 97, 136]. By increasing the diameter, the 
volume-to-surface area ratio is increased, increasing the lipid carrying capacity [286]. 
It is not clear whether dietary phospholipids (such as those present in human milk 
and eIMF) similarly impact the diameter of lymphatic chylomicrons in infants. 
Breast-fed infants, versus formula-fed infants, have a higher plasma TG-to-ApoB48 
ratio [95]. Triglycerides make up the neutral core (the volume) and ApoB48 is 
primarily stretched across the phospholipid layer (the surface area) [285]. This 
suggests that chylomicrons in breast-fed versus formula-fed infants are larger and 
carry a larger fat load per particle [95]. Triglycerides (TG), present in the neutral core 
of chylomicrons, are enzymatically hydrolyzed to free fatty acids by lipoprotein 
lipase (LPL) [172, 173]. Free fatty acids are occasionally referred to as non-esterified 
fatty acids (NEFA). LPL is present in the vascular bed of extrahepatic tissues 
including the heart, skeletal muscle and adipose tissue [172, 173]. The rate of TG 
hydrolysis (by LPL) is higher when chylomicrons have a larger diameter and thus a 
higher volume-to-surface area ratio [97]. This peculiar characteristic aids in the rapid 
clearance of plasma TGs following a fat laden meal [95, 97]. In adult men, rapid 
absorption of fat, versus slower absorption of fat, results in larger postabsorptive 
chylomicrons, which in turn lead to (transiently) higher plasma NEFA levels [97]. It 
is not known whether differences in the rate of absorption such as those seen in 
breast-fed infants versus formula-fed infants [95], have a lasting effect on the rate of 
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absorption in later life. Given the data collected in adult men [97] and infants [95], it 
was originally hypothesized that eIMF would program the rate of fat absorption. Our 
present data, however, do not support this notion. Instead, data in Chapter 4 do 
demonstrate that postabsorptive lipid handling is a trait that is modifiable by early 
life feeding with eIMF. Similar to what was seen in adult men [97], the effects on 
postabsorptive lipid handling seen in Chapter 4 are unique to high-fat diet feeding. 
No explanation currently exists for this HFD-exclusivity. If the long-term effects of 
eIMF on body weight and fat mass gain rely on postabsorptive lipid handling, it may 
be that weight gain from fat is affected, whereas weight gain from non-fat is not or 
to a lesser extent. Alternatively, it may be that the regulation of postabsorptive 
metabolism differs between low-fat and high-fat diet fed mice (and men). In humans, 
adipose tissue and heparin-releasable LPL activity is much higher in obese versus 
lean subjects [287]. Weight loss in obese subjects further increases adipose tissue LPL 
activity, returning to its pre-weight loss levels upon rebound weight gain [177]. It has 
been suggested that LPL plays an important role in the ‘adipostat’, a hypothetical 
regulatory system controlling how much fat is stored in the body [287]. To some 
extent, LPL protein levels are regulated via epigenetic means by DNA methylation 
of the LPL promotor region [173]. The degree of LPL promotor methylation positively 
associates with abnormalities of the metabolic profile and basal and postprandial 
triglycerides [173]. In healthy and obese men and women, major determinants of 
adipose tissue LPL activity are obesity itself and its associated hormones (leptin and 
insulin) [288, 289]. In these human studies, it is not clear what is cause and what is effect 
[173, 288, 289]. In addition to the long-term regulatory mechanisms of LPL [173, 288, 289], 
short-term regulatory mechanisms exist that are affected by fasting and the 
postabsorptive state [290-293]. In obese but not in lean mice, LPL activity is increased 
in skeletal muscles [290] and adipose tissue (only per gram of adipose tissue protein, 
not per cell) by leptin infusion [290, 291]. In rats, adipose tissue LPL activity is down-
regulated at the post-translational level by fasting within hours [292]. The nutritional 
state is thought to modify LPL activity via ANGPTL4, GPIHBP1 and LMF1 [293]. 
ANGPTL4, also known as Fiaf is an endogenous inhibitor of LPL that is secreted 
into the blood stream by the liver, intestines, white adipose tissue and brown adipose 
tissue [294]. It is thought that ANGPTL4 inhibits LPL by promoting the conversion of 
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active LPL dimers into inactive monomers [295]. High expression levels of ANGPTL4 
(and subsequent inhibition of LPL) is suggested to be responsible for the lean 
phenotype of germ-free mice versus conventional mice [294]. Intestinal ANGPTL4 
expression is selectively suppressed in conventional mice [294]. Germ-free mice 
lacking ANGPTL4 have similar amounts of body fat compared to conventional mice 
[294]. Despite much higher adipose tissue and heart LPL activity levels (in 
conventional versus germ-free mice) [294], and thereby shorter chylomicron plasma 
residence time, plasma triglycerides are similar between these mice [296]. This 
discrepancy is explained, at least in part, by the higher VLDL-TG secretion rates 
seen in conventional versus germ-free mice [296]. This possibly illustrates an elegant 
regulatory system maintaining plasma TG (and NEFA) levels by increasing VLDL 
secretion upon shorter chylomicron residence time. These data do not rule out the 
myriad of other mechanisms through which the microbiota (in conventional versus 
germ-free mice) may or may not affect adiposity. Gross (3~6 fold) transgenic 
overexpression of ANGPTL4 leads to a reduction in adipose tissue weight and body 
weight which is at least in part explained by a higher fatty acid oxidation and 
uncoupling in adipose tissue [297]. These data suggest that postabsorptive lipid 
handling, mediated via the endogenous inhibition of LPL, can impact whole-body 
adiposity and body weight [294, 296, 297]. LPL is transported across and anchored to the 
capillary endothelial surface by GPIHBP1 [298]. The active (homodimer) form of LPL 
is stabilized by GPIHBP1 [295]. Absence of or specific mutations of GPIHBP1 lead 
to LPL dysfunction and severe hypertriglyceridemia in humans [299]. Interestingly, 
the amount of GPIHBP1 protein in the visceral adipose tissue of men and women 
correlates negatively with plasma insulin and glucose levels [298]. Fasting increases 
GPIHBP1 expression levels in the heart, white adipose tissue and brown adipose 
tissue [300]. GPIHBP1 expression is specifically induced by PPARγ agonists [300]. It is 
not clear to what extent GPIHBP1 is relevant for LPL activity under physiological 
conditions [295]. The antidiabetic thiazolidinedione BRL 49653, a high affinity 
PPARγ agonist, induced LPL expression in rat adipose tissue [301]. A sequence 
element (PPAR response element; PPRE) is present in the human LPL promoter. 
This PPRE is responsible for the functional responsiveness of the adipose tissue to 
fibrates and thiazolidinediones [301]. In humans, LPL synthesis in adipose tissue is 
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relatively inefficient as approx. 25-50% of the synthesized polypeptide forms 
inactive, high-molecular weight aggregates destined for degradation [295]. LMF1 is 
an endoplasmic reticulum chaperone involved in the maturation of homodimeric 
lipases (such as LPL) [295]. In mice, Lmf1 overexpression increases LPL activity 
without changing the total amount of LPL protein [302]. It is not clear to what extent, 
if at all, LMF1 is involved in the regulation of LPL activity under physiological 
conditions. 
 

The data presented in Chapter 2-4 [8], and in the manuscript of Kodde et al [166] 
make it tempting to speculate that eIMF exerts its long-term effects via the LPL 
regulatory system [294, 296, 297]. Early life eIMF feeding results in higher gene and 
protein expression of mitochondrial oxidative capacity markers in skeletal muscle 
and adipose tissue in later life during HFD feeding [166]. Concomitantly, early life 
eIMF feeding changes postabsorptive lipid handling in later life during HFD feeding. 
Early life eIMF feeding lowers later life PPARγ expression in white adipose tissue 
depots during HFD feeding [96], which may lower GPIHBP1 expression levels [300]. 
Currently, there is no data indicating that the microbiota is involved in the observed 
long-term effects of eIMF on body weight and fat mass gain. This would have to be 
tested in an independent study. Given the body of data accrued, it appears more 
plausible that the proposed mechanism of action of eIMF lies in the LPL regulatory 
system. The latter may be responsible for the observed long-term effects on 
mitochondrial capacity, and body weight and fat mas gain. This hypothesis will need 
to be tested in an independent study. 
 

Several questions remain open at this point. Is the proposed mechanism of action 
unique to eIMF, or does it also underlie the long-term effects of breast-feeding per 
se? Are the differences in postabsorptive metabolism caused by differences in LPL 
activity [294, 297]? If this is the case; are these differences in LPL activity caused by 
DNA methylation of LPL [173] and/or ANGPTL4 [303]?  
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Vitamin K interactions  
Vitamin K (VK) is a fat-soluble vitamin which facilitates blood coagulation by 

activating clotting factors II (prothrombin), VII (proconvertin), IX (Christmas) and 
X (Stuart–Prower), and plasma Protein C, S and Z in the liver [71, 111]. VK has 
functions beyond blood coagulation, such as in the carboxylation of osteocalcin and 
matrix Gla-protein [304]. In humans, VK can be obtained via the diet [182]. Colorectal 
(microbially synthesized) VK absorption is poor [182]. Vitamin K (VK) deficiency 
(VKD) can cause bleedings (VKDB) [111]. At birth, neonates have low amounts of 
VK stores due to limited placental transfer of VK and due to the limited capacity to 
store VK [53]. Human milk typically contains low concentrations of VK. The result 
of the combination of these unfortunate factors is that unsupplemented breast-fed 
neonates are vulnerable to develop VKDB and its consequences [111]. In ~50% of 
neonatal VKDB cases, bleedings occur intracranially and associate with high 
morbidity and mortality [53]. To prevent VKD, breast-fed newborns are 
prophylactically supplemented with VK [52]. Formula-fed infants are typically not 
supplemented with VK, as the formula provides sufficient VK. In spite of 
supplementation, VKDB empirically occurs more often in breast-fed infants with 
(yet undiagnosed) impairments of bile flow, such as biliary atresia [52, 53, 109, 112, 113]. It 
appears that formula-feeding protects infants, including those with yet unidentified 
cholestasis, from VKDB [52]. This observation is puzzling, as the VK dosages are 
similar or even higher for supplemented breast-fed infants versus unsupplemented 
formula-fed infants. In Chapter 5, the hypothesis that (human milk) cholesterol 
disrupts vitamin K absorption was tested. Data in Chapter 5 suggest that dietary 
cholesterol may be responsible for the aforementioned observation. These data were 
obtained by feeding rats for 4 days a chow diet with or without cholesterol (chronic 
study). This is in agreement with experimental data obtained by others [114, 179, 187]. 
Upon testing the VK absorption using stable isotopically-labeled VK (acute study), 
plasma VK levels following human milk ingestion were paradoxically higher 
compared with plasma VK levels following infant formula ingestion. This is 
seemingly not compatible with the notion that formula feeding is the most effective 
prophylaxis to prevent VKDB [52, 111]. Ezetimibe, the NPC1L1 inhibitor known to 
disrupt cholesterol and VK absorption [71, 179, 186, 191], was used as a control. In the 
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‘chronic study’, the addition of ezetimibe to the high-cholesterol diet did not further 
lower plasma VK levels. It is undisputed that ezetimibe is able to disrupt the 
absorption of cholesterol and VK [179, 191]. However, it has been noted that under 
certain conditions, ezetimibe cannot further inhibit absorption if the absorption is 
already inhibited via other means [192]. It may be that high-cholesterol feeding inhibits 
VK absorption, and that ezetimibe cannot further inhibit this process. In the ‘acute 
study’, the group fed a diet containing cholesterol and ezetimibe had a similar plasma 
VK response as the group fed the same diet without ezetimibe. This study lacked a 
group fed a low-cholesterol diet, thus it is not possible to speculate whether the 
absence of ezetimibe’s effect is due to saturation of the inhibition [192]. Given the 
observations in Chapter 5, it appears likely that cholesterol can disrupt the 
absorption of VK in rats. Whether this is the reason why VKDB occurs more often 
in breast-fed infants with (yet undiagnosed) impairments of bile flow remains up for 
discussion and requires a new study.  
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Spontaneous murine l iver disease 
Throughout Chapter 2-4, a standard inbred mouse strain (C57BL/6JOlaHsd; a 

substrain of C57BL/6J [197]) was employed [8, 198]. These mice were fed so-called 
‘semisynthetic’ diets made from purified ingredients [118]. The composition of these 
diets was based on guidelines for rodent diets from the American Institute of 
Nutrition (AIN) [118]. Occasionally a high within-group variability in liver weight 
was noted. This was attributed to natural variability, though it was speculated that it 
may be caused by social hierarchy ranks [198]. In Chapter 6 this notion was 
challenged in a series of experiments designed to test whether the observed 
variability in liver weight was pathological and if so, how it could be detected in 
other experiments. 
 

Semisynthetic diets are manufactured from purified ingredients such as soybean 
oil, sucrose, casein and maltodextrin [118]. Semisynthetic control diets fulfil all known 
nutritional requirements of a mouse [118]. This manufacturing method allows 
researchers to easily manipulate the macro- and micronutrient composition of the 
diet, such as in a high-fat diet or a methionine- and choline-deficient diet. The usage 
of purified ingredients minimizes variability between food batches [118] and allows 
for fair comparisons between studies. Non-purified rodent diets (chow) are typically 
made from natural products such as wheatfeed, dehulled soybean meal, barley, and 
fish meal. These natural products inherently show natural and seasonal variability in 
their exact composition. Chow diets have (subtle) differences between batches [118], 
making comparisons between studies more complicated. Chow diets are primarily 
used due to their low costs (compared to semisynthetic diets) while still fulfilling all 
known nutritional requirements of the mouse. It is likely that chow diets contain a 
more diverse array of (nutritional) components. It has been noted that mice fed a 
semisynthetic diet (AIN-93G) compared to a non-purified (chow) control diet have 
a lower liver mass [235]. The rationale behind using inbred mouse strains and 
semisynthetic diets is to minimize genetic and environmental heterogeneity in 
experimental models of human diseases. In spite of these efforts, (occasionally high) 
phenotypic heterogeneity has been observed in inbred C57BL/6J mice in response 
to (semisynthetic) high-fat diets [171, 210, 305].  
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ApoE*3Leiden.CETP mice (C57BL/6J background strain) show an extremely 
heterogenic response to a (semisynthetic) high-fat high-cholesterol diet with regards 
to body weight, and lipid and glucose metabolism [213]. It is now recognized that this 
phenotypic heterogeneity is, at least in part, caused by the presence of distinct 
subpopulations within cohorts of mice [207, 213]. These sub-cohorts are named 
‘responders’ (R) and ‘non-responders’ (NR) (occasionally ‘low-responder’) [207]. 
ApoE*3Leiden.CETP mice are typically categorized into the aforementioned groups 
at PN42, when they are still fed chow, based on an arbitrary plasma TG or TC cut-
off value [207]. In later life, NR versus R mice under identical experimental conditions 
develop a more severe inflammatory liver condition, lower liver weight, higher liver 
TG, higher plasma liver enzymes and higher plasma bile acids [207]. The NR 
phenotype occurs in approx. 25% of apoE*3Leiden.CETP mice [207] (TNO DEC 3068, 3095, 

3112, 3126). Studies using this mouse strain do not always disclose whether the ‘non-
responders’ have been excluded from analyses. It was hypothesized that the NR 
phenotype was due to a low ApoE*3Leiden (TNO DEC 3068) or a low CETP expression 
[207]. Recently, it was demonstrated that CETP activity was similar in NR and R mice 
[207]. Up till now, it has remained unclear what causes the NR phenotype in 
ApoE*3Leiden.CETP mice [207, 213]. Without a clear understanding of why the ‘NR’ 
phenotype occurs, it seems ethically challenging and scientifically questionable to 
exclude 25% of a cohort. From the point of animal welfare (replacement, reduction, 
refinement; the 3Rs), the exclusion of 25% of mice is undesirable [306]. Nonetheless, 
retaining ‘NR’ in cohorts may lower discriminatory capacity of studies (i.e. statistical 
power) [129], which also goes against animal welfare [306]. 

 
Substantial neurochemical variability has been noted in C57BL/6J, but not in 

mouse strains NMRI, BALB/c, ICR CD1, NUDE, NOD-SCID, and SV 129 [211, 212]. 
Approximately 25% of C57BL/6J mice have threefold elevated cerebral glutamine 
levels, with concomitantly lower myo�inositol, taurine and total choline 
independent of diet or superimposed genetic manipulation to model human disease 
states [211, 212]. In the Q140 knock-in mouse model of Huntington’s disease 
(C57BL/6J background strain) and its WT control group, (unspecified) high brain 
glutamine levels were also seen in some mice but not in others [307]. These mice were 
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excluded from subsequent analyses [307-309]. Such large differences in glutamine were 
well in excess of any treatment effect observed in studies performed at the research 
center in question [212]. Glutamine can be synthesized in the central nervous system 
from ammonia via the astrocyte-specific enzyme glutamine synthethase [212]. 
Elevated glutamine/glutamate peaks, coupled with lower myo-inositol and choline 
peaks (measured noninvasively using 1H-MRS) may represent disturbances in cell-
volume homeostasis secondary to brain hyperammonemia [310]. Clinically, this is 
referred to as ‘hepatic encephalopathy’ (HE), typically associated with cirrhosis and 
portal hypertension or portal-systemic shunts (PSS) [310]. C57BL/6J mice with high 
cerebral glutamine levels appeared to concomitantly have a PSS that resembled 
incomplete ductus venosus closure [212]. Cerebral glutamine levels were similar 
between mice that would later be identified as having a PSS or not at PN10, only 
mildly elevated at PN20, and grossly elevated from PN30 onwards [212]. PSS mice 
can be distinguished from non-PSS mice by performing portal angiography (a 
terminal procedure) or by measuring glutamine and myo-inositol levels in the brain 
[211, 212, 308]. Plasma ammonia, total bilirubin, and aspartate/alanine amino transferase 
were within normal limits in these mice [211, 308]. Brain glutamine concentration can 
be measured biochemically (post-mortem) or non-invasively via magnetic resonance 
spectroscopy (1H MRS) [211]. The spontaneous PSS could not be attributed to any 
environmental cause [211, 212]. Offspring of PSS mice did not show neurochemical 
anomalies, suggesting a non-Mendelian inheritance pattern [212]. It has been noted 
that two third of C57BL/6J Nrf2-/- mice have a congenital portacaval shunt. [311]. This 
is in contrast to WT C57BL/6J mice, where PSS is observed in “only” 25% of mice 
[211, 212]. In outbred ICR Nrf2-/- mice, PSS is not found, suggesting a complex multiple 
gene inheritance pattern of congenital PSS [311]. The metabolic consequences of 
portal blood directly entering the systemic circulation (i.e. PSS) are profound [211]. 
By inference, one would expect that the metabolic consequences of PSS are more 
severe in mice fed a high-carbohydrate diet versus a low-carbohydrate diet (i.e. a 
high-fat diet). Absorbed (long-chain) fats are carried via the lymphatic system into 
the vena cava. To an extent, the glycemic index of the diet determines the 
carbohydrate uptake rate. Semisynthetic diets typically contain carbohydrates with a 
high glycemic index (sucrose and maltodextrin) [118], whereas chow diets typically 
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only contain carbohydrates with a low glycemic index (starch). In rats with versus 
without PSS, the liver to body weight ratio is lower [312]. In dogs with a congenital 
PSS, liver volume rapidly normalizes after surgical correction (narrowing or full 
ligation of the shunt) [313]. Congenital PSS in WT C57BL/6J versus non-PSS is 
associated with delayed and less efficient postprandial glucose clearance and mild 
steatosis [211, 212]. Beyond these observations, congenital PSS of WT C57BL/6J has 
not been thoroughly characterized [211, 212]. PSS in C57BL/6J may be related to the 
aryl hydrocarbon receptor (Ahr) [212]. C57BL/6J mice express an allelic variant (Ahrb-

1) which translates into a high affinity ligand binding form of Ahr [314]. Other mouse 
strains express other allelic variants of Ahr, with a lower affinity [314]. Ahr knockout 
mice all have PSS (via patent ductus venosus), suggesting that Ahr plays a role in 
the resolution of fetal vascular structures during development [315]. In these mice, 
PSS correlates with a small liver sizer [315]. However, the inheritance pattern of Ahr 
and of WT PSS is different, and Ahr-KO mice have additional vascular anomalies 
not present in WT PSS mice [212, 315]. At this time it is not known what causes 
congenital PSS in WT C57BL/6J mice [211, 212]. The exclusion of mice with high 
cerebral glutamine, which can represent 25% of a given cohort, seems ethically 
challenging and scientifically questionable [306]. Cudalbu et al have raised questions 
regarding the suitability of the C57BL/6J mouse strain for neurobiology in absence 
of tools to screen the animals for high cerebral glutamine levels [212]. Soares et al 
indicated that, given the affected hepatic lipid content and glucose homeostasis, that 
the incidence of PSS in C57BL/6J affects should be taken into account [211]. 
 

Data in Chapter 6 show that heterogeneity in C57BL/6JOlaHsd can, to an extent, 
be explained by the presence of distinct subpopulations within cohorts [200]. These 
sub-cohorts are named ‘small liver’ (SL) and ‘normal liver’ (NL) for their most 
prominent feature upon initial identification [200]. Data in Chapter 6 suggest that the 
observed heterogeneity may be an inherent attribute of the C57BL/6JOlaHsd strain 
and possibly also the C57BL/6J mouse strain [200]. J and JOlaHsd are recognized as 
separate substrains which differ genetically and phenotypically [197]. Attributing the 
presence of the ‘SL’ phenotype solely to OlaHsd may be short-sighted as there are 
no clear data on its (non-) occurrence in C57BL/6J. As noted in studies using 
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apoE*3Leiden.CETP mice, it is possible that ‘SL’-like C57BL/6J mice are excluded 
from studies on suspicion of being statistical outliers. An outlier is an observation 
that appears to be inconsistent with other observations in the data set [316]. It would 
certainly be reasonable to assume that grossly inconsistent measurement values are 
more likely to originate from analytical errors than from seemingly random model-
specific idiosyncrasies. This is especially reasonable when group sizes are small, and 
the ‘SL’ phenomenon only occurs in 1 or 2 mice per group. The ‘SL’ phenotype is 
not discussed in Chapters 2-4. It is, nonetheless, present in all assessed cohorts, 
occurring approximately equally in eIMF and cIMF-fed mice. Curiously, the ‘SL’ 
phenotype appears to occur more often in LFD-fed versus HFD-fed cohorts. These 
mice had not been omitted from our analyses, and their presence did not alter the 
direction or the validity of any conclusion. The very nature of metabolic 
programming studies, i.e. (relatively) large group sizes, consistent usage of 
standardized (semisynthetic) diets, and long follow-up, likely created the perfect 
milieu to recognize the SL phenotype. Similarly, the ‘NR’ phenomenon was likely 
noticed in apoE*3Leiden.CETP mice as their phenotype (high plasma TG and TC) 
is grossly affected by differences in liver function [207]. 
 

The pathological liver condition described in Chapter 6 occurred in one third of 
C57BL/6J mice upon semisynthetic diet feeding. The condition correlates with low 
liver weight, low VLDL secretion (and low fasting plasma TG and TC), high plasma 
bile acids, liver steatosis, fibrosis and inflammation, and mitochondrial dysfunction 
[200]. The SL phenotype appears partially similar to what is observed when mice are 
infected with Helicobacter pylori [317], Helicobacter hepaticus or Helicobacter bilis 
[318]. Hepatic manifestations of Helicobacter infections typically show ballooning of 
hepatocytes, which is not seen in mice with the SL phenotype. Helicobacter agents 
are highly contagious. Mice with the SL condition occasionally share a cage with 
mice that do not have this liver condition. This does not fully rule out that the SL 
phenotype is not caused by an infectious etiologic agent. It is, nonetheless, unlikely 
that an infected mouse can share a cage with an uninfected mouse without 
transmitting its infectious agent. In the apoE*3Leiden.CETP casus, it was confirmed 
that mice with the ‘NR’ phenotype were not infected with Helicobacter [207]. The 
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importance of the gut microbiota for the phenotype of an individual is nowadays 
recognized by the scientific community [207, 319]. It may be that the microbiota play a 
role in the SL phenotype (or vice versa). Contrary to what one would expect, housing 
mice from different suppliers (with different microbiota compositions) in the same 
cage does not fully normalize their microbiota [319]. It is suggested that some aspects 
of the microbiota are established in early life and are difficult to displace post-
weaning due to limited transfer between animals [319]. Arguing for a microbiological 
origin of the ‘SL’ phenotype may, however, merely shift the issue of why ‘SL’ 
occurs towards why only certain mice exhibit phenotypes whereas others do not. 
 

At weaning (PN21), we have not been able to identify characteristic aspects of 
the SL phenotype, in contrast to the situation at PN42, when several parameters were 
discriminatory in one third of mice when fed a low-fat semisynthetic diet. It is not 
clear whether a similar phenomenon would occur upon standard chow feeding. Until 
such data is available, it is too speculative to conclude that the pathological condition 
occurs (in some mice) as a consequence of semisynthetic diet feeding. Regardless if 
this is the case, it would remain unclear why only certain mice develop this liver 
condition whereas others do not. It may be that specific experimental conditions 
amplify an otherwise unremarkable (epi)genetic heterogeneity. For maintaining a 
high standard of preclinical experimentation with the C57BL/6J mouse strain, 
identification of the cause of the SL phenotype would be very helpful. If the SL 
phenotype would only be manifested in (some) mice fed semisynthetic diet but not 
when fed chow, it may be possible to prevent the onset of the SL phenotype via the 
diet. If the SL phenotype is (epi)genetic, it may be possible to selectively breed the 
cause out of the C57BL/6J (epi)genome. It is, however, a possibility that congenital 
WT PSS, the ApoE*3Leiden.CETP ‘NR’ phenotype, and the WT C57BL/6JOlaHsd 
‘SL’ phenotype are all one and the same thing. If this is the case, it may explain that 
‘NR’ and ‘SL’ occur as a consequence of PSS, but not why (seemingly spontaneous) 
congenital PSS occurs. As the inheritance pattern of C57BL/6J congenital PSS is 
currently not understood, this may be the most significant problem associated with 
C57BL/6J inbreeding [212]. The acceptance of the existence of sub-cohorts would be 
a big step forward to understanding and preventing this source of significant 
heterogeneity and potential bias in preclinical research using C57BL/6J. 
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Conclusions 
An early life diet containing large phospholipid-coated lipid globules programs 

mice for a transiently lower body weight and fat mass gain later in life on high-fat 
diet [8]. The possible underlying mechanism is now hypothesized to be due to a long-
term modulation of postabsorptive lipid metabolism. The concept that postabsorptive 
lipid metabolism can affect adiposity and body weight is at this moment poorly 
understood, yet recognized as an important factor for energy expenditure and energy 
intake [97, 294, 296, 297]. These data indicate that infant milk formulae, despite currently 
achieving a high level of quality and safety [73], can be improved further (by 
modifying the physicochemical structure) for the benefit of infants who, for 
whatever reason, are not breast-fed [54]. 
 

Taken together, this thesis highlighted the prominent role of early life nutrition 
in determining adult life handling of fats. The way that dietary fat is ‘packaged’ in 
infant milk formula could be a powerful tool that can be used to improve long term 
(adult) health and potentially contribute to the prevention of various diseases of 
civilization. 
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Abbreviations 
General 
AUC: area under the curve 

BA: biliary atresia (only in Chapter 5) 

BMI: body mass index 

BW: body weight 

cIMF: control IMF 

DOHaD: developmental origin of health and 

disease 

eIMF: experimental IMF 

Epi: epididymal fat pad 

GTT/ITT/PTT: Glucose/ Insulin/ Pyruvate 

Tolerance Test 

HFD: high fat diet 

HM: human milk 

IMF: infant milk formula 

IQR: interquartile range 

LFD: low-fat diet 

LPL: lipoprotein lipase 

MFGM: milk fat globule membrane 

NCD: non-communicable diseases 

Peri: perirenal fat pad 

PN: postnatal day 

VK: Vitamin K1 (phylloquinone, 

phytomenadione) 

VKD: Vitamin K deficiency 

VKDB: Vitamin K deficiency bleeding 

VLDL-TG: very-low density lipoprotein 

triglycerides 

 

Lipids 

ARA: arachidonic acid  

CE: cholesterol ester 

CM: chylomicrons 

DHA: docosahexaenoic acid  

EPA: eicosapentaenoic acid 

FAME: fatty acid methyl ester 

FC: free cholesterol 

MUFA: monounsaturated fatty acid 

NEFA: non-esterified fatty acids 

Phos: phospholipids 

PUFA: polyunsaturated fatty acid 

TC: total cholesterol 

TG: triglyceride 

 

Bile acids 

(T) (U/C/H) (D) CA: (tauro) (urso/cheno/hyo) 

(deoxy-) cholic acid 

(T) (α/β/ω)-MCA: (tauro-) α/β/ω-muricholic 

acid 

 

Protein names 
ACAA2: 3-ketoacyl-CoA thiolase, 

mitochondrial 

ACADS/M/VL: Short/Medium/Very-long-

chain specific acyl-CoA dehydrogenase, 

mitochondrial 

ACO2: Aconitate hydratase, mitochondrial 

ALAT: alanine transaminase 

ASAT: aspartate transaminase 

ATP5B: ATP synthase subunit beta, 

mitochondrial 

COX5A: Cytochrome c oxidase subunit 5A, 

mitochondrial 

CPT2: Carnitine O-palmitoyltransferase 2, 

mitochondrial 

CS: Citrate synthase, mitochondrial 

CXCL-1: chemokine (C-X-C motif) ligand 1 

CYCS: Cytochrome c, somatic 

DECR1: 2,4-dienoyl-CoA reductase, 

mitochondrial 
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DLAT: Dihydrolipoyllysine-residue 

acetyltransferase component of pyruvate 

dehydrogenase complex, mitochondrial 

DLD: Dihydrolipoyl dehydrogenase, 

mitochondrial 

DLST: Dihydrolipoyllysine-residue 

succinyltransferase component of 2-

oxoglutarate dehydrogenase complex, 

mitochondrial 

ECHS1: Enoyl-CoA hydratase, mitochondrial 

ECI1: Enoyl-CoA delta isomerase 1, 

mitochondrial 

ETFA/B: Electron transfer flavoprotein 

subunit alpha/beta, mitochondrial 

ETFDH: Electron transfer flavoprotein-

ubiquinone oxidoreductase, mitochondrial 

FH: Fumarate hydratase, mitochondrial 

GPX4: Phospholipid hydroperoxide 

glutathione peroxidase 

HADH: Hydroxyacyl-coenzyme A 

dehydrogenase, mitochondrial 

HADHA/B: Trifunctional enzyme subunit 

alpha/beta, mitochondrial 

IDH2: Isocitrate dehydrogenase [NADP], 

mitochondrial 

IDH3A: Isocitrate dehydrogenase [NAD] 

subunit alpha, mitochondrial 

IFNg: interferon gamma 

IL-1b: interleukin 1 beta 

IL-2/5/10: interleukin 2/5/10 

IL-6: interleukin 6 

MCP-1: monocyte chemoattractant protein 1 

MDH2: Malate dehydrogenase, mitochondrial 

NDUFS1: NADH-ubiquinone oxidoreductase 

75 kDa subunit, mitochondrial 

OGDH: 2-oxoglutarate dehydrogenase, 

mitochondrial 

PDHA1: Pyruvate dehydrogenase E1 

component subunit alpha, somatic form, 

mitochondrial 

PRDX6: Peroxiredoxin-6 

SDHA: Succinate dehydrogenase 

[ubiquinone] flavoprotein subunit, 

mitochondrial 

SDHB: Succinate dehydrogenase 

[ubiquinone] iron-sulfur subunit, 

mitochondrial 

SLC25A1: Tricarboxylate transport protein, 

mitochondrial 

SLC25A3: Phosphate carrier protein, 

mitochondrial 

SLC25A5: ADP/ATP translocase 2 

SLC25A11: Mitochondrial 2-

oxoglutarate/malate carrier protein 

SLC25A22: Mitochondrial glutamate carrier 

1 

SOD2: Superoxide dismutase [Mn], 

mitochondrial 

SUCLA2: Succinate--CoA ligase [ADP-

forming] subunit beta, mitochondrial 

SUCLG1: Succinate--CoA ligase 

[ADP/GDP-forming] subunit alpha, 

mitochondrial 

SUCLG2: Succinate--CoA ligase [GDP-

forming] subunit beta, mitochondrial 

TNFα: tumor necrosis factor alpha 

UQCRC2: Cytochrome b-c1 complex subunit 

2, mitochondrial 
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Summary 
Breast-feeding is epidemiologically associated with a lower incidence in obesity 

during childhood, adolescent and adulthood, as compared to infant milk formula 
(IMF)-feeding. One of the proposed mechanisms of this difference is thought to be 
metabolic ‘programming’; a stimulus or insult during a sensitive window of 
development, which has long-term effects. Compositional and/or physicochemical 
differences between human milk and formula have been suggested to underlie these 
long-term effects on the incidence of obesity. One distinct difference between human 
milk and typical formulae is the physicochemical structure of the milk fat globules: 
large phospholipid-coated versus small protein-coated lipid globules, respectively. 
When the physicochemical structure of these lipid globules is mimicked in a rodent 
diet and fed to mice in early life, these mice transiently gain less body weight and 
fat mass when fed a Western style diet later in life. The aim of this thesis was to 
identify the possible mechanism(s) of metabolic programming of later life body 
weight and fat mass gain after feeding mice an early life diet containing large 
phospholipid-coated lipid globules. 
 
The robustness and limits of early life IMF-induced programming 

The physicochemical structure of human milk fat globules was mimicked in a 
formula-based rodent diet (eIMF, abbreviation of experimental Infant Milk Formula) 
and compared to a control (cIMF, abbreviation of control Infant Milk Formula). In a 
series of preclinical studies, it was shown that eIMF versus cIMF feeding in early 
life resulted in less fat mass gain during a Western-style diet challenge in later life. 
It was shown (Chapter 2) that the effects of eIMF versus cIMF on later life body 
weight and fat mass gain were transient when the exposure to a high-fat diet (HFD) 
was continued: after 3 months on HFD, the differences in body weight gain and 
composition tended to disappear. This transient nature of the effect provided 
evidence that the effects were not due to a permanent and absolute incapability to 
gain body weight and fat mass. Theoretically, a transiently lower energy balance (i.e. 
lower body weight and fat mass gain) must find its origin in a lower intake, a higher 
energy expenditure, or both. Food intake correlated with long-term weight gain, 
suggesting that a lower energy intake may underly the effect on body weight and fat 
mass. Early life eIMF feeding resulted in higher gene expression and protein 
abundance of mitochondrial oxidative capacity markers in skeletal muscle and 
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adipose tissue in later life during HFD feeding. It is plausible that lower energy 
intake and/or higher energy expenditure underlie the observed long-term effect on 
body weight and fat mass gain. 
  
Understanding the underlying mechanism of eIMF-induced programming 

We performed several analyses in a search for programming cues that may 
underly the mechanism of eIMF-induced long-term effects (Chapter 3). It was 
confirmed that feeding a rodent diet containing eIMF versus cIMF did not impact 
rate of early life growth, body composition, plasma cytokines and bile acid 
metabolism. Instead, plasma adipokines leptin and adiponectin were lower in eIMF-
fed mice at the end of the programming period (at postnatal day 42; PN42). Data 
showed, at least in liver tissue, that surrogate markers of mitochondrial (β-oxidation) 
capacity were higher during eIMF-feeding, suggestive for a higher energy 
expenditure. It remained unclear whether the observed differences in mitochondrial 
capacity were mechanistically related to the long-term effects on body weight and 
fat mass gain. Whatever factor was responsible for the effects on mitochondria, could 
simultaneously and independently also underlie the long-term effects on body weight 
and fat mass gain. It was hypothesized that the rate of fat absorption and/or the 
postabsorptive lipid handling may be that factor. Follow up studies indicated that the 
rate of fat absorption in later life was not changed after feeding eIMF in early life 
(Chapter 4). Data did demonstrate that that the rate at which absorbed fat appeared 
in different organs and tissues (i.e. postabsorptive lipid handling) was different in 
later life after feeding eIMF in early life. This could point to a mechanism underlying 
the beneficial effects towards the development of obesity. 
 
Vitamin K interactions 

In spite of oral vitamin K (VK) supplementation, vitamin K deficiency bleeding 
(VKDB) occurs more often in breast-fed than in formula-fed infants with (yet 
undiagnosed) neonatal cholestasis, such as biliary atresia. This observation is 
puzzling, as the VK dosages are presently even higher for supplemented breast-fed 
infants than what is administered via infant formula. Data in Chapter 5 suggest that 
dietary cholesterol (present in human milk and typically absent in formulae) may be 
responsible for the higher VKDB incidence, possibly through competition between 
VK and cholesterol for intestinal absorption. These data were obtained in rats 
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chronically fed a high-cholesterol diet and were in agreement with data obtained by 
others. The acute effects of human milk and formula on VK absorption were tested 
using stable isotope-based tracking methods. Unexpectedly, VK levels following 
human milk ingestion were higher compared to those following formula ingestion. 
This is seemingly not compatible with the data from the chronic studies nor with 
well demonstrated observations that formula feeding is more effective to prevent 
VKDB than breast-feeding. These paradoxical data make it not possible (yet) to 
conclude that human milk cholesterol is responsible for the poor absorption of VK 
in breast-fed infants in general and for the higher occurrence of VKDB in breast-fed 
infants with (yet undiagnosed) neonatal cholestasis. 
 
Spontaneous murine liver disease 

Inbred mouse strains such as C57BL/6 (“Black 6”) are frequently used in 
biomedical research often in combination with standardized (semisynthetic) diets. 
Occasionally a high variability in liver weight has been noted. Chapter 6 showed 
that heterogeneity in “Black 6” mice can, to an extent, be explained by the 
spontaneous presence of subpopulations within cohorts. It was demonstrated that 
spontaneous divergence in liver weight occurs in experimentally and nutritionally 
identically treated C57BL/6JOlaHsd mice fed a commonly used semisynthetic 
control diet (AIN-93G). This divergence resulted in mice with a small liver (SL) or 
with a normal liver NL) and coincided with mild steatosis and profound metabolic 
differences in terms of lipid and bile acid metabolism in the SL group. Data indicated 
that the SL condition starts at or immediately after weaning and can be identified 
from PN42. A similar phenomenon appears to have been described in apoE*3-
L.CETP mice (a mouse strain with a C57BL/6J background) which are subdivided 
into phenotypical responders and non-responders at PN42. In approx. 25% of 
C57BL/6J mice, threefold higher cerebral glutamine levels have been observed. This 
phenomenon is notable from PN30 onwards and does not occur in mouse strains 
BALB/c and SV 129. Mice with high cerebral glutamine levels appear to 
concomitantly have mild liver steatosis, and a congenital portosystemic shunt (PSS) 
that resembles incomplete ductus venosus closure; a condition known to cause low 
liver weight. It may thus well be that the observed divergence in liver weights in 
Chapter 6, the non-responders in apoE*3L.CETP, and the occurrence of 
spontaneous congenital PSS share aetiologies. If this is the case, this may be the most 
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significant problem associated with C57BL/6J inbreeding that should be addressed 
or taken into account upon using these mice as experimental models for studying 
physiology or diseases. 
 
Conclusion 

This thesis highlighted the prominent role of early life nutrition in determining 
adult life handling of fats. The way how dietary fat is ‘packaged’ in lipid droplets 
(i.e. its physicochemical structure) in infant milk formula could be a powerful tool 
to improve long term (adult) health and potentially contribute to the prevention of 
non-communicable diseases, such as obesity, cardiovascular diseases and type-2 
diabetes. 
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Samenvatting 
Borstvoeding geven is epidemiologisch geassocieerd met een lagere incidentie 

van obesitas tijdens de kindertijd, tijdens adolescentie en in het volwassen leven, in 
vergelijking met kunstvoeding geven. Metabool ‘programmeren’ wordt aangewezen 
als een mogelijk oorzaak van dit verschil. ‘Programmeren’ is een stimulus tijdens 
een gevoelige ontwikkelingsperiode met langetermijneffecten op een organisme. Het 
is gesuggereerd dat compositionele en/of fysisch-chemische verschillen tussen 
moedermelk en kunstvoeding verantwoordelijk zijn voor de verschillen in 
obesitasincidentie. Één uitgesproken verschil tussen moedermelk en kunstvoeding is 
de fysisch-chemische structuur van melkvetbolletjes: respectievelijk grote met 
fosfolipide bedekte- versus kleine met eiwit bedekte vetbolletjes. Als de fysisch-
chemische structuur van moedermelk nagebootst wordt in een op kunstvoeding-
gebaseerde knaagdiervoeding en in het vroege leven aan muizen wordt gevoerd, 
komen deze muizen tijdelijk minder lichaamsgewicht en vetmassa aan als ze later in 
hun leven een ‘Westers’ dieet krijgen. Het doel van dit proefschrift was om de 
mogelijke mechanismen van metabool programmeren te identificeren die ten 
grondslag liggen aan de langetermijneffecten op lichaamsgewicht en vetmassa van 
een vroege voeding met grote in fosfolipiden bedekte vetbolletjes.  
 
De robuustheid en de limieten van kunstvoeding-geïndiceerd programmeren 

De fysisch-chemische structuur van moedermelk werd nagebootst in een 
knaagdiervoeding (experimental Infant Milk Formula, afgekort eIMF) en vergeleken 
met een controle (control Infant Milk Formula, afgekort cIMF). In een reeks 
preklinische studies werd aangetoond dat eIMF- versus cIMF-gevoede muizen, 
wanneer deze diëten vroeg in ’t leven gegeven werden, later in het leven minder 
vetmassa aankwamen. Data in Hoofdstuk 2 toonden aan dat de effecten van eIMF 
versus cIMF m.b.t. lichaamsgewicht en vetmassa tijdelijk waren wanneer een hoog-
vet dieet voor langere tijd gegeven werd: na 3 maanden op een hoog-vet dieet waren 
de verschillen in lichaamsgewicht en vetmassa niet meer aanwezig. De tijdelijke aard 
van deze effecten leverde bewijs dat de effecten niet toe te wijten waren aan een 
permanent en absoluut onvermogen om het lichaamsgewicht en vetmassa aan te 
komen.  Theoretisch komt een tijdelijk lagere energiebalans (i.e. een minder 
toegenomen lichaamsgewicht en vetmassa) door een lagere voedselinname, een 
hoger verbruik, of beide. Voedselinname correleerde met langetermijn 
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gewichtstoename, wat suggereert dat de tijdelijk lagere toename in lichaamsgewicht 
en vetmassa mogelijk komt door een lagere energie inname.. Wanneer muizen vroeg 
in het leven eIMF krijgen hebben ze later in het leven, onder hoogvetdieet condities, 
een hogere genexpressie en eiwitconcentratie van enzymen die betrokken zijn bij 
mitochondriële oxidatieve capaciteit in skeletspieren en vetweefsel. Het is 
aannemelijk dat lagere inname en/of hoger verbruik ten grondslag liggen aan het 
langetermijneffect op lichaamsgewicht- en vetmassatoename. 
 
Inzicht in het onderliggende mechanisme van eIMF-geïnduceerd programmeren 

We hebben verschillende analyses uitgevoerd in de zoektoch naar de 
programmeringssignalen die ten grondslag kunnen liggen aan de eIMF-geïnduceerde 
langetermijneffecten (Hoofdstuk 3). Het werd bevestigd dat het voeden van een 
knaagdierdieet bevattende eIMF versus cIMF geen effect had op de vroege groei, 
lichaamscompositie, plasma cytokinen en galzoutmetabolisme. Plasma adipokinen 
leptine en adiponectine waren lager in eIMF-gevoede muizen aan het eind van de 
programmingsperiode (op postnatale dag 42; PN42). Data lieten zien, ten minste in 
leverweefsel, dat surrogaatmarkers van mitochondriële (β-oxidatie) capaciteit al 
hoger waren tijdens het eIMF-voeden, wat suggereert dat energieverbruik mogelijk 
hoger was. Het bleef onduidelijk of de geobserveerde verschillen in mitochondriële 
capaciteit mechanistisch gelinkt waren aan de langetermijneffecten op 
lichaamsgewicht- en vetmassatoename. Welke factor ook verantwoordelijk was voor 
het effect op de mitochondriën, kon tegelijkertijd en onafhankelijk ook een effect 
hebben gehad op de langetermijneffecten op lichaamsgewicht- en vetmassatoename. 
Het werd gehypothetiseerd dat de snelheid van vetopname en/of de postabsorptieve 
vetdistributie deze factor kan zijn. Vervolgstudies gaven aan dat de snelheid van 
vetopname in het latere leven niet veranderd werd door het voeden van eIMF vroeg 
in het leven (Hoofdstuk 4). Data gaven wel aan dat de snelheid waarmee 
geabsorbeerd vet terecht kwam in de verschillende organen en weefsels (i.e. de 
postabsorptieve vetdistributie) wel anders was in het latere leven door het voeden 
van eIMF vroeg in het leven. Dit geeft mogelijk aanwijzingen naar het onderliggende 
mechanisme dat ten grondslag ligt aan de gunstige langetermijneffecten op de 
incidentie van obesitas.  
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Vitamine K interacties 
Ondanks orale vitamine K (VK) suppletie treden vitamine K 

deficiëntiebloedingen (VKDB) vaker op bij borstgevoede- dan bij kunstgevoede 
baby’s met (ongediagnosticeerde) neonatale cholestase, zoals galgangatresie. Deze 
observatie wordt niet goed begrepen, omdat de VK dosering zelfs hoger is bij 
gesuppleerde borstgevoede baby’s in vergelijking met wat kunstgevoede baby’s via 
de kunstvoeding binnen krijgen. Data in Hoofdstuk 5 suggereren dat 
voedingscholesterol (aanwezig in moedermelk, afwezig in typische kunstvoeding) 
mogelijk verantwoordelijk is voor de eerdergenoemde observatie, door een 
competitie tussen VK en cholesterol voor intestinale absorptie. Deze data werden 
verkregen door ratten chronisch een hoog-cholesterol dieet te voeren, en waren in 
overeenstemming met data verkregen door anderen. Het acute effect van 
moedermelk en kunstvoeding op VK absorptie werd bestudeerd m.b.v. op stabiele-
isotopen gebaseerde traceer technieken. VK concentraties na inname van 
moedermelk waren hoger dan na inname van kunstvoeding. Dit lijkt niet compatibel 
te zijn met de data uit de chronische studie noch met het de goed aangetoonde 
observatie dat kunstvoeding effectievere is om VKDB te voorkomen dan 
borstvoeding. Deze paradoxale data maken het (nog) niet mogelijk om te 
concluderen dat moedermelkcholesterol verantwoordelijk is voor de hogere 
incidentie VKDB in borstgevoede baby’s met cholestase. 
 
Spontane leverziekte in muizen 

Ingeteelde muizenstammen zoals C57BL/6 (“Black 6”) worden veelvuldig 
gebruikt binnen het biomedische onderzoek, vaak in combinatie met 
gestandaardiseerde (semisynthetische) diëten. Af en toe wordt een hoge variabiliteit 
in levergewicht waargenomen. Hoofdstuk 6 liet zien dat heterogeniteit in “Black 6” 
tot op zekere hoogte verklaard kan worden door de aanwezigheid van subpopulaties 
binnen cohorten. De data lieten zien dat levergewichten spontaan divergeren in 
experimenteel- en nutritioneel- identieke C57BL/6JOlaHsd muizen die een 
semisynthetisch controle dieet (AIN-93G) kregen. Deze divergentie resulteerde in 
muizen met een kleine lever (SL) of een normale lever (NL) en viel samen met milde 
leververvetting en grote verschillen wat betreft lipide- en galzout metabolisme. De 
data gaven aan dat de SL-conditie begint op of vlak na speenleeftijd en goed te 
herkennen is vanaf PN42. Een vergelijkbaar fenomeen lijkt beschreven te zijn in 
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apoE*3-L.CETP muizen (een muizenstam met een C57BL/6J achtergrond). Deze 
muizen worden onderverdeeld in fenotypische ‘responders’ of ‘non-responders’ op 
PN42. Binnen de neurobiologie worden substantieel hogere cerebrale glutamine 
concentraties gemeten vanaf PN30 in sommige C57BL/6J muizen maar niet in 
anderen. Deze muizen met hoog glutamine lijken gelijktijdig milde leververvetting, 
en een aangeboren portosystemische shunt te hebben die lijkt op een incomplete 
sluiting van de ductus venosus; een conditie waarvan bekend is dat het leidt tot een 
laag levergewicht. Het is dus goed mogelijk dat de geobserveerde divergentie in 
levergewicht in Hoofdstuk 6, de ‘non-responders’ van apoE*3-L.CETP, en het 
voorkomen van een portosystemische shunt hun etiologie delen. Als dit zo is, dan 
kan dit het meest significante probleem zijn van de C57BL/6J inteelt dat moet 
worden aangepakt of waarmee rekening gehouden moet worden wanneer deze 
gebruikt worden als experimenteel model voor het bestuderen van fysiologie of 
ziekten. 
 
Conclusie 

Dit proefschrift benadrukte de prominente rol die vroege voeding speelt in het 
bepalen van hoe met diëtair vet wordt omgegaan in het volwassen leven. De structuur 
van de vetbolletjes in babyvoeding (i.e. de fysisch-chemische structuur) kan een 
veelbelovend hulpmiddel zijn voor het verbeteren van langetermijn (volwassen) 
gezondheid en kan potentieel bijdragen aan het voorkomen van niet-overdraagbare 
ziekten zoals obesitas, cardiovasculaire ziekten en type-2 diabetes. 
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Geachte lezer, deze laatste paar pagina’s wil ik graag wijden aan het bedanken 
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copromotor Dr. Bert van de Heijning van harte te bedanken. Jullie hebben een 
cruciale rol gespeeld bij het tot stand komen, bij de uitvoering, maar ook bij het 
afronden van dit promotieonderzoek. De vrijheid die ik hierin kreeg om mijzelf te 
ontwikkelen was voor mij van onschatbare waarde. Beste Henkjan, zonder jouw 
geestdrift zou dit boekje mogelijk al gestrand zijn vóórdat ik m’n allereerste eigen 
muis in handen kreeg. Ik was absoluut niet voorbereid op wat ik als promovendus 
zou meemaken. Bedankt dat je mij op weg hebt geholpen en mij niet alleen hebt 
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gezorgd dat ik de moed nooit verloren heb. Beste Folkert, bedankt voor je kalme en 
nuchtere kijk op resultaten en je standvastigheid te midden van complexe studies (en 
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te veel kleerscheuren door te komen. Daarnaast wil ik je graag ook bedanken voor 
je rol als afdelingshoofd van het lab kindergeneeskunde. Beste Bert, ik ben erg 
dankbaar voor ons (vruchtvolle) samenwerkingsverband en ook voor de extra tijd 
die ik heb gekregen. Jouw proactieve steun en je rol als laagdrempelig 
aanspreekpersoon hebben mij ontzettend veel geholpen en waren cruciaal voor het 
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Veel dank aan de analisten en de stafleden die mij geholpen hebben bij het 
analyseren van monsters. Jullie hulp was cruciaal voor ’t afronden van de 
manuscripten. Martijn, hartelijk dank voor de tienduizenden (!) analyses en 
integraties die je voor mij gedaan hebt. Ik ben ook erg dankbaar dat jij het geduld 
hebt gehad mij iets meer uit te leggen over de onderliggende technieken. Het was 
ook hartstikke fijn dat jij het goed vond dat ik gebruik mocht maken van jullie lab! 
Beste Ingrid, bedankt voor de analyse van al de vetzuurmonsters, voor al je uitleg 
en voor de leuke gesprekken. Ik heb erg genoten van jouw kijk op ’t leven en van de 
verhalen uit ’t verleden (Nederlandse Antillen!) die je met zo’n enthousiasme kon 
vertellen. Daarnaast wil ik jou en je labgenoten graag bedanken voor ’t toestaan dat 
ik af en toe gebruik mocht maken van jullie lab! Mirjam, bedankt voor je hulp bij ‘t 
snijden en kleuren van monsters. Rachel, thank you kindly for your help with the 
pathology analyses and for answering all my questions regarding the interpretation 
and possible meaning. You helped me a lot to get a better understanding of possible 
underlying mechanisms and your remark on shunting, perhaps insignificant to 
others, was key to me. Albert, hartelijk dank voor je hulp met de acylcarnitines. 
Beste Justine en Ydwine, hartelijk dank voor jullie hulp met de proteomics analyse. 
Beste Jan, bedankt voor je hulp bij het analyseren van de vitamine K monsters, en 
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voor je tijd bij ’t bespreken van de resultaten. Beste Niels, ik heb altijd genoten van 
je aanwezigheid in ’t lab en je hebt me over de jaren heen ook erg veel geholpen met 
alle vragen die ik wel niet had. Bedankt hiervoor, en voor de analyses die je voor mij 
gedaan hebt. Beste Aycha, erg bedankt voor je hulp en voor alle leuke gesprekken 
die we hadden aan onze gedeelde labtafel! Beste Renze, wat vond ik het prettig om 
met jou samen te werken. Hartelijk dank voor al je hulp bij vragen, en voor je hulp 
bij analyses. Ook erg bedankt dat je het zo lang ‘gedoogd’ hebt dat ik weefsels 
verpletterde aan onze labtafel! Beste Trijnie, erg bedankt voor je hulp in ’t lab! 
Vincent, bedankt voor al je uitleg over statistiek en voor ’t helpen opzoeken van 
relevante artikelen. Beste Theo v D, hartelijk dank voor jouw hulp bij ’t analyseren 
van datasets en voor je zorgvuldige en ook geduldige uitleg. Jij was mijn inspiratie 
om meer te leren over data analyse (en daarbij ver buiten mijn comfortzone te treden) 
en hoe dit toe te passen is in medische wetenschap. Beste Theo B, hartelijk dank 
voor je hulp en voor ’t beantwoorden van al mijn vragen! Veel dank aan Maurice, 
Gerward, Juul, Michel, Cees, Mirjam, Daryll, en hun collega’s op het CDP voor 
hun hulp bij het opzetten, uitvoeren en ondersteunen van dierexperimenteel werk. 
Door jullie hulp en zorg zijn de studies vrijwel feilloos verlopen! Dank aan Dilys en 
Michelle voor hun harde werk tijdens hun wetenschapsstage.  
 

A major thanks to my colleagues at the UMCG. Dear Lidiya, thank you for 
showing me the ins and outs of the (animal) lab when I was just starting out. You 
were one of the first close contacts that I had during my stay in Groningen and I 
enjoyed the lengthy talks we had in the office and over lunch. I am happy that I was 
able to be your paranymph and I look forward to the time I can see you again. Dear 
Rima, thank you for making me realize the importance of good food and for 
motivating me to pick up cooking non-Dutch recipes. Who knew I would be eating 
mostly rice-based recipes?! Beste Mirjam, bedankt voor alle lunches die we deelden 
en voor de leuke discussies over eten en koken! Daarnaast wil ik je nogmaals 
bedanken voor de keren dat je mij hebt geholpen met het dierwerk (en het rollen van 
een hele berg voerballen)! Yu, I’m looking forward to your defense. Beste Esther, 
het was hartstikke tof je zo te zien groeien en stralen op ‘t lab! Ik kijk uit naar al het 
geweldige werk dat je in de toekomst zal doen. Beste Martijn, bedankt dat jij altijd 
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open stond voor het bediscussiëren van onderzoeksdata (maar eigenlijk ook wel 
andere dingen). Ik merkte al gauw op dat je een ontzettend gedreven onderzoeker 
bent, en die vlam zal je altijd bij je hebben. Dear Congzhuo, thank you kindly for 
your openness and honesty, for the fun lunchtime discussions and for the dinners we 
shared! Dear Raphael, I am very happy that we shared an office space during all 
these years. I enjoyed the many lunches and dinners we shared, and all the fun 
conversations and discussions we had. Thank you for inviting me to your house on 
several occasions. Your genuine enthusiasm is contagious, and I always got a lot of 
energy from you! Beste Henk, hartelijk dank voor alle openhartige gesprekjes en je 
gezelligheid over de jaren. Ik heb erg genoten van jouw aanwezigheid in ons kantoor, 
en van je nuchtere kijk op alles. Uiteraard ook bedankt voor je hulp op ’t lab. 
Daarnaast vond ik het hartstikke leuk om te horen hoe het er vroeger wel niet aan toe 
ging! Beste Dicky, ik heb altijd genoten van onze gesprekken tijdens en na de lunch. 
We delen onze mening (grotendeels) wat betreft de zin van moderne geneeskunde 
en medisch onderzoek. Daarnaast vond ik het erg leuk om samen met jou (en ook 
anderen) de video voor Vera te maken. Ik kijk uit naar jouw verdediging! Beste Ivo, 
ik kijk oprecht op naar jouw geestdrift en je prestaties binnen het medisch onderzoek! 
Beste, Angela, wat heb jij toch een stralende persoonlijkheid! Wanneer is je 
volgende trip naar een ver land?? Beste Dorieke, hartelijk dank voor al je hulp en de 
behulpzame discussies tijdens bijeenkomsten! Beste Tim, ik heb naar jou opgekeken 
vanwege je positieve kijk op wetenschap. Je schaterlach was niet weg te denken, 
waar ’t gesprek ook over ging. Bedankt voor alle leuke momenten! Beste Andries, 
ik vond onze informele ‘samenwerking’ erg interessant en leuk en ik kijk erg uit naar 
de resultaten van je studies! Dear Fabio, Turu, Archi, thank you very much for all 
the fun talks we shared! Beste Yared, onze discussies over het apoE*3-L.CETP 
model hebben mij erg veel geleerd. Bedankt dat je de tijd hebt genomen hiervoor! 
Dear Matilda, thank you kindly for helping me with the dissection of a cohort of 
pups! Dear Natalia, thank you kindly for the interesting discussions we had and the 
coffees we shared. Dear Sandra, Marleen, Hilde, Maaike, Andrea, Roos, Milaine, 
Joanne, Anna P, Ana, Anna B, Rumei, Lori, thank you for the good times that we 
shared. I’d like to thank the members of the BaCh meeting, and the members of 
the Programming meeting, for their contributions and helpful discussions. I have 
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learned a lot during our meetings, and it was my pleasure to host the BaCh for some 
time.  
 

My gratitude goes out to my paranymphs Agathe Esterle and Liu Fan. Dear Fan, 
I got to know you halfway through my PhD amd I enjoyed all the lunches and dinners 
we shared. I look up to your seemingly endless enthusiasm and motivation in spite 
of hardships and barriers (lekker kopje koffie?). You taught me many valuable 
lessons and I am looking forward to attend your PhD defense when the time is ripe. 
Thank you for being my paranymph! Dear Agathe, we’ve been friends now for just 
over ten years, though it feels like it has been a lifetime. You taught me to be more 
humble, open and accepting, and to love and care more about others no matter who 
they are. I would be a different person today, had I not met you. Together, we’ve 
produced countless illustrations, over 12 hours of music (probably triple that if we 
also count all demos and unfinished songs) and released 5 music albums so far. 
Despite our brutal deadlines for printing and pressing (which occasionally competed 
with the PhD deadlines!), you were always there to help me out when I needed it 
most. I’m grateful for what you’ve done for me and for your seemingly endless 
patience. I look forward to all the creative work we will collaborate on in the future. 
It is an honour to have you as my paranymph.  
 

My genuine gratitude goes out to all the musicians, podcasters, and ‘YouTubers’ 
who kept me motivated and taught me many important extracurricular lessons during 
my time as a PhD student. I will spare you the time of reading through pages upon 
pages of names. Nonetheless, there are a few notable people I’d like to mention; 

Jun'ya Ōta (太田順也), Tuomas Holopainen, Hans Zimmer, Erez Eisen, Alexandre 

Desplat, Ludovico Einaudi, Louis Rossmann and David L. Jones.  
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Met plezier kijk ik terug op de ‘gvd’ momenten die ik deelde met Gideon, 
Mirjam, Sascha, Federica, Arjan, Roel, Ke, Yannick, Mitchell en Donja. 
Dankjewel voor jullie gezelligheid en voor de leuke momenten samen. Tijdens onze 
studie aan de universiteit van Maastricht waren wij waarschijnlijk meer aan ’t 
kaarten in de “mensaap” dan sommige anderen aan ’t studeren waren. Bedankt 
Yannick dat ik bij je kon slapen en al je brood mocht opeten. Gideon kom je naar 
London in september 2014? Of toch maar naar de wok in Beek/ Pieke Potloed? 
Bedankt Roel voor de keren dat ik bij jou kon komen crashen. Lekker gewerkt man 
tijdens jouw verdediging, en wat een boel goede manuscripten heb jij! Ik ben erg blij 
en ook dankbaar dat we contact hebben gehouden. Ik kijk uit naar onze toekomstige 
ontmoetingen, waar die dan ook zullen zijn. Graag wil ik mijn geweldige (‘con’) 
vrienden bedanken voor alle leuke tijden die we gedeeld hebben. Bedankt Scotty, 
Edwin, Arend, Mark, Dirk, Geert. 
 

During my stay in Groningen, I shared my home with (PhD) students and a cat. 
Thank you, Marco, Emma, Sarah L, Yuri, Yin, Daniel, Yelena, Alison, Andreea, 
Sarah S, Juanita, and Juan. You have made my time in Groningen more enjoyable 
and I fondly look back to the dinners, drinks, and kitchen talks we shared. I greatly 
appreciate your diligent help and I wish you the very best in your future. Yuri, I 
should listen more often to your stock trading advice, and I’m looking forward to 
attending your thesis defense when the time comes! 
 

Beste Math, Inge, Marjolein, Elisa, Bjorn, dankjulliewel voor alle fijne en 
liefdevolle familiemomenten. Het was (en is) hartstikke leuk om tijd met jullie door 
te brengen. We woonden misschien een eindje reizen van elkaar vandaan, maar toch 
heb ik het tripje naar Maastricht altijd met plezier gemaakt. Ik had het gevoel dat ik 
altijd welkom was bij jullie thuis, en daar ben ik erg dankbaar voor. Dankjewel dat 
je bij hebt gedragen aan mijn ontwikkeling en voor al jullie steun. 
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Geachte lezer, u krijgt nogmaals mijn 
oprechte dank voor ’t lezen van 
(delen van) mijn thesis. De gedachte 
dat iemand geïnteresseerd was in iets 
dat ik geschreven heb is ontzettend 
waardevol voor mij. Ik kijk uit naar 
wat er zal volgen, en ik kan alleen 
maar hopen dat ik in de toekomst net 
zo’n geweldige collega’s en vrienden 
zal treffen. 
 
Hartelijk bedankt, Thank you, 
Onne Ronda 

Dear reader, I’d like to thank you 
once more for reading (parts of my) 
thesis. The thought that someone was 
interested in something that I wrote is 
very valuable to me. I look forward to 
what’s next, and I can only hope that 
I will meet equally awesome 
colleagues and friends in the future. 
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Biografie 
Onne Antonius Hendrikus Odilia Ronda werd geboren op 3 januari 1991 te 
Maastricht, waar hij zijn HAVO diploma behaalde op het Bonnefanten college. In 
2008 startte hij met een studie chemie en na het succesvol behalen van een 
propedeusediploma startte hij in 2009 met de studie biomedische wetenschappen aan 
de universiteit van Maastricht. Hij behaalde zijn bachelorsdiploma cum laude in 
2012, en zijn masterdiploma in 2014. Tijdens zijn bachelor deed hij een 
onderzoeksstage van 2 maanden bij de afdeling Anatomie & Embryologie 
(Universiteit van Maastricht, Prof. W.H. Lamers). Voor zijn eerste master 
onderzoeksstage deed hij 7 maanden onderzoek naar de link tussen het 
proteasoomsysteem en autofagie bij de afdeling Pulmonologie (Uni. van Maastricht, 
Dr. R.C.J. Langen). Voor zijn tweede master onderzoeksstage deed hij 10 maanden 
onderzoek naar de identificatie van een posttranslationele modificatie van het eiwit 
MAP1LC3B.  
 
Begin 2015 startte hij zijn PhD onder supervisie van Prof. Henkjan Verkade en Prof. 
Bert Groen (wiens rol later overgenomen werd door Prof. Folkert Kuipers) bij de 
afdeling Kindergeneeskunde, Universitair Medisch Centrum Groningen. In zijn 
project deed hij onderzoek naar hoe de structuur van vetdeeltjes van een vroege 
voeding de metabole gezondheid later in het leven kan verbeteren. Daarnaast 
onderzocht hij waarom de absorptie van vitamine K zo verschillend is tussen 
borstgevoede en flesgevoede baby’s, en waarom preklinische studies met het 
veelvuldig gebruikte “Black 6” muizenstam onder bepaalde omstandigheden hoge 
variabiliteit laten zien.  
 
Onne nam deel aan internationale samenwerkingsverbanden met Prof. M. Trauner 
(Medische Universiteit van Wenen, Oostenrijk), en Dr. A.C. Bulmer (Griffith 
University, Australië). Tijdens zijn PhD presenterende hij delen van zijn werk op 
internationale congressen waaronder ‘The Power of Programming’ (München, 
Duitsland, 2016), ESPGHAN (Genève, Zwitserland, 2018), Experimental Biology 
(San Diego, VS, 2018), en ESPGHAN (Glasgow, Schotland, 2019). Hij ontving de 
ESPGHAN ‘Young Investigator Award’ in 2018 en 2019 van de Europese 
vereniging voor kindergastro-enterologie, hepatologie en voeding.  
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