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Dietary short- and medium-chain fatty acids have been shown to elevate circulating ketone bodies and
confer metabolic health benefits. Cow milk fat contains these lipids in a balanced mix but in relatively low
concentrations. Enriching them could amplify health benefits of dairy products. Here, we used a volatility-
based workflow to produce milk fat with a 2-fold enrichment of medium- and short-chain fatty acids
(referred to as MSFAT). Our proof-of-concept studies in mice demonstrated that intake of MSFAT

Received 16th January 2024, increased circulating ketone bodies, reduced blood glucose levels, and suppressed food intake. In
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humans, ingestion of MSFAT resulted in increased circulating ketone bodies, trended to attenuate (p =
0.07) postprandial glucose excursion, and acutely elevated energy expenditure. Our findings show that
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1. Introduction

The ongoing obesity crisis, accompanied by its dire conse-
quences such as the widespread prevalence of metabolic, life-
style-related diseases, e.g. type 2 diabetes, could benefit from
innovative, cost-effective, and accessible solutions for promot-
ing metabolic health. This has spurred significant efforts to
develop “functional foods”—foods providing health benefits
beyond the basic nutritional value." These foods have the
potential to influence metabolic health through changes in
diet alone or in conjunction with pharmacological interven-
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milk products enriched with MSFAT may hold significant metabolic advantages.

tions. In this context, incorporation of special dietary fats such
as short-chain fatty acids (SCFAs) and medium-chain fatty
acids (MCFAs) into dairy products might help to induce weight
loss and improve glycemic control in overweight people with
insulin resistance and/or type 2 diabetes.>™®

SCFAs and MCFAs, defined as fatty acids with 2-6 and 8-12
carbon atoms in the acyl chain, respectively, have garnered sig-
nificant attention for their potential benefits in inducing
weight loss.>**° SCFAs, such as acetate, propionate, and buty-
rate, play a significant role in appetite regulation by influen-
cing the release of appetite-regulating hormones, such as glu-
cagon-like peptide-1 (GLP-1) and peptide YY (PYY), leading to
decreased food intake and increased feelings of satiety.”
Recently, it was shown that SCFA supplementation can effec-
tively combat obesity in adolescents.> On the other hand,
MCFAs, like capric and caprylic acids, are readily converted by
the liver to release energy and have been shown to boost ther-
mogenesis, leading to increased calorie burning.® Moreover,
intake of MCFAs has also been repeatedly shown to lower food
intake,” an effect that might involve the induction of anorectic
factors such as growth differentiation factor 15 (GDF15).”

Studies have also shown that SCFAs and MCFAs positively
affect insulin sensitivity and glucose regulation.>®'® Notably,
SCFAs, such as acetate, propionate, and butyrate, seem to
enhance insulin signaling and glucose uptake in peripheral
tissues,'' offering potential interventions for ameliorating
insulin resistance. Similarly, MCFAs, including capric and
caprylic acids, exhibit similar favorable effects on glucose
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metabolism, having been shown to improve glycemic control
in subjects with type 2 diabetes.”

Characterized by their shorter carbon chain length, SCFAs
and MCFAs have unique biochemical properties compared to
long-chain fatty acids (LCFAs), which are the most abundant
type of fatty acid (FA) in Western diet and the human body.
For example, while dietary LCFAs enter the circulation via lym-
phatic absorption,'> SCFAs and MCFAs are directly absorbed
into the portal vein, facilitating direct entry into the liver."?
This rapid delivery to and metabolism within the liver of
SCFAs and MCFAs is thought to cause an excess production of
acetyl-CoA that induces ketogenesis.'” In agreement, dietary
intake of SCFAs and MCFAs has been shown to rapidly
increase circulating ketone bodies."'®> This is significant
because ketone bodies, through receptor-dependent and inde-
pendent mechanisms, have garnered the attention of the
scientific community as potential therapeutics for cancer treat-
ment, neurological, heart, and liver diseases, as well as for
managing obesity-related and metabolic diseases."®

SCFAs are primarily produced through the fermentation of
dietary fibers by the gut microbiota."” MCFAs are abundant in
coconut oil and palm kernel oil,"® which are not commonly
consumed in the Western diet. Additionally, the typical
Western diet often contains less dietary fiber than rec-
ommended."”” This presents an opportunity. Enriching
Western diet food staples with these special dietary fats can
increase the intake of SCFAs and MCFAs and convey their
metabolic benefits to many. We sought to produce a cow milk
product enriched in SCFAs and MCFAs. Cow milk naturally
contains SCFAs and MCFAs in a balanced mix, but the concen-
trations of C4-12 FAs are relatively low, comprising 14-17%
(~15%) of the FAs in bovine milk,?® although there is consider-
able variability depending on season, feed and cow breed.*!?

To produce milk products with a high content of SCFAs
and MCFAs, we selected raw milk from Jersey cows, because
this breed produces milk naturally high in SCFA and MCFA
content,”* and employed a volatility-based enrichment process
for SCFAs and MCFAs, which we refined for large-scale pro-
duction. The result is a novel milk fat, safe for human con-
sumption, referred to as MSFAT, which contains a striking
100% increase in both SCFA and MCFA content. We conducted
tests on mice and humans using MSFAT and obtained promis-
ing results for its efficacy to positively impact metabolic
health. MSFAT demonstrated its efficacy in promoting nutri-
tional ketogenesis and significantly improving glycaemia and
energy balance end points in both species.

2. Materials and methods

2.1. Development of MSFAT

2.1.1. Separation of fat from milk. For the laboratory-scale
production of MSFAT, raw Jersey milk was used and collected
at a local farm (Havdal Farm, Central Jutland, DK) and trans-
ported cold to Aarhus University. Upon arrival at our labora-
tories, the milk was heated to 35 °C in a water bath, and the
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cream was separated by using a cream separator (Milky FJ 130
ERR, Althofen, Austria). The cream was cooled to approxi-
mately 10 °C before being churned into butter using a mixer
(Hobart-N50, North York, Ontario, Canada). To isolate the fat
from the butter, the butter was melted and heated to 60 °C
before centrifugation (4500 rpm, 35 °C, 30 min). The fat was
collected and stored at 4 °C overnight. The fat was heated to
40 °C followed by a second centrifugation (4500 rpm, 35 °C,
30 min) for removing residual water and proteins. The fat layer
was collected. The process flow is shown in Fig. 1a. The water
content of the fat was determined using a moisture analyzer
(HR73, Mettler Toledo, Glostrup, Denmark). The moisture
content of the used milk fat was approximately 0.16%.

For the production-scale process, 130 kg of anhydrous milk
fat (AMF) (from ~4450 kg of milk) was generously donated by
the Arla Innovation Centre (Aarhus, Denmark) and transported
using a cooling chain to the facilities for production-scale
short-path distillation (International Flavors & Fragrances, Inc.
(IFF), Aarhus, Denmark). The industrial process flow from
milk to distillate is shown in Fig. 1b.

2.1.2. Short-path distillation (SPD)

2.1.2.1. Laboratory-scale. SPD was carried out in a KD-5
SPD Pilot Plant system (UIC GmbH, Germany) equipped with a
vacuum system driven by a rotary vane pump and a diffusion
pump. The AMF was heated to 65 °C and kept isothermally
before being transferred into the sample addition funnel iso-
thermally controlled by a circulating water bath at 65 °C.
Distillation runs were performed at a flow rate of 1 mL min "
under a pressure of 1.0 x 10~ mbar, with a blade rotation
speed of 300 rpm, and evaporator temperature of 190 °C. The
distillate and retentate were collected and stored at 5 °C until
analysis.

2.1.2.2. Production-scale. The AMF was separated using a
KD-10 system (UIC GmbH, Germany) at International Flavors &
Fragrances, Inc. (IFF) (Aarhus, Denmark). The AMF was heated
to 70 °C in a melting pot and kept isothermally for 1 hour.
Distillation runs were performed at a flow rate of 5.5-6 kg h™"
under a pressure of 4.0 x 10~ mbar, with a blade rotation
speed of 150 rpm, and evaporator temperature at around
240 °C. The distillate and retentate were collected and stored
at 5 °C until analysis.

2.1.3. Fatty acid composition. Milk FAs were quantified
using gas chromatography as described by Larsen et al,**
except that heptane instead of pentane was used as solvent.

2.1.4. Crystallization and melting behavior analysis by
differential scanning calorimetry (DSC). Crystallization and
melting behavior were analyzed using a differential scanning
calorimeter (Q2000 DSC, TA Instruments, New Castle, DE,
USA) in which nitrogen was used to purge the system. Samples
of 15-20 mg of AMF were loaded in aluminum cups. An empty
cup was used as a reference. The AMF was heated to 75 °C and
kept under isothermal conditions for 15 min before cooling to
—40 °C using a cooling rate of 10 °C min~". Samples were kept
at —40 °C for 10 min before heating to 75 °C using a heating
rate of 20 °C min™". DSC analyses were performed in duplicate.
Crystallization onset, melting peaks, and offset were identified

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of the laboratory- (a) and production-scale (b) processes for producing a milk-fat fraction (MSFAT) enriched in
medium- and short-chain fatty acids extracted from whole milk sourced from Jersey cows. The laboratory-scale experiment was conducted at a
KD-5 SPD facility, while the production-scale experiment utilized the KD-10 SPD facility.

by using Universal Analysis software (TA Instruments, New
Castle, DE, USA).

2.2. Mouse studies

C57BL/6] male mice were obtained from a commercial breeder
(Janvier, France). Since female C57BL/6] mice are somewhat
protected from diet-induced weight gain and insulin resis-
tance,>® male mice were used. All experiments were performed
at 22 °C with a 12:12 h light-dark cycle. Mice had ad libitum
access to water and a high-fat, high-sucrose diet (HFHS)
(D12331, Research Diets, US) for 30 weeks prior to the first
experiment, at which point they weighed 62.8 + 2.4 g. The
experiments were approved by the Danish Animal
Experimentation Inspectorate (#2020-15-0201-00628) and com-
plied with the European convention for protection of ver-
tebrate animals used for scientific purposes.

Single-housed, four-hours fasted male HFHS-fed DIO C57BL/6]
mice (9 months old) were orally gavaged with 10 pL g™' body
weight of laboratory-scale produced MSFAT or corn oil as long-
chain triacylglycerol (TG) control (Coop, Denmark).
f-Hydroxybutyrate and glucose were measured using handheld
meters with test strips (FreeStyle Precision p-ketone, Abbott
Laboratories, Chicago, IL, USA and Contour XT, Bayer, Germany)
on whole blood samples before and one hour after administration.

In a subsequent study, four-hour fasted single-housed male
HFHS-fed DIO C57BL/6] mice (9.5 months of age) were orally
gavaged with 10 pL g~ body weight of laboratory-scale pro-

This journal is © The Royal Society of Chemistry 2024

duced MSFAT or corn oil as long-chain triacylglycerol (LCT)
control (Coop, Denmark) one hour prior to the dark phase.
Throughout the experiment, mice were allowed ad [libitum
access to a HFHS diet that was weighed before and 6 and
18 hours after oil administration.

2.3. Human study

Nine (age 27 + 2 years, mean + SD) healthy, normal to over-
weight (BMI 26.7 + 3.7 kg m~?) men were included in the study
(Fig. 5a). Inclusion criteria were men, aged 20-45 years, with
BMI 22-30 kg m~> who were moderately physically active (1-4
weekly training sessions, defined as vigorous aerobic exercise
or weightlifting). Exclusion criteria were high habitual intake
of MCFAs (large amounts of coconut milk, coconut oil, or
dairy products), intake of a ketogenic diet, known diabetes or
pre-diabetes, use of medications, excessive alcohol consump-
tion, and daily use of nicotine products. All participants pro-
vided informed written consent, and the study was approved
by the ethics committee of the Capital Region of Denmark
(H-21015422).

Participants underwent experimental test days investigating
the effects of either MSFAT or LCT intake in a randomized
order in a crossover design with at least 14 days wash out
between experimental days. Participants were instructed to
maintain their normal activity level and diet throughout the
study. Two days prior to the experimental days the participants
were instructed to consistently eat the same food, abstain from

Food Funct., 2024, 15, 7951-7960 | 7953
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alcohol, and vigorous physical activity to ensure similar
conditions.

On the experimental days, the participants arrived by
passive transport in an overnight fasted state (12 h) at 8 a.m.
On arrival, the participants were weighed, and a catheter
was inserted into an antecubital vein. Following 30 min of
supine rest, whole-body oxygen uptake was determined by
indirect calorimetry (Vyntus CPX Canopy, Vyaire Medical,
IL, USA), after which a basal venous blood sample was
obtained. Subsequently, participants ingested a test drink
containing 68 g of MSFAT (containing ~21 g of SCFAs +
MCFAs and ~46 g of LCFAs) or LCT (from corn oil contain-
ing ~68 g of LCFAs) dissolved in 90 g of heated low-fat, low-
carb cocoa light. This test drink contained 2680 kJ of
energy, with 94.5E% fat (68 g), 3.3E% carbohydrate (5 g),
and 2.0E% protein (3 g). The test drink was ingested within
five minutes and participants were then followed for four
hours. To test postprandial glycemic control, participants
consumed a mixed meal consisting of pasta with chicken
and curry salad dressing together with juice water, with a
total energy content of 3160 kJ. The macronutrient compo-
sition of this meal was 40.6E% fat (35 g), 42.2E% carbo-
hydrate (78 g), and 15.1E% protein (28 g). To further study
the effect of additional MSFAT intake, 90 min later (180 min
after the first test drink) another similar test drink contain-
ing 68 g of MSFAT or LCT dissolved in cocoa light was
ingested. 150 mL of water was provided together with each
test drink and the meal.

Venous blood samples were drawn 30, 60, 90, 180, 210 and
240 min after consumption of the first test drink.
f-Hydroxybutyrate concentrations in these whole blood
samples were measured using a handheld meter with test
strips (FreeStyle Precision f-ketone; Abbott Laboratories,
Chicago, IL, USA and Contour XT; Bayer, Germany). Plasma
glucose concentrations were measured by using an ABL 800
FLEX (Radiometer Medical, CPH, Denmark). At 60 and
240 min after ingestion of the first test drink, indirect calori-
metry was applied. Participants rested on a bed throughout
the test day.
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The concentrations of plasma triacylglycerol (TG) (triacylgly-
cerol GPO-PAP kit, Roche Diagnostics, Mannheim, Germany),
high-density lipoprotein (HDL) cholesterol, low-density lipo-
protein (LDL) cholesterol, and total cholesterol (HORIBA
Medical, Kyoto, Japan) were measured colorimetrically using
an autoanalyzer (Pentra C400 analyzer, Horiba, Japan) accord-
ing to the manufacturers’ instructions.

2.4. Statistics

Data are presented as mean + standard error of the mean
(SEM) except participant characteristica which are presented
as mean + SD. The statistical methods applied are described
in each figure legend. The Shapiro-Wilk test and/or box
whiskers-plots, residual plots, and normal quantile plots
were performed to confirm the assumption of normal
distribution and variance homogeneity. Two-way repeated-
measure ANOVAs were applied to test for the effect of FA
type (MSFAT vs. LCT) and time. When ANOVA revealed an
interaction, the Sidak post hoc test was used to test for
differences between MSFAT and LCT. Paired Student’s ¢-test
was used when comparing MSFAT and LCT as shown in
Fig. 5¢ and f. Differences were considered significant at p <
0.05. Statistical analyses were performed using GraphPad
PRISM 8.

3. Results

3.1. Enrichment for SCFAs and MCFAs in bovine milk fat

At the laboratory-scale level, volatility-based separation using
SPD led to an ~2-fold increase (p < 0.0001) in SCFAs (from
7.41% to 15.90%) and MCFAs (9.76% to 17.94%) in the distil-
late fraction, hereafter referred to as MSFAT (Fig. 2a). Saturated
long-chain fatty acid (LCFA) content was reduced (p < 0.0001)
from 55.40% to 51.64% despite an enrichment of C13:0-C15:0.
In particular, C14:0 was increased to 14.09% in MSFAT (com-
pared to 11.22% in AMF) (Table S17). For the retentate frac-
tion, no significant changes in FA composition were observed
compared to AMF (Table S17).

b
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Fig. 2 Proportion of SCFA and MCFA in MSFAT distillates and control AMF from (a) laboratory-scale and (b) production-scale experiments. Fatty
acid composition is expressed as percentage by weight of total fatty acids. SCFA includes C4 and C6 FAs, while MCFA includes C8-C12 FAs.
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Generally, we observed an enrichment of C4:0-C15:0 FAs in
MSFAT, whereas the longer chain FA (C16:0-C24:0) content
was reduced (Table S17). Additionally, we found no separation
of saturated and unsaturated LCFAs, suggesting that the vapor
pressure of triacylglycerol is more heavily influenced by its
molecular weight than the presence of double bonds and thus
illustrating that the nature of SPD differs from other separ-
ation processes.>®

At the production-scale level, starting with 130 kg of AMF,
we produced 13 kg of food-grade MSFAT with an ~2-fold
increase in SCFAs and MCFAs (Fig. 2b). Overall, the pattern of
changes in FA composition was similar to that of the labora-
tory-scale results, with SCFAs and MCFAs (C4-C15) being
enriched, while the content of LCFAs was reduced (Table S17).

We assessed crystallization and melting of MSFAT and com-
pared its behavior to that of native AMF in order to ascertain
whether the reduction in high-melting FAs would be followed
by expected lower crystallization and melting offsets. In accord-
ance with this, we observed that both laboratory- and pro-
duction-scale MSFAT exhibited only one crystallization peak
and both crystallization onsets and melting offsets were lower
(p < 0.05) compared to those for the native AMF (Fig. 3a and
b). Specifically, the crystallization onset of laboratory-scale
MSFAT was 9 °C compared to 17 °C for the native milk fat
(Fig. 3a); for the production-scale MSFAT, it was reduced from
12 °C to 9 °C (Fig. 3b). The melting offset of native milk fat
was 38 °C and 36 °C, and subsequently, SPD MSFAT had a
melting offset at 16 °C and 18 °C for laboratory- and pro-
duction-scale samples, respectively. This confirms the expected
differentiated functionality of MSFAT, e.g. meltdown in mouth,
compared to native AMF.

3.2. Metabolic benefits of milk fat enriched in SCFAs and
MCFAs in mice

To investigate the acute metabolic effects of MSFAT intake in a
metabolically compromised mouse model, diet-induced obese
(DIO) mice were orally gavaged with either 10 pL g~* MSFAT or
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calorie-matched LCT oil as a control, which solely contained
LCFAs (Fig. 4a). Within one hour, blood ketone body levels
were increased 110% (p < 0.0001) after administration of
MSFAT, whereas blood ketone body levels only increased 38%
(p < 0.05) after administration of isocaloric amounts of LCT oil
(Fig. 4b). Within the same period, plasma glucose levels
decreased 1.0 mmol L™ (=12%; p < 0.05) after administration
of MSFAT, whereas plasma glucose levels remained unchanged
after administration of LCT oil (Fig. 4c). Cumulative food
intake of the HFHS diet over an 18-hour period was 42% lower
(p < 0.01) after administration of 10 pL g~* MSFAT compared
with administration of isocaloric amounts of LCT oil (Fig. 4d).
Together, this shows that oral administration of MSFAT
increased circulating ketone bodies, reduced blood glucose
levels, and suppressed food intake in obese mice.

3.3. Metabolic benefits of milk fat enriched in SCFAs and
MCFAs in humans

Next, we investigated the acute metabolic effects of MSFAT
intake and its role on glycemic control after a mixed meal in
healthy young men (Fig. 5a). Intake of MSFAT increased (p <
0.05) circulating ketone body levels 114% and 133% after 60
and 90 min, respectively, while intake of LCT oil had no effect
(Fig. 5b). Circulating ketone body levels decreased back to
fasting levels in response to a mixed meal but increased (p <
0.05) again by 30% and 55%, respectively, 30 and 60 min after
additional ingestion of MSFAT, whereas circulating ketone
body levels remained unchanged in the LCT oil group
(Fig. 5b). Plasma glucose levels initially decreased similarly in
response to ingestion of MSFAT and LCT oil, but, subsequent
to a mixed meal, MSFAT ingestion trended to blunt (p = 0.07)
the postprandial rise in glucose (Fig. 5c). After ingestion of
MSFAT, whole-body oxygen consumption rate (VO,) increased
by 54 mL min~' more during the first hour compared to VO,
after ingestion of LCT oil (Fig. 5e and f). Plasma triacylglycerol
(TG) levels increased by a similar extent following the ingestion
of MSFAT or LCT (Fig. 5g). Plasma LDL, HDL and total chole-
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Fig. 3 Differential scanning calorimetry, crystallization and melting curves of (a) laboratory-scale and (b) production-scale experiments. Fat was
cooled at 10 °C min~* and heated at 20 °C min™%. The dotted circles indicate the crystallization onset and melting offset of MSFAT.
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Fig. 4 Metabolic benefits of milk fat enriched in medium- and short-chain fatty acids (MSFAT) in mice. (a) To investigate the effects of MSFAT,
9-month-old C57BL/6J mice with diet-induced obesity (DIO) on a high-fat, high-sucrose (HFHS) diet were orally gavaged with either 10 pL g~* body
weight of MSFAT or corn oil as a control (LCT) that solely contained long-chain fatty acids. (b) Blood p-hydroxybutyrate levels and (c) glucose levels
were measured in tail-vein blood samples taken before (0 h) and one hour after gavage with 10 pL g~* body weight of the indicated lipids. (d)
Cumulative food intake over an 18-hour period on the HFHS diet was measured after the administration of 10 pL g~* body weight of the indicated
oils (n = 6-7). Two-way repeated-measure ANOVAs were applied to test for the effect of FA type (MSFAT vs. LCT) and time in (b—d). When ANOVA
revealed an interaction, the Sidak post hoc test was used to test for individual effects of time within groups in (b and c) and between groups within
time points in (d), respectively. *, ** and **** indicate significant differences (p < 0.05, p < 0.01, p < 0.0001) from O hours in (b and c) and from

MSFAT within 18 hours in (d).

sterol did not change during the four hours after MSFAT or
LCT intake (Fig. 5h—j).

Collectively, in humans, ingestion of MSFAT resulted in
increased circulating ketone bodies, a trend for attenuated
postprandial plasma glucose excursion (p = 0.07), and acutely
elevated energy expenditure as compared to isocaloric admin-
istration of LCFA-containing fat.

4. Discussion

We herein created and tested a milk product rich in SCFAs and
MCFAs. Our efforts culminated in the production of a milk fat,
safe for human consumption, containing an ~100% increase in
these special lipids. To explore potential functionality, we con-
ducted testing of our MSFAT product in both mice and humans,
uncovering its promising efficacy in promoting nutritional keto-
genesis and potentially improving end points related to glycaemia
and energy balance in both species as compared to isocaloric
administration of long-chain fatty acid rich fat.

7956 | Food Funct, 2024,15, 7951-7960

Previous attempts to enhance dairy products with SCFAs
and MCFAs have produced underwhelming results. In one
study, cows were fed a low-fat diet, which led to an increase of
about 20% in shorter chain fatty acids.”” This modest increase
was insufficient to promote weight loss and improve insulin
levels in individuals with obesity.”” Fractionating milk fat has
been suggested as an alternative approach, but milk fat is
highly complex due to the vast variety of triacylglycerol species
it contains. As a result, milk fat is challenging to fractionate
compared to simpler fats like palm oil. Conventional fraction-
ation methods, which rely on differences in melting points to
obtain soft and hard fat fractions, do not result in higher SCFA
and MCFA content in any of the fractions.”®**° Therefore, we
aimed to use a different approach based on the volatility of
lipid molecules through short-path distillation.*® In the labora-
tory-scale experiment, we combined this method with the
careful selection of raw milk fat from Jersey cows, which con-
tains the most SCFAs and MCFAs compared to milk fat from
Danish Holsteins and Swedish Reds.”" Despite different oper-
ational conditions between the laboratory- and production-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo00267a

Open Access Article. Published on 20 June 2024. Downloaded on 1/19/2026 2:24:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Food & Function Paper

a

o
¢

{3 659 MSFAT or 2% Indirect
W LcToilin cocoa calorimetry

o
i

Randomized Mixed meal & Bloos
crossover 3mJ sample

blood B-hydroxybuturate (mM) &

MSFAT | | | |
n=9/ g 700 30 60 90 180 210 240min 024
\ 2% 4 e 2% 4
Males: 2742 years LeT é é 6 O é 6 O 017
BMI: 26.743.7 kg/m?
L L
0.0-— T T T 1
0 1 2 4
time (h)

o
o
(0
—.,

ke)
6 p=007 0.0865 800 5 400 00390 200
< N [ B
oo < ¢ 15
£ W = o0 S 'c 350 ’ %
o £ € : 100 @
? 5 B <} = =
8 - a N J - | E
S L400 @ O 300 I Tt FFs0 =
° z € 3
[\ N—" 1 - _0
E 4 Looo &° S' 250l .’ &
7] S O 250 Y
« [ . > [ Fs0 3
| | | | = § ] ) 2
o . : : 1 o S o . : : 1 ———-100
0 1 ) 2 3 4 \/c‘)& QY’S 5 0 1 ) 2 3 4 \/O ((Y'S
time (h) © time (h) K

s
39 é 2.59 \u .
= ©
s O 20 H T 1
(0] 1
E o] ”g::
2 1.54
2 2
© [S]
1.04
G 3
© -
re © 0.5
’ ] & |n ]
01— T T T 1 O 0.0-— T T T 1
0 1 2 3 4 o 0 1 2 3 4
time (h) time (h)
| J
% 1.59 % 59
= = i
o : O 44 t —1
ko) t 3 2
3 0 3 3]
2 2
[&] [§] P
5' 0.5+ S
I L
£ g ~LCT
8 oo .' . : ! . 8o .' . . ! ~ MSFAT
a 0 1 2 3 4 =% 0 2 3 4
time (h) time (h)

Fig. 5 Intake of milk fat enriched in medium- and short-chain fatty acids (MSFAT) improves ketogenesis, glycaemia, and energy expenditure in
healthy men. (a) Acute lipid challenge tests with either milk fat enriched in medium- and short-chain fatty acids (MSFAT) and long-chain triacylgly-
cerol oil (LCT) in male participants (n = 9) in a randomized, crossover design. Participants ingested 68 g of MSFAT or LCT, 90 min later a 3160 kJ
mixed meal, and again 90 min later another 68 g of MSFAT or LCT. Blood p-hydroxybutyrate levels (b), plasma glucose levels (c), and postprandial
plasma glucose excursion expressed as the 120 min area under the curve (AUC) after the mixed meal (d), oxygen consumption rate (VO,) (e), delta
VO, during the first hour (f), plasma triacylglycerol (TG) (g), plasma LDL- (h), HDL- (i), and total (j) cholesterol determined at the indicated time
points. Two-way repeated-measure ANOVAs were applied to test for the effect of FA type (MSFAT vs. LCT) and time in (b, ¢, e and g—j). When ANOVA
revealed an interaction, the Sidak post hoc test was used to test for individual differences between MSFAT and LCT within time points. A paired t-test
was applied in (c and f). * and *** indicate significant differences (p < 0.05, p < 0.001) from LCT.
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scale processes, we successfully produced two novel milk fat
fractions with two times more SCFAs and MCFAs. This com-
parable increase is attributed to the parallel increase in temp-
erature and flow rate, resulting in similar evaporation patterns
for the fatty acids at the laboratory scale and production scale.
The two distillate fractions had similar thermal behaviors with
lower melting peak and offset melting temperature, resulting
in a fraction that was liquid at ambient temperature. Milk fat
typically shows three endothermic peaks corresponding to the
low melting fraction (below 10 °C), the medium melting frac-
tion (from 10-19 °C), and the high melting fraction (above
20 °C).*' However, the melting profile of the distillate only
showed one endothermic peak likely due to the higher content
of SCFAs and MCFAs.

Our approach does not involve the use of harmful organic
solvents, which are detrimental to the environment.
Additionally, the remaining retentate in our process closely
resembles regular milk fat, allowing for normal downstream
processing and minimization of waste. To potentially further
increase SCFA and MCFA content, one could consider using
milk from cows fed a low-fat/high-carbohydrate diet. Moreover,
milk from other ruminants, such as goats, naturally contains
higher levels of MCFA and SCFA,** making it an interesting
raw material to further enrich for these beneficial lipids.

The present findings that MSFAT increases nutritional keto-
genesis and improves end points related to glycaemia and
energy balance in both mice and human individuals agree
with previously reported effects of supplementation of com-
mercial triacylglycerol oils containing MCFA, which also
increase circulating ketone body levels,***7° boost postpran-
dial thermogenesis,*****' and reduce plasma glucose.**?%*>
The induction of ketogenesis is particularly interesting, due to
the recent accumulating body of evidence demonstrating ben-
eficial effects of increasing circulating ketone body levels in
cardiovascular diseases,"*™*® cognitive disorders,*”*® and
Alzheimer’s disease.”® Easy-to-implement nutritional tools to
induce ketogenesis are needed as an alternative to intravenous
infusion, oral intake of ketone esters and ketogenic diets,
which all have serious limitations.”® Importantly, previous
studies using pure MCFA-based triacylglycerol oil (MCT oil)
administer only one MCFA (almost exclusively C8:0-rich MCT),
and although C8:0 has been suggested to be the most keto-
genic in both mice® and humans,**® C10:0 has been shown
to be the most potent to lower blood glucose levels in mice,’
while C10:0 and C12:0 are the most potent MCFAs to activate
the G-coupled protein receptor 84 (GPR84) and improve nonal-
coholic steatohepatitis in mice.>® The mixture of various
MCFAs in the MSFAT is hence likely appealing in potently
inducing various beneficial physiological effects. Moreover, in
those previous studies using commercial pure C8:0 MCT oil,
participants ingested 20-64 g of MCT oil."***™** Taking this
into consideration, it could imply an astonishing potency of
the MSFAT compared to pure MCT oils to induce these physio-
logical effects, since we used a bolus containing 10 g of MCFAs
in the 67 g of bolus for human consumption. Likewise, we
observed lowered food intake in mice in response to oral
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administration of just ~0.6 g of MSFAT containing ~0.1 g of
MCFAs, which is less than half of the amounts used in pre-
vious studies looking into MCT satiety effects of C8:0 MCT oils
in mice.®? Furthermore, it has been shown that emulsifica-
tion of commercial pure MCT oil into a lactose-free skim-milk
matrix increased the ketogenic effect and diminished the gas-
trointestinal discomfort in humans that it is often observed
when ingesting commercial pure MCT oil.>* Interestingly, pre-
vious investigations looking at health benefits of dietary SCFA
and MCFA supplementation have largely focused on one or the
other while the combined effects of supplementing both have
rarely been addressed. Collectively, therefore, our observations
are indicative of some sort of food/dairy matrix effect providing
improved functionality and health effects compared with those
exhibited by the MCFAs in isolation,”>* which needs to be
investigated and directly compared further in future studies.

In this initial proof-of-concept study, we investigated the
effects of MSFAT in healthy, younger adult male subjects, to
explore acute end points related to energy balance and glyce-
mia. Whether these findings extend to women and/or persons
who are overweight or obese will need to be investigated. It is
also unclear whether these effects persist during several days
of ingesting MSFAT.

In conclusion, we herein developed a novel, large-scale vola-
tility-based workflow to enrich milk fat with shorter-chain fatty
acids and through subsequent proof-of-concept studies in
mice and humans indicated that fortified MSFAT milk pro-
ducts may hold significant metabolic advantages. Thus, vola-
tility-based enrichment for SCFAs and MCFAs is a powerful
tool in producing milk fat fractions with improved functional
and health properties while simultaneously keeping a fraction
(retentate fraction) with similar properties as native milk fat,
thereby minimizing waste. Follow-up studies are warranted to
understand chronic effects and also the interplay with factors
such as age and sex.
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