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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.  



The impact of human milk cholesterol on the absorption of vitamin K1 

91 

5 

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 



The impact of human milk cholesterol on the absorption of vitamin K1 

95 

5 

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



Chapter 5 

98 

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.  
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