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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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