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The Eﬀect of Partly Replacing Vegetable Fat with Bovine Milk
Fat in Infant Formula on Postprandial Lipid and Energy
Metabolism: A Proof-of-principle Study in Healthy Young
Male Adults
Jeske H.J. Hageman, Balázs Erdõs, Jaap Keijer, Michiel Adriaens, Britt de Wit,
Barbora Stañková, Eva Tvrzická, Ilja C.W. Arts, and Arie G. Nieuwenhuizen*
IF are designed to mimic the fatty acid
(FA) composition of human milk, usually
containing a mixture of vegetable fats,
e.g., palm oil, (high-oleic) sunﬂower oil,
and coconut oil.[2] Animal sources, such
as bovine milk fat, are also used.[3] Bovine
milk fat is added because of its triacylglycerol (TAG) structure, since TAGs of
bovine milk fat contain more long-chain
saturated FAs (LCSFA) on the sn-2 position compared to vegetable fat.[2] This results in less fatty acid soap formation in
the lumen, and thereby less fecal fat and
calcium excretion.[4] Besides a diﬀerent
positioning of FAs on the glycerol backbone, vegetable fat and bovine milk fat
also diﬀer in FA composition.[2] When
using bovine milk fat, a wider variety of
FAs is introduced into IF, compared to
the use of vegetable fats only. The level
of saturated FA (SFA), including shortand medium-chain FA (SCFA, MCFA),
increases, and the level of monounsaturated FA (MUFA) slightly decreases.[2]
The type of FA is known to affect energy metabolism, for example,
consumption of medium-chain triglycerides has been shown
to increase energy expenditure and fat oxidation in adults,
when compared to long-chain triglycerides.[5–7] Furthermore, FA

Scope: Infant formula (IF) uses besides vegetable fats also bovine milk fat,
which diﬀers in triacylglycerol (TAG) structure. Furthermore, it diﬀers in fatty
acid (FA) composition. Whether changing fat source in IF aﬀects postprandial
energy metabolism, lipemic response, and blood lipid proﬁle is unknown.
Methods and Results: A proof-of-principle study, with a randomized controlled
double-blind cross-over design, is conducted. Twenty healthy male adults
consumed drinks with either 100% vegetable fat (VEG) or 67% bovine milk fat
and 33% vegetable fat (BOV), on 2 separate days. For a detailed insight in the
postprandial responses, indirect calorimetry is performed continuously, and
venous blood samples are taken every 30 min, until 5 h postprandially. No
diﬀerences in postprandial energy metabolism, serum lipids, lipoprotein, or
chylomicron concentrations are observed between drinks. After consumption of
VEG-drink, C18:2n-6 in serum increased. Observed diﬀerences in chylomicron
FA proﬁle reﬂect diﬀerences in initial FA proﬁle of test drinks. Serum
ketone bodies concentrations increase following consumption of BOV-drink.
Conclusions: The use of bovine milk fat in IF does neither aﬀect postprandial
energy metabolism nor lipemic response in healthy adults, but alters
postprandial FA proﬁles and ketone metabolism. Whether the exact same
eﬀects occur in infants requires experimental veriﬁcation.

1. Introduction
Fat is an important component of infant formula (IF), delivering
about 50% of required energy to an infant.[1] Fat blends for
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type aﬀects the postprandial rise in circulating TAG-containing
lipoproteins; the lipemic response.[8–10] Postprandial lipemic
responses have gained strong interest, since a prolonged or
elevated postprandial lipemic response, hypertriglyceridemia, is
associated with increased metabolic disease risk, including risk
for cardiovascular diseases.[11,12] This lipemic response is largely
caused by chylomicron production[8] , which is inﬂuenced by
endogenous (e.g., genetic variation), as well as exogenous factors, such as food components.[13] Despite conﬂicting ﬁndings,
lipemic response is believed to be highest for SFA, followed by
MUFA, n-6 poly-unsaturated fatty acids (PUFA), and lowest for
n-3 PUFA.[8,14]
Besides FA composition, the structure of fat might also aﬀect
the postprandial response. A clinical trial showed that positioning of LCSFA at the sn-2 position, instead of the sn-1 and sn-3
positions of a TAG, resulted in higher levels of apolipoproteinB in infants, indicating higher concentrations of chylomicrons
and lipoproteins.[10] Based on these results, it may be hypothesized that partial replacement of vegetable fat in infant formulas
by bovine milk fat may increase postprandial energy metabolism
and the lipemic response. Whether this is indeed the case is, however, unknown.
To reach the minimum preferred level of linoleic acid (C18:2n6), a maximum of 67% of bovine milk can be introduced in
IF, which has to be mixed with vegetable fats. Therefore, in
this study, we examined whether an IF containing 67% bovine
milk fat and 33% vegetable fats diﬀers in postprandial lipemic
response compared to an IF containing 100% vegetable fats.
Since invasive blood sampling, which is precluded in infants, is
needed to study the lipemic response, we conducted a proof-ofprinciple study with healthy male adults. Comprehensive analyses of serum samples and chylomicron-rich fraction (CMRF) of
plasma samples were performed to obtain a unique, detailed view
of the postprandial lipemic response in time.

consumption (>21 glasses per week), and blood donation during
the 2 months before the study.
2.3. Study Design
The MELC study was a double-blind, randomized, cross-over
trial, in which two test drinks were compared on separate test
days with a wash-out period of at least 1 week. Subjects were restricted from exercise, use of alcohol, and recreational drugs on
the day prior to a test day. A standardized dinner was consumed
(2443 kJ, 15 g fat, 64 g carbohydrates, 43 g protein), followed by
an overnight fast of 12 h. After transportation by car to the research unit, an indwelling venous catheter was placed, and participants lied down on a bed for at least 30 min prior to the start
of the measurements to ensure a rested state. Thereafter, indirect
calorimetry was performed using a ventilated hood system, for
determinations of resting metabolic rate. After blood sampling to
determine baseline concentrations of outcome parameters, subjects consumed one of the two test drinks (time point: 0 min).
The order of the test drinks was randomized by a random sequence generator. After consumption, participants were placed
under the ventilated hood again and exhaled air measurements
continued for 5 h. Every 30 min blood samples were taken. At
150 min after test drink consumption, subjects received a glass
of water and were allowed a toilet break. During the 5 hours, participants were allowed to watch television, and were instructed to
lie down as still as possible.

2.4. Test Drinks

This intervention study, with acronym MELC, was performed
at the Human Research Unit of Wageningen University, approved by the Medical Ethics Committee of Wageningen University, and conducted according to the declaration of Helsinki.
The trial has been registered at the Netherlands Trial Register
(NL6896). Written and oral information was provided to the volunteers. All subjects gave an informed written consent before
enrolment.

IF basepowders (FrieslandCampina, the Netherlands) were used
to produce the test drinks. The test drinks were iso-energetic and
equal in nutrient composition, with about 50 en% from fat, 42
en% from carbohydrates, and 8 en% from protein (Table S2, Supporting Information). The fat source diﬀered between the test
drinks; one contained a fat blend of vegetable fats only (VEG), the
other one contained a fat blend of 67% anhydrous bovine milk
fat and 33% vegetable fats (BOV). The FA proﬁle was determined
by conversion of FAs into methyl esters followed by capillary
gas chromatography (NEN-ISO 15884 and 15885) (Table 1). To
correct for individual diﬀerences in energy expenditure of the
participants, the total amount of test drink to be consumed was
similar to 30% of the estimated total energy expenditure of the
participants, calculated using the Harris-Benedict equation[15]
and a physical activity level of 1.75.

2.2. Subjects

2.5. Indirect Calorimetry

Twenty healthy Caucasian males, mean age of 21.4 years, with
a healthy body weight (75.9 ± 8.3 kg) and BMI (22.5 ± 1.6 kg
m-2 ) were included in the study. Baseline subject characteristics are presented in Table S1 (Supporting Information). The
exclusion criteria were claustrophobia, (symptoms of) lactose
intolerance or cow’s milk allergy, known metabolic diseases,
autoimmune diseases, gastrointestinal diseases, cardiovascular
diseases, smoking, vegetarians, >5 h of strenuous exercise [>6.0
metabolic equivalents of task (METs)] per week, excessive alcohol

Concentrations of O2 and CO2 were determined in exhaled
air by indirect calorimetry (MAX-II Metabolic System, AEI
technologies Inc, USA). Every 30 s, a measurement was performed. Energy expenditure was calculated using the equations
of Weir.[16] Measurements were performed at 22.8 ± 0.7 °C.
Resting metabolic rate was determined in fasted state, after
30 min of rest, for 10 min. The average of the last 5 min of this
measurement was used to calculate resting energy expenditure.
Diet-induced thermogenesis (DIT) was calculated by subtracting

2. Experimental Section
2.1. Study Ethics
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Table 1. Fatty acid composition of the two test drinks (in % of total FAMEs).
VEG- test drink

BOV-test drink

C4:0

<0.1

2.6

C6:0

<0.1

1.6

C8:0

0.6

1.2

C10:0

0.5

2.1

C11:0

<0.1

0.3

C12:0

7.0

4.3

C14:0

3.0

8.2

C14:1n-5

<0.1

0.7

C15:0

<0.1

0.7

C16:0

24.7

22.8

C16:1n-7

0.2

1.1

C18:0

3.1

7.1

C18:1 trans

<0.1

1.1

C18:1n-9

42.3

25.9

C18:1n-7

1.6

1.1

C18:2 n-6

12.9

12.0

C18:3 n-3

1.8

1.4

C18:3n-6

0.1

<0.1

C20:0

0.3

0.2

C20:1n-9

0.5

0.2

Total SFA

39.6

51.1

Total MUFA

44.8

30.1

Total PUFA

14.8

13.5

resting energy expenditure from the energy expenditure that was
measured after consumption of the drinks. Averages of DIT were
calculated per 30 min, and expressed in kcal min-1 . Non-protein
fat and glucose oxidation rates were calculated according to
Péronnet & Massicotte[17] , and averaged per 30 min.
At time points -2, 60, 120, 180, 240, and 300 min exhaled air
was sampled into Tedlar sample bags, via a sampling device coupled to the MAX-II Metabolic system. Concentrations of m/z 59
(acetone) were determined via PTR-MS (Ionicon Analytik, Austria).
2.6. Blood Analysis
Blood was sampled into sterile vacutainers, containing coagulation activators (serum), or EDTA (plasma). After inverting the
tubes ten times, plasma samples were centrifuged immediately
(1200 x g, 10 min, 4°C), serum samples were left at room temperature for 60 minutes to clot and centrifuged (1200 x g, 10 min,
RT). Aliquots of serum were stored at -80°C until further analysis. Concentrations and compositions of diﬀerent lipoprotein
subclasses, apolipoproteins, and ketone bodies were analyzed in
serum samples of all time points by a metabolomics platform using nuclear magnetic resonance (NMR) spectroscopy.[18]
2.7. Isolation and Analysis of Chylomicron-Rich Fraction of
Plasma
Plasma was used for the isolation of the CMRF. Four milliliter
of plasma was carefully overlaid with 8 mL of demineralized wa-
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ter and centrifuged for 180 min at 22 500 rpm, at 21°C (Beckmann Avanti J-25, rotor JA 25.50). The upper layer, the CMRF,
was separated, snap frozen and stored at -80°C until analysis.
Analysis of TAG and FAs in the CMRF were performed as
described[19] . Brieﬂy, total lipid was extracted from 0.1 mL of
CMRF by the method of Folch et al.[20] using dichloromethane instead of chloroform.[21] Nonadecanoic acid ethyl ester (NuCheck
Prep, USA) was added as internal standard to each sample before extraction. Samples were transmethylated to FA methyl esters (FAME). Chromatographic analyses were performed with
a Trace-GC gas chromatograph combined with AS 2000 autosampler (Thermo-Finnigan, USA), equipped with a capillary
split/splitless injector and a ﬂame ionization detector. Analyses of FAME were performed on a fused-silica capillary column
coated with chemically bound stationary phase DB-23 (60 m,
0.25 mm I.D., ﬁlm thickness 0.25 um) (Agilent Technologies,
USA). The oven temperature was programmed: 100°C isothermal for 2 min, then to 180°C at 10°C min-1 , isothermal for 25
min, then to 250°C at 8°C min-1 , where it was maintained for 15
min. The injector and detector temperatures were set at 250°C
and 270°C, respectively. Hydrogen carrier gas was maintained at
a head pressure of 80 kPa and total ﬂow of 30.6 mL min-1 , with
a split ﬂow 20 mL min-1 and splitless time 0.25 min. Integration
software Clarity version 2.4.1.57 (Data Apex Ltd. Prague, Czech
Rep.) was used for data acquisition and handling. TAG concentrations were determined with an analyzer UNICEL DxC 880i (Beckman Coulter, USA), using reaction set for TAGs (Cat. Nr. 445850,
Beckman Coulter, USA).
To measure the CMRF particle size, samples were thawed in
a water bath at 40°C, and diluted 1:1 with 0.01M PBS. Particle
size distribution was determined by dynamic light scattering at
40°C with a Zetasizer Nano ZS (Malvern Pananalytics, United
Kingdom), refractive index of 1.33.

2.8. Statistical Analyses
One participant was excluded from analyses due to noncompliance of dietary restrictions. CMRF samples of one participant were lost during isolation. Means of DIT, fat, and glucose
oxidation were calculated per 30 min.
For NMR metabolite analysis, measurement values under the
detection limit were removed and baseline values (metabolite
concentration at t = 0) were subtracted from values at every time
point. A linear mixed-eﬀects modelling (LMM) framework was
used to estimate trajectories of the metabolite concentrations
as a function of time after ingestion of the test drinks. These
mixed-eﬀects models accounted for repeated measurements on
the same individuals. Linear, quadratic, and cubic time terms
were included in the models where appropriate, to allow for
the nonlinearity observed over time in the metabolite levels.
The appropriate degree of the time terms was selected for every
metabolite based on the best ﬁtting model as given by the Akaike
Information Criterion. Models screened for the appropriate
degree of time terms can be seen in Table S3 (Supporting Information). Once the degree of the time terms was established,
the interaction term between the type of test drink and the previously identiﬁed time terms were included to examine diﬀerences
in metabolite trajectories by test drink (Table S4, Supporting
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Information) with the VEG-test drink used as the reference. The
estimate of interest is the joint eﬀect of the interaction between
type of test drink with the time terms in the model, indicating
whether the proﬁle (shape) of the time courses diﬀer by test
drink or not. The signiﬁcance of this eﬀect was tested via an
F-test on the full polynomial structure (e.g., in case of a quadratic
model the interaction of treatment with time and with time2 ).
We performed Benjamini-Hochberg multiple testing correction
to control the false discovery rate (FDR). The metabolite models
are summarized in Table S4 (Supporting Information) with the
joint F-test and corresponding signiﬁcance on the estimates of
interest in column poly(time)*TD. Signiﬁcance threshold was
set to be 0.05, FDR corrected P-values are reported in the results.
In all mixed-eﬀects models, the covariance matrix of the residuals was modelled by an unstructured matrix and model parameters were estimated using restricted maximum likelihood estimation. All mixed-eﬀects models were implemented in the NLME
(non-linear mixed-eﬀects) package[22] in R (version 3.3.3, The
R foundation for Statistical Computing, http://www.r-project.
org/)[23] . The same analyses were applied to the indirect calorimetry data and the measurements in CRMF regarding chylomicron
concentration, size, and biochemical composition.
As a clear peak was observed for the ketone bodies, an additional peak analysis was performed for these metabolites. The
highest peak, corrected for baseline values, was compared between the test drinks with the non-parametric Wilcoxon rank
test, using GraphPad Prism (version 5.04, GraphPad Software
Inc, USA). Diﬀerences were considered to be signiﬁcant when
P-values were below 0.05.

3. Results
3.1. Postprandial Energy Metabolism
Energy expenditure increased after consumption of the test
drinks, as depicted in Figure 1A. No signiﬁcant diﬀerence was
found between the shape of the DIT trajectories by treatment
via the LMM (p = 0.80). No diﬀerences in the estimates of interest were found for non-protein fat oxidation and glucose oxidation between the test drinks (p = 0.91 and p = 0.91, respectively, Figure 1B-C). During the ﬁrst 30 min, an increase in fat
oxidation and concomitant decrease in glucose oxidation could
be observed. Thereafter, fat oxidation decreased and stabilized
from about 150 min postprandially onwards. Glucose oxidation
increased from 30 to 90 min, and then gradually returned towards
baseline.
3.2. Serum Lipids
After consumption of the test drinks, an increase in serum concentrations of total TAG and FA was observed (Figure 2A, 2B). No
signiﬁcant diﬀerences in time-course proﬁles between the test
drinks were found using the LMM (p = 0.28 and p = 0.22, respectively). The serum FA proﬁle did diﬀer between test drinks,
as signiﬁcant treatment-time interactions were observed for estimated degree of unsaturation (p = 0.01), total omega-6 fatty acids
(p = 0.0002), total PUFA (p = 0.0012), total C18:2n-6 (linoleic acid)
(p = 0.000, Figure 2C), and the ratios of C18:2n-6 (p = 0.01) and
saturated fatty acids (p = 0.000, Figure 2D) per total fatty acids
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Figure 1. Diet-induced thermogenesis (DIT) and substrate oxidation after
consumption of test drink containing either 100% vegetable fat (VEG-test
drink) or a mixture of 67% bovine milk fat with 33% vegetable fat (BOV-test
drink) (mean ± SEM, n = 19). The black circles (●) represent the VEG-test
drink, the open squares (□) represent the BOV-test drink. The LMM did
not reveal signiﬁcant diﬀerences between the test drinks with respect to
the time courses of A) DIT, B) Fat oxidation rate, and C) Glucose oxidation
rate (respectively p = 0.80, p = 0.91, and p = 0.91).

in serum by using the LMM (all outcomes of the LMM can be
found in Table S4, Supporting Information). Esteriﬁed cholesterol slightly increased after consumption of the drinks, with a
maximum at 60 min postprandially, after which levels gradually
returned to baseline (Figure 2E). Free cholesterol appeared to decrease from 60 min postprandial onwards (Figure 2F). No signiﬁcant diﬀerences in the estimates of interest between the test
drinks were found using the LMM (p = 0.88 and p = 0.83 for
esteriﬁed and free cholesterol, respectively).

3.3. Chylomicrons
After consumption of the test drinks, an increase in chylomicron concentration and size was found, as well as an increase

© 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.mnf-journal.com

Figure 2. Serum concentrations of total triacylglycerol (TAG) (A), total fatty acids (B), esteriﬁed cholesterol (C), free cholesterol (D), ratio of saturated
fatty acids to total fatty acids (E), and C18:2n-6 (F). The black circles (●) represent the VEG-test drink, the open squares (□) represent the BOV-test
drink. No signiﬁcant diﬀerences in time-courses between the test drinks were found using the LMM, for total TAG (p = 0.28), total fatty acids (p = 0.22),
esteriﬁed cholesterol (p = 0.88), and free cholesterol (p = 0.83). A signiﬁcant treatment-time interaction was found for the ratio of saturated fatty acids
to total fatty acids (p = 0.000) and C18:2n-6 (p = 0.000).

in TAG and FA concentrations in the CMRF, and an increase in
total cholesterol and phospholipids in chylomicrons (Figure 3).
The LMM did not reveal signiﬁcant diﬀerences in the shape of
time courses between the test drinks for chylomicron concentration (p = 0.32), particle size of chylomicron (p = 0.72), TAG
in CMRF (p = 0.32), FA in CRMF (p = 0.23), cholesterol in the
chylomicrons (p = 0.33), or phospholipids in the chylomicrons
(p = 0.32).
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3.4. Fatty Acid Proﬁle of Chylomicrons
Figure 4 displays the FA proﬁle of the CMRF with time. A significant treatment-time interaction was found for C14:0, C14:1n-5,
C18:0, and C18:1n-9 with the LMM (p = 0.001, p = 0.000, p =
0.01, and p = 0.04, respectively). To get an impression whether
the FA proﬁle of the test drinks was reﬂected in the CRMF,
both the FA proﬁle of the CMRF at 180 min after consumption
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Figure 3. Chylomicron concentration (A), size (B), and content (C-F) after consumption of a milk drink containing either 100% vegetable fat (VEG-test
drink) or a mixture of 67% bovine milk fat with 33% vegetable fat (BOV-test drink) (mean ± SEM, n = 19 for A, E, and F, n = 18 for B, C, and D). The
black circles (●) represent the VEG-test drink, the open squares (□) represent the BOV-test drink. No signiﬁcant diﬀerences in time-courses between
the test drinks were found using the LMM (p > 0.05).

of the test drinks and the FA proﬁle of the two test drinks, in
percentages, is shown in Figure 5. Statistical analysis was not
possible for this comparison (n = 1 for the test drinks), but
the CMRF samples seemed to be relatively lower in C12:0 and
C14:0 content compared to the levels of these fatty acids in the
test drinks themselves. Furthermore, there seemed to be a relative enrichment of longer chain FA in CMRF, compared to
the FA proﬁle of the test drinks. For the BOV-test drink, this
was especially C18:1n-9. C18:2n-6, C20:3n-6, C20:4n-6, C22:5n3, and C22:6n-3 were relatively enriched in the CMRF for both
drinks.
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3.5. Lipoproteins
Figure 6 shows the serum concentrations and particle sizes of
the three main classes of lipoproteins, i.e., VLDL, LDL, and
HDL. The LMM did not reveal signiﬁcant diﬀerences between
the test drinks in time-course proﬁles of concentrations of
lipoprotein classes, nor their particle sizes or content (for the
speciﬁc subclasses see Table S4, Supporting Information) (Figure 6A-F). The only exception was the level of TAGs in small LDL
particles (p = 0.03, Figure 6G), which seem to return to baseline
concentrations faster for VEG- compared to BOV-test drink. The
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Figure 4. Fatty acid proﬁle in chylomicron-rich fraction (CMRF) of plasma after consumption of a milk drink containing either 100% vegetable fat (VEGtest drink) or a mixture of 67% bovine milk fat with 33% vegetable fat (BOV-test drink) (mean ± SEM, n = 18). A) C12:0, B) C14:0, C) C14:1n-5, D) C16:0,
E) C16:1n-9, F) C16:1n-7, G) C18:0, H) C18:1trans, I) C18:1n-9, J) C18:1n-7, K) C18:2n-6, L) C18:3n-6, M) C18:3n-3, N) C20:0, O) C20:1n-9, P) C20:2n-6,
Q) C20:3n-6, R) C20:4n-6, S) C20:5n-3, T) C22:4n-6), U) C22:5n-6, V) C22:5n-3, W) C22:6n-3. The black circles (●) represent the VEG-test drink, the
open squares (□) represent the BOV-test drink. A signiﬁcant treatment-time interaction was found in the case of C14:0, C14:1n-5, C18:0, and C18:1n-9
(p = 0.001, p = 0.000, p = 0.01, and p = 0.04 respectively).
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Figure 5. Fatty acid proﬁle in chylomicron-rich fraction (CMRF) of plasma 180 min after consumption of a milk drink containing either 100% vegetable
fat (VEG-test drink) or a mixture of 67% bovine milk fat with 33% vegetable fat (BOV-test drink) (mean ± SEM, n = 18), and the normalized initial fatty
acid proﬁle of the VEG- and BOV-test drinks (sum of C12:0-C22:6n-3: 100%). The black (▪) and open (□) bars represent the percentages in CMRF 150
min after consumption of the VEG- and BOV-test drink, respectively.

concentration proﬁles of small LDL particles was not diﬀerent
between test drinks (p = 0.66, Figure 6H).
3.6. Apolipoproteins
Serum concentration proﬁles of apolipoproteins B and A-I were
not signiﬁcantly diﬀerent between test drinks using the LMM (p
= 0.85 and p = 0.66, respectively, Figure 7).
3.7. Ketone Bodies
After consumption of the BOV-test drink, a transient increase in
the serum concentration of acetoacetate and 3-hydroxybutyrate
was found, while after consumption of the VEG-test drink
the concentrations of the compounds continuously decreased
(Figure 8). The acetone response, measured in breath, did not
diﬀer between the BOV- and VEG-test drink. The LMM did not
show signiﬁcant diﬀerences in time-course proﬁles of the ketone
bodies: acetoacetate (p = 0.15), 3-hydroxybutyrate (p = 0.72), and
acetone (p = 0.33). The peaks of the ketone bodies corrected for
baseline (t = 30 for acetoacetate and 3-hydroxybutyrate, t = 60 for
acetone) were compared. The concentration of acetoacetate and
3-hydroxybutyrate at 30 min after consumption of the BOV-test
drink signiﬁcantly increased compared to the VEG-test drink
(p = 0.006 and p = 0.004, respectively). The concentrations of
acetone at 60 min after consumption did not show signiﬁcant
diﬀerences between test drinks (p = 0.28).

4. Discussion
Bovine milk fat has a diﬀerent FA proﬁle and TAG structure compared to vegetable fat. This study indicated that this did not aﬀect
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the postprandial energy metabolism and lipemic response to consumption of an IF containing 67% bovine milk fat in the fat blend
(BOV), compared to IF containing vegetable fats only (VEG). No
diﬀerences between the test drinks were observed in the shape of
DIT and substrate oxidation over time. The IF fat source did not
aﬀect chylomicron concentration, particle size, or its total lipid
content. The total TAG concentration in serum was not aﬀected
by the test drink consumed. The postprandial FA proﬁle in CMRF
reﬂected the diﬀerence in FA proﬁle of the respective IFs. The
concentration of ketone bodies was increased directly after consumption of the BOV-test drink, but not after consumption of the
VEG-test drink.
Even though DIT seemed slightly higher over most of the time
course after consumption of the BOV-test drink, the DIT timecourse proﬁles of the test drinks were not signiﬁcantly diﬀerent.
Previous studies that showed an increased DIT after consumption of MCT versus LCT involved considerably higher levels of
MCFA (at least 12%) compared to this study.[5,6] The similar DIT
of the two test drinks, despite a higher SCFA and MCFA content
for the BOV-test drink, may thus be explained by the relatively
small diﬀerence in SCFA and MCFA between the two test drinks,
which was just 6%, which is the maximum diﬀerence that can be
reached by a realistic addition of bovine milk fat to IF. Directly
(i.e., within 30 min) after consumption of the two drinks fat oxidation increased with a concomitant slight decrease in glucose oxidation. After 30 min postprandially, FA oxidation decreased again
and carbohydrates became more predominant. This increase in
fat oxidation directly after consumption of a meal is also found in
previous trials,[24–26] but in these studies the meals contained 65–
95en% from fat, while in the current study this was only 50en%
with 42 en% from carbohydrates. This rapid initial increase in
fat oxidation might be caused by the oral perception of fat. Sham
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Figure 6. Concentrations and particle diameters of lipoprotein particles. A) Concentration and B) particle diameter of very large density lipoprotein
(VLDL) particles, C) concentration, and D) particle diameter of large density lipoprotein (LDL) particles, E) concentration, and F) particle diameter of
high-density lipoprotein (HDL) particles, G) concentration of small LDL particles, and H) concentration of triglycerides in small LDL particles (mean
± SEM, n = 19). The black circles (●) represent the VEG-test drink, the open squares (□) represent the BOV-test drink. No signiﬁcant diﬀerences
in time-courses of lipoprotein concentrations or particle sizes between the test drinks were found using the LMM, * represents sub-classes of which
p-values can be found in Table S4 (Supporting Information). The concentration of triglycerides in small LDL particles was signiﬁcant diﬀerent between
test drinks (p = 0.03).

Mol. Nutr. Food Res. 2021, 65, 2000848

2000848 (9 of 13)

© 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.mnf-journal.com

Figure 7. Concentrations of apolipoprotein B (A) and A-I (B) after consumption of two diﬀerent test drinks. The black circles (●) represent the
VEG-test drink, the open squares (□) represent the BOV-test drink. The
LMM did not reveal signiﬁcant diﬀerences between the test drinks with
respect to the time courses of the concentrations of apolipoprotein-B and
apolipoprotein A-I (p = 0.85 and p = 0.66, respectively).

feeding of fat has been found to increase metabolite levels, which
can be used for oxidation and energy expenditure up to 1 h after
the sham feeding.[27–29] Another explanation might be the oxidation of FAs by intestinal enterocytes directly after uptake.[30,31]
Interestingly, the increase in fat oxidation was not seen in mice
that were fed labelled fatty acids,[32] rather than providing lipids
as TG as is done in this study. So possibly, the initial increase in
FA oxidation compared to glucose oxidation may be associated
with intestinal handling of TG, but this remains to be tested.
After consumption of the high-fat test drinks, an increase in
VLDL concentration was observed over time, while LDL and HDL
concentrations were not much aﬀected, which is in line with
other trials studying other dietary lipid challenges in healthy male
subjects.[33,34] We did not observe any diﬀerences in the shape
of lipoprotein concentrations between the test drinks, similar to
published ﬁndings where no diﬀerences in lipoprotein concentrations were seen after short-term consumption of butter, coconut oil, olive oil, and canola oil[35] , or long-term consumption of
diets diﬀering in oleic acid[36] or medium-chain FAs[37] . While we
did not see a diﬀerence in small LDL size or concentration, we did
observe a diﬀerence in small LDL-TAGs. Small-dense LDL particles originate from larger VLDL and large LDL particles following
lipid transfer to tissues or are directly produced by the liver.[38]
Small-dense LDL particles, and speciﬁcally their cholesterol content, have been associated with hyperglyceridemia, obesity, and
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Figure 8. Concentrations of ketone bodies in serum (acetoacetate (A) and
3-hydroxybutyrate (B)) and exhaled air (acetone (C)) after consumption
of a milk drink containing either 100% vegetable fat (VEG-test drink) or
a mixture of 67% bovine milk fat with 33% vegetable fat (BOV-test drink)
(mean ± SEM, n = 19). The black circles (●) represent the VEG-test drink,
the open squares (□) represent the BOV-test drink. No signiﬁcant diﬀerences in time-course of A) acetoacetate (p = 0.15), B) 3-hydroxybutyrate
(p = 0.72), and C) acetone (p = 0.33) between the test drinks were observed using the LMM. The peak concentrations of acetoacetate and 3hydroxybutyrate (30 min postprandial) were signiﬁcantly higher after the
BOV-test drink compared to VEG-test drink (p = 0.006 and p = 0.004, respectively), the peak concentrations of acetone (60 min postprandial) was
not diﬀerent between test drinks (p = 0.28).

type 2 diabetes.[39] In the present study, not only particle size and
amount, but also cholesterol content and total lipids of the smalldense LDL were not diﬀerent. Only a diﬀerence between drinks
in the TAG level decline of the small dense LDL particles was
observed. The eﬀect of lower TAG concentrations in small LDL
particles on metabolic health is unknown.
The percentage of SFA was 51% and 41% for BOV-and VEGtest drink, respectively. The consumption of SFA is thought to
result in a higher postprandial lipemic response compared to
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intake of MUFA.[8] However, despite the higher concentration of
SFA in the BOV-drink, no acute eﬀects on TAG concentrations
were observed. This is in line with earlier ﬁndings in young
adults, who showed similar postprandial TAG responses to four
single high-fat meals diﬀering in SFA and MUFA content.[35] In
bovine milk fat, part of the SFA are SCFA and MCFA. Those FAs
can be easily absorbed and be transported directly to the liver,
without incorporation into chylomicrons.[40] Therefore, not all
FAs of the BOV-test drink would end up in chylomicrons. A study
on the eﬀects of chain length of SFA on postprandial lipemia
showed that MCFA induced a lower postprandial TAG concentration than LCSFA.[41] Hence, the relatively higher levels of SCFA
and MCA may have contributed to the absence of an increase
of TAG in CMRF after consumption of the BOV-test drink compared to the VEG-test drink, despite the higher total SFA content.
The diﬀerences between the test drinks also did not aﬀect the
particle size of the chylomicrons or levels of total FA, cholesterol,
and phospholipid concentrations in the chylomicrons.
The FA proﬁle of the test drinks and that of the CMRF, 180
min after consumption of the test drinks, were highly similar,
which is in line with the general belief that dietary fat is directly
used for the production of chylomicrons. Nevertheless, some differences were also evident. Immediately after consumption, the
relative C12:0 and C14:0 content in CMRF seemed lower than in
the test drinks. This may related to higher water solubility of FAs
<C14,[42] facilitating direct uptake into the portal vein.[43] This
study thus indicates that C14:0, like C12:0, may partly be directly
absorbed without inclusion in chylomicrons. The relative lower
levels of C12:0 and C14:0 in CMRF potentially explains the relative enrichment of longer chain FA in CMRF, compared to the
FA proﬁle of the test drinks. Nevertheless, it seems that especially C18:1n-9 for the BOV-test drink, and C18:2n-6, C20:3n6, C20:4n-6, C22:5n-3, and C22:6n-3 for both drinks were enriched in the CMRF. Possibly, this could be due to metabolism
and desaturation of the FAs in the enterocyte.[44] After a period
of fasting the activity of Δ-desaturases was found to be increased
(in rats).[45] Synthesis of C18:1n-9 from C18:0 by Δ9-desaturase
might explain the enrichment of this FA and also the absence of
an enrichment of its precursor (C18:0) in the CMRF after consumption of the BOV-test drink. Still, it remains unclear why
this is only seen for the BOV-test drink. Our hypothesis is that it
may have occurred to maintain MUFA levels, which were present
in lower levels in the BOV-test drink compared to the VEG-test
drink, as Δ9-desaturase, in adipose tissue, is suggested to be involved in the regulation of MUFA content.[46] There might be a
diet-selective desaturase gene activation, as also suggested by Du
et al.[47] Activation of Δ5-desaturase in the enterocytes may clarify the enrichment of C20:3n-6 and C20:4n-6 in CMRF.[48] Furthermore, combined with activation of Δ6-desaturase this could
explain the enrichment of C22:5n-3 and C22:6n-3, which might
have been formed from C18:3n-3, which seems to be abundant
in higher percentages in the normalized FA proﬁle of the test
drink compared to the CMRF FA proﬁles. C18:2n-6 cannot be
synthesized from other FAs in humans. It is particularly abundant in the microsomal membranes of enterocytes and may thus
have been added to the chylomicrons from the enterocyte.[49] This
proposed adaptive physiological response seems relevant in view
of the important role of unsaturated FA in metabolic health and
warrants further investigation.
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No diﬀerences were observed between the test drinks in proﬁles of fat oxidation, total TAGs, or total FAs in serum. However,
the concentration of the circulating ketone bodies acetoacetate
and 3-hydroxybutyrate were increased directly after consumption
of the BOV-test drink, but not after the VEG-test drink. This may
be associated with higher levels of SCFA and MCFA in the BOVtest drink as these FAs become immediately available for betaoxidation due to the fast absorption and mitochondrial uptake
independent of the rate limiting carnitine palmitoyltransferase
shuttle system.[40] A similar increase in ketone bodies has been
found after consumption of medium-chain TAGs.[50–54] Ketogenesis was especially related to intake of octanoate (caprylic acid),[51]
which was present twice as much in the BOV-test drink compared to VEG-test drink. The increase in ketone body concentration might be beneﬁcial for infants. Lucas et al.[55] showed
that breast-fed infants have higher concentrations of ketone bodies compared to formula-fed infants. Ketone bodies are mostly
used as energy source for the heart, brain, and skeletal muscle.[56]
In infants, the capacity to oxidize ketone bodies in the brain is
higher than in adults.[53] This matches the development of lipogenesis and myelination of the central nervous system.[53] However,
whether using bovine milk fat in IF could possibly be supportive
of brain development, via formation of ketone bodies, needs further exploration.
In addition to the initial diﬀerences in circulating ketones,
there were some diﬀerences in the time-courses between the two
drinks for some individual circulating fatty acids, not aﬀecting
the total amounts of TAGs and FA. The ratio of saturated fatty
acids per fatty acids in serum was increased more after consumption of the BOV-test drink compared to the VEG-test drink. This
is probably explained by the higher content of SFA in the BOVtest drink, and the higher MUFA content in the VEG-test drink,
resulting in a higher absolute inﬂux of those fatty acids. This difference is reﬂected by the higher concentrations of C14:0 and
C18:0 in the CMRF after consumption of the BOV-test drink, and
the higher concentration of C18:1 in the CMRF after consumption of the VEG-test drink. Another diﬀerence in the serum FA
response was the higher concentrations of PUFA and omega-6
fatty acids after consumption of the VEG drink, which could be
explained by the higher concentration of C18:2n-6 in serum after consumption of the VEG drink. This is not readily explained,
since the levels of C18:2n-6 in the test drinks were almost equal,
and, as mentioned above, no diﬀerence was found in C18:2n-6
concentrations in the CMRF. As C18:2n-6 is one of the essential
fatty acids, and thus cannot be formed endogenously by humans,
the higher serum concentration after VEG drink may reﬂect an
increased release from stores in peripheral tissues, or, alternatively, result from a decreased post-prandial metabolism of that
particular FA. As this essential fatty acid is especially important
for the growth and development of infants,[57] and infants rely on
one source of nutrition, the postprandial regulation of C18:2n-6
could be a worthwhile topic of further investigation
In summary, in this study, we comprehensively examined the
acute eﬀects of two diﬀerent fat blends in IF on postprandial
energy metabolism and lipemia in healthy adults. We showed
that replacing 67% of vegetable fat with bovine milk fat in IF,
possibly beneﬁcial to increase fat absorption by prevention of
fatty acid soap formation but also increasing the level of SFA,
did not inﬂuence energy metabolism and did not negatively
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aﬀect the postprandial lipemic response. The addition of bovine
milk fat to IF aﬀected the postprandial FA proﬁle in serum
and chylomicrons, and thus the FAs that were presented to
peripheral tissues. The physiological consequences of these
diﬀerent serum concentrations on peripheral tissues are unknown and would be an interesting topic for future research.
Bovine milk fat addition also increased serum concentrations of
ketone bodies. Ketone bodies are an important energy substrate
for brain development,[58] and this observation may thus bear
physiological relevance. However, as this was a short-term study
in adults, giving an indication what can be expected in infants,
the true acute and longer-term eﬀect in infants cannot be directly
extrapolated from these ﬁndings and needs further studies.
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