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In milk fat, fatty acids are located at specific positions on the triacylglycerol backbone. The sn-2 position
contains most saturated long-chain fatty acids, while the sn-3 position contains short-chain fatty acids.
Moreover, these triacylglycerols are structured as milk fat globules surrounded by their native membrane
containing phospholipids. This native structure can be modified by the dairy processes to generate various
possible colloidal structures with milk fat. The structure of triacylglycerols and the milk fat ultrastructure
can impact on fatty acid digestion and absorption, which has a potential effect on cardiovascular risk fac-
tors linked to postprandial hypertriglyceridemia. The review points out the impact of the triacylglycerol
structure and the ultrastructure of milk fat on these risk factors.
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1 Introduction

The contribution of milk fat to health or to the development of
metabolic pathologies is still controversial [1]. Indeed, milk fat is
one of the most complex dietary fat sources (Table 1) in terms
of fatty acid (FA) composition, triacylglycerol (TAG) structure
and physicochemical properties (ultrastructure). Saturated FA
(SFA) represent 60–70% of the total milk FA, while unsaturated
FA (30–35%) are mainly monounsaturated (MUFA) (Fig. 1A)
[2]. Dairy SFA and cholesterol are suspected to contribute to
cardiovascular risk, while some specific milk lipids such as con-
jugated linoleic acid (CLA), sphingomyelin and butyric acid
would present anticancer and antiatherogenic properties [3–9].
Moreover, milk fat presents the unique property to be rich in
short- and medium-chain FA (SCFA, MCFA), the digestion of
which is easier and oxidation faster [10].

Table 1. Milk fat gross composition (adapted from ref. [2]).

Lipid compounds Content in total fat
[wt-%]

Acylglycerols
Triacylglycerols 96
Diacylglycerols 2
Monoacylglycerols 0.1
Glycerophospholipids and sphingolipids 1
Cerides 0.03
Sterides 0.04

Non-lipid lipophilic compounds 0.6
Free fatty acids 0.15
Unsaponifiable compounds: cholesterol etc. 0.4

Many research studies concern the nutritional impact of
the FA profile of milk fat. However, FA are mainly esterified in
the form of TAG and to a certain extent phospholipids (PL)
and cholesterol esters, whose composition and structure are
complex in milk (Fig. 1; [2, 11]). Indeed, these components
are mainly associated in the form of milk fat globules
(Fig. 1B), which are subsequently altered by various dairy
processes.
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Figure 1. Milk fat, from composi-
tion to supramolecular structure
(adapted from refs. [2, 11]). (A) Total
FA composition of milk fat and
regiospecific structure of the TAG;
(B) colloidal structures of milk fat:
ultrastructure of native and homog-
enized milk fat globules containing
the TAG.

The objective of the present review is to report the specific
structural features of milk fat and to focus on the available
evidence regarding the possible impact of milk fat structures
on lipid digestion and postprandial lipemia because of their
related risk factors for cardiovascular disease (CVD).

2 Specific structural features of milk fat

2.1 Numerous TAG species

Milk fat is reported to contain up to 400 different individual
FA, while only 12% are quantitatively important (.1%) [12].
Importantly, the regiospecific distribution of these FA at the
sn-1,2 and -3 positions of the TAG backbone is not random in
milk fat (Fig. 1A). However, still more than 1000 molecular
species of TAG coexist in milk fat. For instance, while myristic
(14:0) and palmitic (16:0) acids represent 12 and 24% of total
milk FA, respectively, the corresponding homogeneous TAG
(14:0–14:0–14:0 and 16:0–16:0–16:0) are only present at 0.1
and 0.27%, respectively [13]. According to the detailed review
by Jensen [2], some FA are preferentially esterified to specific
positions in the TAG (Table 2; [14–16]). Consequently, the
major TAG species present in milk are: 18:1–16:0–4:0 (4.2%
of total TAG), 16:0–16:0–4:0 (3.2%) and 16:0–14:0–4:0
(3.1%) [2]. Notably, 43% of the TAG molecular species con-
tain at least two FA among 14:0, 16:0, 18:0 and 18:1 and,
importantly, 36% of TAG contain 4:0 or 6:0 (at the sn-3
position; Table 2) complementary to two long-chain FA.
Moreover, while the total FA profile in milk fat varies greatly
(depending on cow feed, breed etc.), the preferred sn-position
of each FA on a TAG remains quite constant (Table 2) [14].

The composition (broad FA profile including SCFA and
MCFA) and structure of TAG in milk fat are thus specific
compared to other sources of saturated fat. In particular,
saturated fats of vegetable origin, such as palm oil, have a
narrower FA profile (Fig. 2A) and their TAG structure is
different (Fig. 2B, C) [15]. For example, in milk fat, only up
to 26% of oleic acid is esterified at the sn-2 position vs. 50%
in palm oil and ,100% in cocoa butter. While having simi-
lar palmitic acid concentrations, about 40% is esterified to
the sn-2 position in milk fat vs. only ,6% in palm oil and
cocoa butter. However, the few n-3 polyunsaturated FA
(PUFA) in milk fat are distributed similarly to palm oil (24–
44% in sn-2) while n-6 PUFA are less distributed on sn-2 in
milk fat (19–35%) than in palm oil (63%) and cocoa butter
(84%).

2.2 Colloidal structures: Milk fat globules and their
membrane

The milk TAG are dispersed in milk in the form of native
droplets of micronic size, surrounded by a specific biological
membrane: the milk fat globule membrane (MFGM) [17].
Much knowledge about the structure of milk fat globules has
been gained by the studies of Pieter Walstra in the late 1960’s
[18–22]. The TAG core of milk fat globules also contains
lipophilic vitamins and cholesterol esters, while the MFGM
contains PL, cholesterol, glycoproteins and enzymes such as
butyrophilin and xanthine oxidase. As deeply studied by
Mather and Keenan, this MFGM is a trilayer PL membrane,
with xanthine oxidase being localized in the inner layer while
butyrophilin is in the outer bilayer (derived from the plasmic
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Table 2. Regioselectivity of some FA in milk fat TAG (adapted from refs. [2, 14–16]; rounded values).

Fatty acid Milk fat type At position ... [mol-%]§

sn-1 sn-2 sn-3

Butyric (4:0) N.S.{ 98
Caproic (6:0) N.S. 93
Caprylic (8:0) N.S. 43.5 52.5

Low CLA{ 0 50 50
High CLA{ 0 0 100

Capric (10:0) N.S. 51.5
Low CLA{ 0 32 68
High CLA{ 0 18 82

Lauric (12:0) N.S. 60
Low CLA{ 40 49 11
High CLA{ 0 78 22

Myristic (14:0) N.S. 62
Low CLA{ 9 72 18
High CLA{ 11 53 36

Palmitic (16:0) N.S. 44.5 43
Low CLA{ 37 40 23
High CLA{ 41 42 17

Stearic (18:0) N.S. 56 28
Low CLA{ 51 17 32
High CLA{ 47 32 21

Oleic (18:1n-9 cis) N.S. 59 0 41
Low CLA{ 34 18 48
High CLA{ 32 23 45

Trans* (18:1 trans) N.S. 21
Linoleic (18:2n-6 cis) N.S. 35

Low CLA{ 13 19 68
High CLA{ 27 26 46

a-Linolenic (18:3n-3 cis) N.S. 44
Low CLA{ 47 24 29
High CLA{ 34 37 29

CLA (18:2 9cis,11trans) N.S. 26
Low CLA{ 35 13 52
High CLA{ 19 16 65

§ In a row, sn-positions represented by empty cells contain the complementary fraction of the given FA (e.g., 2%
of butyric acid is located at sn-1 and/or sn-2).

{ Not specified: milk fat from butter or dairy products bought in local supermarkets as indicated by the authors,
or compiled values reported from the literature [2].

{ Low CLA: milk fat from dairy products poor in rumenic acid; high CLA: milk fat from dairy products rich in
rumenic acid [14].

* 18:1 trans indicated without further detail in ref [15]; the major trans FA isomer in milk fat is vaccenic acid [2].

membrane of the lactating cell during milk fat globule secre-
tion) [23–26]. These two enzymes could form a complex
involved in the structural stability of the milk fat globule and its
protection against autolipolysis by endogeneous milk lipases
[27], although this has recently been contradicted [28]. New
powerful methods involving mass spectrometry now allow a
detailed analysis of the MFGM proteome [29–31]. Using dif-
ferent fluorescent probes, Evers et al. [32] have recently shown
that the MFGM is structurally and chemically heterogeneous
both within and among globules from the same species and
probably between species. In unprocessed milk, PL and

sphingolipids are thus mainly structured around fat globules
in their native MFGM, or in fragments therefrom dispersed in
the aqueous phase (possibly MFGM liposomes [33, 34]). The
PL profile of the MFGM varies widely with cow breed, feed
and season, and other fat properties, as reviewed in Table 3
[26, 35–43]. Evers [44] has published a detailed review on the
compositional and structural changes post secretion of the
MFGM. Even more recently, Dewettinck et al. [45] reviewed
the composition, structure and methods for isolation of the
MFGM from different dairy sources, from a nutritional point
of view.
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Figure 2. Regiospecific FA
composition in the TAG of milk
fat (butter) compared to palm oil
and cocoa butter (adapted from
data reported in ref. [15]).
(A) Total FA composition (mol/
100 mol total FA); (B) FA compo-
sition of the sn-2 position of TAG
(mol/100 mol FA of the sn-2
position); (C) regioselectivity of
each FA at the sn-2 position of
TAG (mol of the FA at the sn-2
position/100 mol of the FA in the
total TAG).

In raw whole milk, the size of native milk fat globules
usually ranges between 0.2 and ,20 mm, with a modal diam-
eter around 4 mm [19, 35, 46, 47]. Within this broad size dis-
tribution, selected fractions of milk fat globules of different
sizes can be obtained by a recently developed microfiltration
process from raw mixed milk [48, 49] (Table 4). In this
respect, Briard et al. [50] report that the smallest native milk
fat globules selected from raw mixed milk contain more lauric
and myristic acid and less stearic acid than the largest ones.
This is due to differences in FA profile of the TAG rather than
differences in MFGM content of the fractions [51]. One
recent study deals with the differential lipid compositions of
small vs. large milk fat globules in human milk [52]. Unfortu-
nately, these authors used a poorly selective separation tech-

nique on frozen-thawed human milk fat globules, thus cer-
tainly destabilized.

The FA composition of milk fat originates from de novo
synthesis in the mammary gland (FA from 4 to 14 carbons)
and from the diet for up to 60% of milk FA [53, 54]. Also, the
physicochemical properties of milk fat globules depend on
cow breed and on feed composition. Therefore, such strate-
gies have also been used to decrease milk fat globule size, by
inclusion of pasture, linseed or rapeseed in the diet [41, 55–
57] or by selection of the cows regarding their milk yield of fat
globule secretion [58, 59]. These strategies and their impact
on milk fat globule size and milk fat content are reviewed in
Table 4. Fat globule sizes smaller than 3 mm can only be
achieved through a fine selection of individual cows and
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Table 3. Profile of glycerophospholipids and sphingolipids in milk fractions (g/100 g PL).

Reference Source PC PE SM PI PS

[35] Review from milk data during lactation 35.1–25.1 19.8–31.1 28.7–34.1 4.1–11.8 1.9–8.5
[26] MFGM 36 27 22 11 4
[36] MFGM 31.7 27.2 22.4 10.3 9.1
[37] MFGM 26.8 35.7 21.4 5.7 4.9
[38] MFGM 31.0 30.5 19.9 7.1 5.0
[39] MFGM 33.6 22.3 35.3 2.0 2.3
[40] MFGM from entire fat globule

population (d43 = 4.4 mm)
32.1 6 5.0 36.4 6 3.6 17.3 6 2.3 7.6 6 1.8 6.5 6 1.9

[40] MFGM from small microfiltered
fat globules (d43 = 3.2 mm)

28.7 6 1.9 30.5 6 2.6 29.8 6 2.9 6.1 6 1.7 3.5 6 0.9

[40] MFGM from large microfiltered
fat globules (d43 = 6.3 mm)

31.8 6 4.6 30.6 6 3.1 27.1 6 4.7 6.3 6 0.2 5.6 6 1.9

[41] Cream from maize silage diet 22.0 6 0.9 26.8 6 1.6 21.6 6 2.6 13.6 6 1.4 16.1 6 1.7
[41] Cream from maize silage 1 linseed diet 21.0 6 0.5 26.8 6 0.9 23.4 6 0.8 12.7 6 1.0 16.1 6 1.1
[26] Human MFGM 30 37 26 5 1
Personal data [42] Human MFGM 23.4 6 2.5 27.9 6 6.7 39.2 6 6.5 9.5 6 2.4 (PI 1 PS)
[43] Human milk PL 28 26 31 4 6

adapted feeding, or by microfiltration of mixed milk regardless
of milk origin (Table 4). Fat globule fractions larger than 6 mm
can be obtained by microfiltration [49]. Argov et al. [60]
recently provided a valuable review about recent technological
and nutritional interests with regard to the milk fat globule.

2.3 Impact of dairy processing: Homogenization, heat
treatments, cheese-making processes

The structure of fat globules and the composition of their
MFGM are altered by homogenization and heat treatments,
which are applied to marketed milk for shelf life purposes [61–
63]. Indeed, upon homogenization, droplet size is reduced to
around 1 mm or smaller and the interface between fat droplets
and the aqueous medium increases dramatically. The rupture
of fat globules during homogenization creates a new interface
that cannot be entirely covered by the MFGM [17, 47, 64].
Consequently, other surface-active components adsorb and
form a new membrane around the fat droplets [65–70].
Casein micelles would thus spread onto the fat surface when
colliding during homogenization, even if part of the native
MFGM remains associated to the fat droplets [63, 68, 71].
Figure 1B shows a schematic of the organization of the native
milk fat globule and the MFGM and of the newly created fat
droplets in homogenized milk. These changes in fat globule
structure modify the milk surface tension and wetting prop-
erties [72]. Many examples of fat globule and homogenized fat
droplet size distributions are reported in the literature [17, 19,
46, 47, 55, 73–76]. Lopez [76] reports a volume moment
mean diameter (d43) in the range of 0.39–0.43 mm in com-
mercial pasteurized or UHT full-fat milk; Favé et al. [75]
report that d43 0.46–1.02 mm in half-skimmed commercial
UHT milk vs. 4.36 mm in whole pasteurized organic milk.

Furthermore, various interactions and complex formations
occur between the different caseins and whey proteins upon
milk heating as we detailed previously in a specific review [63].
During homogenization, some MFGM components are dis-
placed to the skim milk phase. If milk is homogenized and then
pasteurized, caseins (mainly b and k) represent 99% of the
adsorbed proteins [77]. When pasteurized milk is homoge-
nized, whey proteins make up about 5% of the adsorbed pro-
teins and about 20% of the surface area covered [78]. As pre-
viously reviewed [63], if milk is heated prior to homogeniza-
tion, denatured whey proteins can interact with the native
MFGM proteins and micellar caseins (particularly k-casein),
and the casein–whey protein complexes adsorb onto the lipid
droplet interface. If milk is first homogenized and then heated,
the semi-intact casein micelles or micellar fragments can cover
the fat droplet interface, and the denatured whey proteins link
to the native MFGM proteins and to adsorbed caseins via
disulfide bonds.

Other types of alterations to the fat globule structure occur
during the cheese-making processes, especially in France
where a tremendous variety of cheese types is produced from
a secular experience and tradition. Cheese-making can involve
various steps such as heating, mixing, pressing, renneting and
ripening, i.e., thermal, mechanical, enzymatic and bacterio-
logical actions on milk fat. These actions result in major
structural consequences regarding milk fat [76, 79–89]: Milk
fat globules may coalesce or form aggregates, micelles of
MFGM-PL can be formed, and fat globules can be destabi-
lized due to heating to form so-called “free fat” inclusions.
Such new milk fat structures may be covered by the various
surface-active components present in milk, such as MFGM
fragments, caseins, whey proteins etc. [84, 87]. Regarding the
fate of small and large microfiltered milk fat globules in
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Table 4. Means of obtaining native milk fat globules with various sizes and related fat characteristics.

Characteristic d43

[mm]
Fraction fat content
[g/kg]

Fat yield in the fraction
[% vs. milk]

Microfiltration of whole milk [48, 49]§ Permeate from a 2-mm membrane 0.9 ,1 ,1
Permeate from a 3-mm membrane 2.1 4 5
Permeate from a 3-mm membrane 2.8 10 17
Permeate from a 3-mm membrane 3.1 13 25
Permeate from a 5-mm membrane 3.3 15 26
Retentate from a 5-mm membrane 6.8 216 32
Retentate from a 12-mm membrane 6.2 186 17
Retentate from a 12-mm membrane 7.1 114 10

Characteristic d43

[mm]
Milk fat content
[g/kg]

Cow fat yield
[kg/day]

Cow fat yield [58] 0.8 kg/day 3.4 NA 0.8
1.7 kg/day 6.0 NA 1.7

Milking frequency [59] Twice daily 4.28 46.7 0.63
Four times daily 4.36 44.4 0.65

Cow feed
Proportion of fresh grass/corn silage

in the diet [56]
0% fresh grass in dry matter 4.14 42.8 0.99
30% fresh grass in dry matter 3.85 43.9 1.03
60% fresh grass in dry matter 3.91 40.9 1.03
100% fresh grass in dry matter 3.91 40.1 1.01

Linseed in corn silage-based diet [41] No linseed 4.73 39.1$ 1.2$

With linseed 4.56 NA NA
Cow feed and cow type
Cow selection, corn vs. pasture feed [57] Cows producing small globules 3.49 35.8 0.96

Cows producing large globules 4.11 47.0 1.00
Corn silage feed 3.94 44.7 0.99
Pasture feed 3.65 38.1 0.96

Cow selection, corn-based feed vs. linseed
or rapeseed supplementation [55]

Cows producing small globules,
corn silage-based diet

3.82 26.2$ 0.9$

Cows producing small globules,
rapeseed-supplemented diet

3.38 NA NA

Cows producing small globules,
linseed-supplemented diet

2.97 NA NA

Cows producing large globules,
corn silage-based diet

4.46 36.1$ 1.2$

Cows producing large globules,
rapeseed-supplemented diet

3.83 NA NA

Cows producing large globules,
linseed-supplemented diet

3.56 NA NA

d43, Volume moment mean diameter; NA, not available.
§ See related article for further details on process parameters [49].
$ Reported by the author during the pre-selection of cows before the diet period started (not after the diet period).

Emmental and Camembert cheese, their alterations are essen-
tially the same like for raw milk fat globules: Only the destruc-
tured fat inclusions are smaller when originating from smaller
fat globules [84, 87, 90, 91]. Lopez et al. [92] performed a
detailed study of milk fat structure in Emmental cheese, reveal-
ing the TAG molecular conformation up to macroscopic fat
particle organization in the cheese matrix, including PL. Gui-
nee and McSweeney [82] provide a valuable review of the

microstructure of fat in different types of cheeses. Moreover, in
cheeses where extensive lipolysis occurs, such as blue mold
cheese, the TAG composition is changed and free FA (FFA)
are increased (thousands of ppm) [82, 93, 94].

All the above-mentioned structural changes can affect the
digestion process of milk components, thereby impacting on
the digestion and absorption kinetics of individual nutrients
and, more particularly, the delivery of lipid species to plasma.
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3 TAG properties, digestion and postprandial
lipemia

3.1 Digestion of TAG species

The first key step governing the bioavailability and metabolic
impact of dietary lipids is their digestion. In food products,
most FA are esterified in the form of TAG. The first step
impacting on TAG digestion is the recently evidenced oro-
sensory detection of fat, provoking signals that stimulate lipid
digestion and absorption [95–98]. TAG are then digested in
the stomach and in the small intestine through the action of
specific lipases (Fig. 3) [10]. Armand [99] provides a valuable
review about lipases and lipolysis in the human digestive tract.
Lipase structure-function aspects are detailed in specific arti-
cles [100, 101]. Gastric lipase acts preferentially on FA ester-
ified at the sn-3 position, while pancreatic lipase has a pre-
ferential activity on the sn-1 and sn-3 positions [10, 99, 102].
Gastric lipase leads to the hydrolysis of 5–40% of dietary TAG
in the stomach and to further 7.5% in the duodenum, while
pancreatic lipase is responsible for the hydrolysis of 40–70%
of TAG [99].

As reviewed in detail by Armand [99], gastric lipolysis is
essential for an optimal digestion process in the intestine by
the pancreatic lipase because the former ensures:

– lipid emulsification or lipid droplet reorganization in the
stomach to create the lipid–water interface necessary for lipo-
lysis (the area of which will remain the same in the duodenum
because in vivo bile lipids play the role of lipid droplet stabi-
lizers rather than emulsifiers) [103, 104];

– release of long-chain FFA stimulating cholecystokinine
secretion, while in contact with duodenal mucosae, which in

turn stimulates the secretion of pancreatic lipase and slows
down gastric emptying;

– release of unsaturated long-chain FFA that rapidly acti-
vate the pancreatic lipase–colipase complex;

– formation of diacylglycerols, which are hydrolyzable at
much higher rates than TAG.

Finally, after the pancreatic lipolysis, FFA and 2-mono-
acylglycerols (2-MAG) are thus released, which are mainly
absorbed by enterocytes. In the latter, MAG and FFA are re-
esterified as TAG, secreted into lymph and further released in
the bloodstream in chylomicrons [10, 75, 105] (Fig. 3).
Besides, 75% of FA located at the sn-2 position in dietary TAG
are maintained in this sn-2 position in the TAG of chylomi-
crons [99].

3.2 Structure of dietary TAG and postprandial lipemia
as CVD risk factor

A delayed clearance of postprandial plasma TAG is a known
risk factor for CVD. Importantly, the postprandial chylomi-
cron concentration and their FA profile contribute to this
cardiovascular risk. Large chylomicrons and VLDL in the
postprandial period are reported to activate the FVII coagu-
lation factor, which could be one factor that explains the
deleterious impact of high postprandial hypertriglyceridemia
on cardiovascular risk [106].

3.2.1 TAG structure and postprandial lipemia

Dietary fats that contain mostly SFA at the sn-2 position of
their TAG are reported to induce a higher and more pro-
longed postprandial lipemia [107]. This would represent an

Figure 3. The main steps in milk TAG
digestion, of importance regarding FA
absorption, postprandial lipemia and
associated cardiovascular risk factors.
Specificities of lipases for sn-positions of
the TAG are highlighted in grey. Note that
the structure of lipids in the intestinal lumen
is drawn in oversimplified form (physiologi-
cal conditions: mixed micelles with bile
salts, sterols and lysophospholipids). FA:
fatty acids, MAG: monoacylglycerols, LPL:
lipoprotein lipase.
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unfavorable feature of milk fat TAG structure (Table 2,
Fig. 2) regarding postprandial lipemia. Berry and Sanders
[107] also point out that, conversely to infants and animals,
adult humans are able to properly absorb most dietary FA
(FFA and MAG). The sn-2 position, where FA are well
absorbed in the form of MAG and recovered in the sn-2 posi-
tion of chylomicron TAG, is a strategic position with regard to
beneficial metabolic impact of lipids. MUFA and PUFA
should be mainly located at this position to be efficiently
absorbed, which is the case for about 45% of the n-3 FA of
milk fat (Fig. 2).

Due to their specific structure mentioned above, milk fat
TAG could be considered as particular structured TAG. In
rats (normal or suffering from intestinal malabsorption), lipid
absorption is improved by structured TAG, i.e. containing
long-chain SFA in the sn-2 position and MCFA in the sn-1
and sn-3 positions (MLM) [108]. The TAG 18:1–16:0–18:1
is better absorbed and transported than the stereoisomer
18:1–18:1–16:0 [109]. In dogs, structured TAG are cleared
faster from the blood than mixtures of homogeneous TAG
with the same total FA composition [110]. Consequently, the
impact of the localization of milk FA on the TAG molecules on
absorption and blood clearance can be nutritionally relevant.

In humans, the TAG 18:0–18:1–18:0 of cocoa butter is
more rapidly absorbed than the 18:0–18:0–18:1 species which
activates the FVII coagulation factor [111]. It would thus be
interesting to study whether the preferential sn-1 and sn-2
positions of 18:0 in milk fat (Table 2) would be favorable by
lowering the CVD risk factor linked to FVII. Moreover, obese
subjects can be more sensitive than lean ones to the TAG
structure: Robinson et al. [112] report a greater postprandial
lipemia after consumption of a chemically interesterified oil
mixture (canola 1 oleic sunflower) than a non-modified mix-
ture in obese subjects, but not in lean ones.

Moreover, TAG could be less rapidly cleared from blood
when their sn-2 position was linked to 16:0, 18:0 or 20:0 [75].
However, this remains controversial [110]; e.g., the regiospe-
cific distribution of FA in TAG in palm oil (natural or trans-
esterified) seems to have less impact than their global FA
composition on chylomicron TAG clearance in healthy
women [113]. In their detailed review, Mu and Posgaard [110]
highlight that, although the hydrolysis of MLM TAG is 2–3-
fold faster than the hydrolysis of LMLTAG, this effect can be
masked by other TAG species being present. Therefore, we
may wonder whether the results obtained with simple mix-
tures of structured TAG can be expanded to milk fat, because
of the numerous individual species of TAG present.

3.2.2 Fat in different milk products

In healthy humans, postprandial lipemia during milk fat
digestion was reported not to be associated to any alteration of
cardiovascular endothelial function [114]. However, in type 2
diabetic patients, acute milk fat consumption results in worse
endothelial function than olive oil [115]. In humans, typical

FA from milk fat are also associated to (i) a larger size of LDL
particles that is favorable due to the related decreased CVD
risk [116] and (ii) a greater HDL level compared to a carbo-
hydrate-rich diet [117]. Warensjö et al. [118] demonstrated
that milk product intake was negatively associated with CVD
risk factors. No unfavorable effect of dairy products could be
found, but the negative correlation disappeared after adjust-
ment for clinical risk factors [118]. German and Dillard [119]
also suggest a pro-HDL effect of milk fat that might offer
health benefits.

Regarding individual FA, long-chain SFA esterified to the
sn-1 and sn-3 positions are less prone to be absorbed (Fig. 3),
due to their possible saponification as calcium soaps in the
gastrointestinal tract which are excreted in stools [120, 121].
This of course if of particular concern regarding the metabolic
impact of milk fat consumption in calcium-rich dairy prod-
ucts such as hard cheese [122]. Bendsen et al. [123] have
shown recently in humans that increasing the intake of cal-
cium from low-fat dairy products by 1600 mg/day for 1 week
doubled the total fecal fat excretion and could contribute to
weight loss.

3.2.3 Milk fat as compared to non-dairy fats

Porsgaard and Høy [15] studied the lymphatic transport of FA
in rats. They report a lower lymphatic transport of FA after
ingestion of butter compared to vegetable oils (olive, corn,
palm). Notably, lymphatic transport was lowest for cocoa
butter (SFA at sn-1 and sn-3) and highest for lard (16:0 at sn-
2) [15], while 69% of the sn-2 position is linked to SFA in
butter. Long-chain SFA are less efficiently absorbed by
enterocytes, and may be less efficiently re-esterified in TAG
[15]: We can thus highlight that sn-1 and sn-3 positions are of
strategic importance in milk fat regarding the possible release
of FFA of long-chain SFA to limit their absorption. It seems
that FA absorption and elimination from blood strongly
depend on the FA composition and internal structure of diet-
ary TAG [15].

In an acute digestion test with healthy men consuming a fat
product in a meal, Mekki et al. [124] observed that butter in the
meal resulted in (i) lower postprandial lipemia and chylomi-
cron accumulation and (ii) smaller chylomicrons, compared to
vegetable oil emulsified in a tomato sauce. However, conclu-
sions can hardly be drawn because both the FA oil type and the
structure (water-in-oil emulsion for butter, oil-in-water emul-
sion for vegetable oil) varied in this study. A further study
where both fat composition (butter vs. vegetable oil) and
ultrastructure (free vs. emulsified) vary would be useful to draw
conclusions about a possible beneficial effect of butter-derived
chylomicron properties on postprandial risk factors for CVD.

3.3 SCFA and MCFA and postprandial lipemia

Milk fat also contains SCFA and MCFA, mostly located at the
sn-3 position of TAG. When hydrolyzed in the stomach by the
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gastric lipase, the free SCFA and MCFA are released (Fig. 3).
This impacts on the lag time before activation of the pancrea-
tic lipase–colipase complex: Capric and lauric acid reduce this
lag phase, while butyric acid has no effect and myristic acid
increases the lag phase [95, 125]. Therefore, the presence of
capric and lauric acid in milk fat would enhance further lipid
digestion.

On the other hand, SCFA and MCFA are absorbed di-
rectly by the portal vein to be oriented towards b-oxidation in
the liver [10, 102] (Fig. 3). This unique property of milk fat
would suggest a favorable effect due to (i) a proportion of the
FA being rapidly oxidized and (ii) a lower proportion being
esterified in chylomicrons compared to vegetable fats. There-
fore, Parodi [126] suggests that milk fat should contribute less
to overweight than an equivalent amount of other dietary fats.
Moreover, recent results in rats show that medium-chain TAG
would protect against lipotoxicity and insulin resistance
induced by a high-fat diet, compared to long-chain saturated
TAG which are reported to be deleterious [127]. However,
among long-chain saturated FA, myristic acid presents spe-
cific and necessary metabolic functions through protein acy-
lation [128–130]. The postprandial differences between milk
fat and saturated vegetable fats and the metabolic con-
sequences should thus be further investigated.

3.4 Solid fat content and postprandial lipemia

Depending on TAG structure, tempering processes and fat
globule size and structure, the solid fat content (SFC) in milk
products can vary greatly at a given temperature [74, 84]. In
this respect, Berry and Sanders [131] have recently reported
that the high melting point of stearic acid (18:0), above body
temperature [107], was a cause of the lower absorption of
some dietary fats containing stearic acid. In this study [131],
16 healthy subjects consumed during 3 weeks, as part of their
diet, a fat rich in 18:0 (18:1–18:1–18:0, mixture of shea and
sunflower oils), either in natural form or after randomization
to distribute evenly the FA over the fat TAG. An acute diges-
tion test of these fats revealed that postprandial lipemia was
similar in the “natural” and in the “randomized” groups.
However, lipemia was lower than after consuming olive oil.
Berry et al. [131] conclude that the SFC of dietary fat at 37 7C
(natural mixture: 22%, randomized mixture: 41%, olive oil:
0%) must play an important role in limiting fat absorption.
Bonnaire et al. [132] recently confirmed this concept using an
in vitro digestion model of tripalmitin emulsion, in which this
TAG was either in the liquid or solid state. The rate and extent
of tripalmitin digestion were higher in the emulsion with liquid
droplets than in the emulsion with solid droplets [132]. Most
recently, Robinson et al. [112] have shown that non-inter-
esterified stearic-rich fat with an SFC of ,19% resulted in a
lower postprandial lipemia than the chemically interesterified
fat (,6% SFC) in obese humans (but not in lean subjects).
Moreover, digestion of stearic-rich fat with an SFC of 22%
results in a better endothelial function and lower oxidative

stress than olive oil during the postprandial phase in healthy
humans [133].

Milk fat presents a complex thermal behavior, over a broad
range of temperatures up to 45 7C and depending on milk fat
composition, season, thermal fractionation, size of milk fat
globules, inclusion in cheese etc. [74, 92, 134–136]. Asselin et
al. [137] report that guinea pigs fed with a high-melting milk
fat fraction (dropping point around 42 7C) present lower
postprandial fat absorption and more lipid excretion in stools
than their counterparts fed with a low-melting milk fat fraction
(obtained by thermal fractionation). Therefore, we can won-
der whether the SFC of milk fat present in dairy products at
37 7C may also have an impact on the digestion of the con-
cerned lipids in humans.

3.5 Clearance and oxidation of dietary lipids from
blood

Postprandial lipemia results from the balance between
(i) dietary lipids entering the bloodstream via chylomicron
secretion by the enterocyte and (ii) lipids getting out from the
blood due to chylomicron clearance, after lipolysis by the
lipoprotein lipase and captation of remnants by the liver. A key
feature for preventing a too long and pronounced post-
prandial lipemia is thus an efficient system for chylomicron
remnant clearance from blood and further FA oxidation in the
liver (Fig. 3). According to Lambert et al. [138], the oxidation
of chylomicron remnant FA is fourfold greater from milk fat
or olive oil than from corn or palm oil, which is a favorable
metabolic feature of milk fat. Chardigny et al. [16] have shown
that CLA are better absorbed and oxidized by rats when they
are located at the sn-1 and sn-3 positions in TAG, which are
their preferential positions in milk fat (Table 2). This could
modulate the metabolic impact of milk fat, since CLA located
at this position in milk fat has been shown to present anti-
atherogenic properties in the hamster [4, 14].

Phan et al. [139] studied the postprandial fate of various
dietary fats and milk fat fractions by rats. Their main results
are: (i) The clearance of cholesterol esters from blood is
slower from a high-melting point fraction of milk fat than
from regular unfractionated milk fat; (ii) the clearance of
chylomicron remnants strongly depends on the dietary fat
source but not on the FA profile of milk fat. These authors
question about the metabolic importance of acyl residue dis-
tribution in the various lipid classes of chylomicrons regard-
ing their clearance.

4 Impact of milk fat ultrastructure on CVD risk
factors: Where absorption kinetics may matter

In order to prevent atherosclerosis and possible artery
obstruction, it is commonly advised to control the cholesterol
level by limiting saturated fat consumption via butter, milk
and fatty meat. However, the role of milk fat in promoting or
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preventing CVD is controversial. In a detailed review about
the nutritional significance of milk lipids, Parodi [126] con-
cludes that there is no evidence for any deleterious role of
milk fat in the risk of coronary heart disease and other
pathologies. The beneficial role of milk fat has also been
highlighted in an in-depth review by Berner [1]. This author
is critical of studies that used single dietary fat sources to
compare effects of fats on blood lipids because the effects of
any single fat source are diluted when in a mixed diet. In this
respect, recommended lipid intakes in daily energy intake are
as follows: 7.5% SFA, 15% MUFA and 7.5% PUFA. This
takes into account the way FA affect total and LDL-choles-
terol. However, the effect of dietary FA on other parameters
such as oxidation of LDL FA is not considered, and neither
are their individual effects. Berner [1] also highlights that the
impact of dairy products on plasma lipids and on the risk of
CVD is different from the expected considering their lipid
content and composition.

4.1 Digestion of differently structured fat globules

The structure of milk fat globules is likely to affect the diges-
tion process [63, 75, 95, 140–142]. This concept has been
recently reviewed by Singh et al. [143] regarding the possible
control of the digestion of lipid emulsions through optimized
structure. The gastric step is of tremendous importance for
lipid digestion because it is known to facilitate the subsequent
TAG hydrolysis by the pancreatic lipase [75]. This is particu-
larly important in infants and in adult patients suffering from
pancreatic insufficiency. In minipigs, Buchheim [144]
observed, by electron microscopy, extended MAG-lamellar
structures seeming to escape from fat droplets due to lipolysis
in the gastric coagulum of pasteurized milk (homogenized as
well as non-homogenized) and of UHT milk, but only rarely
in raw milk and in cultured milk. Regarding subsequent gas-
tric lipolysis in minipigs, after feeding raw milk and cultured
milk that were both pasteurized and homogenized, only slight
lipolysis was observed [145]. Feeding homogenized pasteur-
ized milk, non-homogenized pasteurized milk and UHT milk
results in the production of both partial acylglycerols and FFA
of up to 15–30% of the total fat [145]. Borel et al. have also
shown in the rat that lipid droplets of different sizes are
digested and metabolized differently [146, 147].

Armand [75] has shown in humans that the lipid droplet
size is also a key physicochemical factor governing FA bio-
availability. Smaller droplets result in a slower gastric empty-
ing, which is important regarding nutrient delivery [148, 149],
but also in a greater lipolysis due to a larger interface area
[104]. We can thus postulate that the small droplet size in ho-
mogenized milk would favor milk fat lipolysis. However, the
composition of the fat droplet interface is also important, be-
cause lipases must gain access to the TAG through this inter-
face. For example, in premature infants, human milk fat glo-
bules (surrounded by a human native MFGM) are reported to
result in a more efficient gastric lipolysis than the much smal-

ler homogenized lipid droplets of the infant formula [75].
Human milk fat globules are larger in colostrum (volume-
surface mean diameter d32 = 4.3 mm) than in mature breast-
milk (d32 = 3.5 mm), and much larger in general than infant
formula droplets (d32 = 0.3 mm) [150]. The ultrastructure of
milk fat droplets appears thus to be of utmost importance
[75]: It can be related to the native structure of milk fat glo-
bules and to subsequent physicochemical changes due to ho-
mogenization and heating that could affect lipase access to the
interface.

In this respect, Armand and colleagues [95, 142] recently
reported that the activity of human gastric lipase is higher
when lipid droplets are coated with PC, PI or PS than with PE,
and the lowest for SM. Moreover, addition of whey proteins or
caseins at the lipid interface increased the gastric lipolysis rate
in vitro compared with a lipid interface devoid of proteins [95].
Mun et al. [151] have shown that in vitro pancreatic lipolysis of
corn oil-in-water emulsions was higher with droplets covered
by proteins (whey proteins or sodium caseinate) than with PL
(lecithin). Lund and Tholstrup [152] also report on the
influence of PL on FA absorption. Therefore, gastric and
pancreatic lipolysis of milk TAG may be more or less efficient
depending on the interfacial composition of the TAG droplets
(native milk fat globules, homogenized fat droplets, for-
mulated droplets from anhydrous milk fat coated with differ-
ent species of PL and/or proteins etc.).

Michalski et al. [153, 154] have recently shown in the rat
that acute feeding with dairy creams (20% fat) containing
small homogenized fat droplets (covered mainly with caseins)
results in a slower TAG metabolization than feeding creams
containing large PL-coated droplets or than consuming un-
emulsified fat plus skimmed milk. In humans, small droplets
are more efficiently lipolyzed [104] but, in turn, the slower
metabolization can be linked to the delayed gastric emptying
due to the gastric clot structure. The digestibility of milk con-
taining small native milk fat globules should be compared with
that of milk containing homogenized fat droplets of similar
size [48, 49, 140]. The latter can also be produced by
homogenizing anhydrous milk fat with native micellar casein
and whey protein isolate. This would allow discriminating
between size and interface composition effects. Long-term
effects of these metabolization differences compared with
untreated milk fat globules are still to be deeper investigated.

4.2 Digestion of differently structured dairy products

As previously explained, an exaggerated postprandial lipemic
response is a risk factor for development of atherosclerosis. In
this respect, some studies have recently shown that different
structured dairy products result in different lipemia profiles.

In the rat, cumulative lymphatic absorption of FA is
reported to be higher after ingestion of cream compared to
butter and cream cheese [155], resulting in more lipid excret-
ed in blood. Another study in rats has shown that plasma TAG
appear faster, and as a sharper peak, after consumption of
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milk fat plus skimmed milk than after consumption of unho-
mogenized cream or homogenized cream of similar composi-
tion [154]. A hint of a higher TAG peak was observed for
unhomogenized cream compared to homogenized cream, but
these results should be confirmed in humans. On the contrary,
Garaiova et al. [156] have shown in humans that the absorp-
tion of n-3 PUFA (measured as the area under curve in
plasma during the digestion period) was higher from an
emulsion than from the originate oil. The kinetics of TAG
appearance in plasma was faster after emulsion feeding than
after oil feeding. This seemingly contradictory result from the
observation with dairy creams can be explained by the inter-
facial structure of fat droplets. Unfortunately, these authors
did not provide sufficient details about the composition and
structure of the emulsion they used [156]. However, we can
speculate that lipid surfactants at the interface (instead of milk
proteins) and the absence of caseins in meals can have influ-
enced the fat digestion kinetics. Moreover, increased viscosity
of a meal delays gastric emptying [157, 158], which has also
been shown for differently structured dairy products [155,
159]. It has also been shown in humans that the aqueous phase
emptied promptly from the stomach, while the solid and fat
phases emptied together, after an initial lag phase [160].
Therefore, product composition and viscosity and the pres-
ence of a viscoelastic/solid matrix can affect the kinetics of
milk fat digestion.

Clemente et al. [161] have shown in type 2 diabetic
patients that butter in test meals providing 30 g of fat resulted
in a delayed appearance of the TAG peak compared with the
same amount of fat provided by milk or mozzarella cheese.
However, the cumulative TAG absorption after 6 h was no
more different among groups. Sanggaard et al. [162] com-
pared the effect of whole milk with fermented milk (certainly
both homogenized although not stated) on postprandial lipid
metabolism. Fermented milk resulted in a slower gastric
emptying rate than regular milk, and in a greater increase and
a quicker decrease of the TAG content in all lipoprotein frac-
tions. The latter effects were attributed to the impact of prod-
uct viscosity on gastric emptying. Tholstrup et al. [163] have
performed a randomized cross-over study in which healthy
subjects underwent a diet with 20% of their total energy intake
provided by milk fat, either in the form of butter, milk or hard
cheese. On the fourth day of each period, an acute digestion
trial of the tested product revealed no difference in the amount
and FA composition of chylomicrons from the different dairy
matrixes. However, a chronic effect was observed: Daily
cheese consumption resulted in lower fasting total and LDL-
cholesterol than dairy butter consumption [163]. This is con-
sistent with the study of Biong et al. [164] who observed
higher total cholesterol after butter vs. cheese consumption.

Controlled dietary studies in humans have shown no dif-
ference in the effect on plasma cholesterol of milk and butter
with equal fat content and adjusted regarding lactose and
casein content [163]. In a careful review of recent observa-
tional and human intervention trial findings on dairy products

and cardiovascular disease, Tholstrup [165] concludes that
there is no strong evidence that dairy products increase the
risk of coronary heart disease in healthy men of all ages or
young and middle-aged healthy women, consistent with the
review by Parodi [126]. Moreover, there seems to be a neutral
effect of regular hard cheese consumption regarding plasma
cholesterol. We should point out that hard cheese is produced
from unhomogenized milk, conversely to commercial milk
and cream. However, there is no result available to date simply
comparing unhomogenized and homogenized milk products
in humans. Different types of cheeses should also be com-
pared. Moreover, hard cheese may contain beneficial bioac-
tive peptides released by enzymes and bacteria during cheese-
making [166]. Finally, the lipid ultrastructure of hard cheese,
in which fat globules are partly destroyed [76, 79] as well as its
high calcium content might play a role [167]. Casein added to
a fatty meal was also found to lower FFA in the postprandial
and post-absorption phases, and also to reduce moderately
postprandial lipemia, probably via its insulinotropic activity
[168]. Because dairy processes affect casein organization
among the aqueous and fat phases, the hypothesis of different
casein effects on postprandial lipemia depending on milk
treatment should be tested.

As reviewed also by Pfeuffer and Schreizenmeir [169],
observational studies found no increased CVD risk with
increasing consumption of milk and other dairy products. In
several studies, dairy consumption was inversely associated
with the occurrence of one or several facets of the metabolic
syndrome. Several dairy ingredients other than milk fat may
contribute to the beneficial effects, by affecting insulin sensi-
tivity, weight, blood pressure and lipid levels, and possibly
others. The extent of the benefits is not clear yet, but even
small effects are relevant if additive and if exerted during a
lifetime [169]. The variety of dairy products is also impor-
tant; e.g., consumption of cheeses manufactured with unho-
mogenized milk is high in France where coronary mortality is
low, whereas in the Scandinavian studies with high coronary
mortality, homogenized milk consumption is instead high
[165]. Most recently, different authors reviewed the potential
beneficial effect of nutrients in dairy products [167, 170,
171]. Recent analysis of the Oslo Health Study (men and
women of different ages) revealed a positive association be-
tween cheese consumption and HDL-cholesterol, regardless
of gender and after having taken confounding factors into
account [172]. Another study reports increased HDL and
decreased LDL in women consuming high amounts of
cheese, while both HDL- and LDL-cholesterol increased in
men and no effect was observed in moderate cheese con-
sumers [173].

Overall, studies would be needed in humans to investigate
the effect of milk fat structural properties, on the molecular
and colloidal levels, on anti- or pro-atherogenic properties.
Considering the available data, it does not seem justified to
qualify milk and dairy products as anti- or pro-atherogenic
regarding solely their FA composition.
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5 The MFGM and possible health properties

As shown in Table 3, the MFGM can be a valuable source of
PL. Table 5 shows that the FA profile of polar lipids in the
MFGM from cow milk is of nutritional interest, with a greater
content in essential FA in the MFGM PL than in whole milk
fat. Ward et al. [174] reviewed the nutritional benefits of
MFGM PL. Notably, milk fat polar lipids contain high
amounts of sphingolipids. Even though the FA esterified to
the sphingosin moiety in sphingomyelin are rich in long-chain
SFA (Table 5), these species present unique nutritional bene-
fits [3, 6, 175]. Spitsberg [176] highlights the beneficial effects

of the MFGM PL (mainly sphingomyelin) as providing
anticancer and anti-cholesterolemic effects. This is why
nutraceutical applications of MFGM, prepared from butter-
milk and possibly structured as liposomes, are becoming
increasingly studied and discussed [34, 45, 60, 174, 177–181].
Most recently, Wat et al. [182] report in mice that addition of a
PL-rich milk extract (containing ,50% PL) in a high-fat diet
(21% milk fat 1 0.15% cholesterol) induced decreased liver
weight (–24%), decreased liver and plasma lipids, and
decreased hepatic expression of genes linked to FA synthesis,
compared to the high-fat diet without PL. This should be
linked to a report by Lund and Tholstrup [152] that fractions

Table 5. FA profile of single glycerophospholipid and sphingolipid species of the MFGM extracted from different milk fat globule fractions
(g/100 g FA in the PL; minimum to maximum means; from ref. [40]).

Fatty acid PC PE SM PI 1 PS

10:0 0.00–0.02 0.00–0.01 0.00– 0.00 0.00–0.00
11:0 0.00–0.00 0.00–0.01 0.00–0.00 0.00–0.16
12:0 0.33–0.38 0.25–0.31 0.00–0.12 0.00–0.09
13:0 0.00–0.11 0.19–0.39 0.00–0.06 0.00–0.00
14:0 5.2–7.2 0.81–0.85 1.5–1.7 0.92–1.49
14:1 0.35–0.47 0.09–0.25 0.00–0.00 0.00–0.19
16:0 29.3–35.5 9.2–11.2 23.8–24.7 7.9–13.5
16:1n-9 0.32–0.41 0.21–0.32 0.00–0.00 0.03–0.22
16:1n-7 cis 1.5–2.5 2.0–2.3 0.12–0.39 0.9–1.9
17:0 0.63–1.71 0.16–1.05 0.55–2.75 2.4–4.8
18:0 6.8–9.3 7.8–11.1 6.1–9.6 26.–29.7
18:1n-9 trans 0.98–1.21 0.49–1.05 0.00–0.94 1.1–2.3
18:1n-9 cis 32.5–37.6 53.1–55.7 5.9–6.8 30.3–39.0
18:1n-7 0.00–1.6 0.00–2.78 0.00–0.00 0.00–1.83
18:2n-6 trans (CLA) 0.47–0.62 0.55–1.70 0.00–0.00 0.52–0.76
18:2n-6 cis 7.0–9.1 10.8–11.7 1.5–2.3 7.5–10.3
20:0 0.00–0.00 0.00–0.00 0.55–1.11 0.00–0.24
18:3n-3 0.60–0.87 0.80–1.18 0.00–0.10 0.47–1.0
20:1n-9 0.21–0.36 0.25–0.41 0.78–2.52 1.2–4.0
21:0 0.36–0.43 0.74–0.91 0.82–1.15 0.44–0.69
20:2n-6 0.00–0.17 0.25–0.32 0.00–0.49 0.00–0.46
20:3n-9 0.00–0.17 0.03–0.13 0.00–0.15 0.00–0.57
20:3n-6 0.32–0.61 0.89–1.40 0.00–0.20 0.96–2.8
22:0 0.00–0.32 0.00–0.18 14.0–17.1 0.00–0.70
20:4n-6 0.69–0.78 1.1–1.3 0.09–0.81 1.1–1.6
22:1n-9 cis 0.00–0.05 0.00–0.00 0.19–0.66 0.00–0.19
22:2n-6 0.07–0.20 0.00–0.58 16.5–20.1 0.00–1.11
20:5n-3 0.16–0.54 0.13–0.39 0.60–1.23 0.00–0.25
24:0 0.00–0.48 0.00–0.32 11.9–13.8 0.00–0.66
24:1n-9 0.00–0.08 0.00–0.09 0.00–0.54 0.00–0.29
22:4n-6 0.00–0.16 0.00–0.09 1.5–3.3 0.00–0.06
22:5n-6 0.00–0.12 0.10–0.38 1.1–2.1 0.13–0.31
22:5n-3 0.26–0.37 0.30–0.73 0.34–1.24 0.62–0.98
22:6n-3 0.00–0.04 0.00–0.00 0.00–0.09 0.00–0.00

Total SFA 44.1–53.4 20.0–25.5 64.4–65.2 41.1–48.2
Total MUFA 36.2–43.8 57.2–62.5 8.2–10.4 36.6–44.1
Total n-3 PUFA 1.0–1.8 1.2–2.3 1.1–2.1 1.2–2.1
Total n-6 PUFA 9.1–10.9 14.8–16.1 23.9–25.4 12.4–13.6
n-6/n-3 ratio 5.4–10.7 6.4–13.1 11.9–21.1 6.0–11.5
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of milk PL would reduce the level of postprandial blood lipids
in humans after consumption of milk fat.

The health effects of proteins and other minor compo-
nents of the native MFGM are still subject to debate [45, 176,
183] since the controversies raised by Oster about the health
effects of homogenization [184–187]. Moss and Freed [188]
recently studied the link between coronary disease occurrence
and circulating antibodies against the MFGM. The death
rates due to coronary diseases are positively correlated with
milk consumption and would be linked to the circulating
antibodies against the MFGM proteins. The latter link to
lymphocytes and platelets, which would cause their aggrega-
tion. The authors conclude that the MFGM proteins could be
atherogenic. However, the suggestion of Moss and Freed was
recently criticized by Spitsberg [176] on analytical grounds,
advising to take the association MFGM-coronary heart dis-
ease with caution. Because dairy processes such as homoge-
nization change the organization of the MFGM and the
exposure of its proteins, we may suggest that this treatment
could affect the putative atherogenic effect of these proteins.
However, studies remain to be performed to elucidate this
point. Besides, we should stress that some populations, such as
in the French region of Brittany, are used to consume high
amounts of buttermilk that is rich in MFGM fragments while
they are not associated with increased risk of coronary mor-
tality (Maubois, personal communication). Also, hard cheese
consumption is negatively correlated with coronary heart dis-
ease [165, 188] although this product is rich in MFGM.

6 Future prospects

The structure of milk fat is highly variable in nature (TAG
composition and structure, PL content and molecular species,
fat globule size etc., depending on cow breed, feed, season). It
is also greatly altered depending on the various mechanical
and thermal steps of the processing chain, and the modified
milks are subsequently processed into various dairy products.
Milk fat itself can also be subjected to thermal fractionation
and tempering processes. Studies dealing with the health
properties of milk fat in dairy products should thus use sam-
ples the physicochemical properties of which are well char-
acterized. This way, both (i) the composition and molecular
structure of TAG and PL and (ii) the composition and ultra-
structure of the food matrix embedding fat could be taken into
account as relevant parameters in nutritional studies, as sum-
marized in Fig. 4. In the current context of obesity and CVD
outbreak, interdisciplinary studies on the impact of processing
and structure on the nutritional and health value of milk fat are
now recognized as a challenging and necessary research area
for the future. More human intervention studies are needed to
elucidate the role of milk fat structure with respect to the risk
of coronary heart disease. In this respect, investigating the
metabolic significance for human health of the milk TAG
molecular structure, using transesterified and interesterified
milk fat fractions, appears to be necessary. The metabolic
impact of minor bioactive lipids in milk, including PL, is also
an open field of research for the next years.

Figure 4. Summary of relevant milk
fat properties to be taken into
account in nutritional studies [189].

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



426 M.-C. Michalski Eur. J. Lipid Sci. Technol. 2009, 111, 413–431

Conflict of interest statement

The author has declared no conflict of interest.

References

[1] L. A. Berner: Round-table discussion on milkfat, dairy foods,
and coronary heart-disease risk. J Nutr. 1993, 123, 1175–
1184.

[2] R. G. Jensen: The composition of bovine milk lipids: January
1995 to December 2000. J Dairy Sci. 2002, 85, 295–350.

[3] P. W. Parodi: Cows’ milk fat components as potential anti-
carcinogenic agents. J Nutr. 1997, 127, 1055–1060.

[4] K. Valeille, J. Ferezou, M. Parquet, G. Amsler, D. Gripois, A.
Quignard-Boulange, J. C. Martin: The natural concentration
of the conjugated linoleic acid, cis-9,trans-11 in milk fat has
antiatherogenic effects in hyperlipidemic hamsters. J Nutr.
2006, 136, 1305–1310.

[5] J. C. Martin, C. Canlet, B. Delplanque, G. Agnani, D. Lairon,
G. Gottardi, K. Bencharif, D. Gripois, A. Thaminy, A. Paris:
1H-NMR metabonomics can differentiate the early athero-
genic effect of dairy products in hyperlipidemic hamsters.
Atherosclerosis. 2009, in press.

[6] E. L. F. Graves, A. D. Beaulieu, J. K. Drackley: Factors
affecting the concentration of sphingomyelin in bovine milk. J
Dairy Sci. 2007, 90, 706–715.

[7] M. Pfeuffer, J. Schrezenmeir: Bioactive substances in milk
with properties decreasing risk of cardiovascular diseases. Br J
Nutr. 2000, 84, S155–S159.

[8] K. W. Lee, H. J. Lee, H. Y. Cho, Y. J. Kim: Role of the con-
jugated linoleic acid in the prevention of cancer. Crit Rev Food
Sci Nutr. 2005, 45, 135–144.

[9] R. Rombaut, K. Dewettinck: Properties, analysis and purifi-
cation of milk polar lipids. Int Dairy J. 2006, 16, 1362–1373.

[10] H. L. Mu, C. E. Hoy: The digestion of dietary triacylglycerols.
Prog Lipid Res. 2004, 43, 105–133.

[11] W. W. Christie, P. F. Fox: The composition and structure of
milk lipids. In: Advanced Dairy Chemistry. 2. Lipids. P. F. Fox,
Chapman & Hall, London (UK) 1995, pp. 1–36.

[12] K. E. Kaylegian, R. C. Lindsay: Milk fat usage and modifica-
tion. In: Handbook of Milk Fat Fractionation and Technology and
Application. Eds. K. E. Kaylegian, R. C. Lindsay, AOCS
Press, Champaign, IL (USA) 1995, pp. 1–18.

[13] J. Gresti, M. Bugaut, C. Maniongui, J. Bezard: Composition
of molecular-species of triacylglycerols in bovine-milk fat. J
Dairy Sci. 1993, 76, 1850–1869.

[14] K. Valeille, J. C. Martin: Complete stereospecific determina-
tion of conjugated linoleic acids in triacylglycerol of milk-fat.
Reprod Nutr Dev. 2004, 44, 459–464.

[15] T. Porsgaard, C. E. Hoy: Lymphatic transport in rats of sev-
eral dietary fats differing in fatty acid profile and triacylglyc-
erol structure. J Nutr. 2000, 130, 1619–1624.

[16] J. M. Chardigny, E. Masson, J. P. Sergiel, M. Dairbois, O.
Loreau, J. P. Noel, J. L. Sebedio: The position of rumenic acid
on triacylglycerols alters its bioavailability in rats. J Nutr. 2003,
133, 4212–4214.

[17] H. Mulder, P. Walstra: The Milk Fat Globule. Emulsion Science
as Applied to Milk Products and Comparable Foods. Common-
wealth Agricultural Bureau, Farnham Royal (UK) 1974.

[18] P. Walstra, H. Oortwijn, J. J. de Graaf: Studies on milk fat dis-
persion. I. Methods for determining globule size distribution.
Neth Milk Dairy J. 1969, 23, 13–36.

[19] P. Walstra: Studies on milk fat dispersion. II. The globule-size
distribution of cow’s milk. Neth Milk Dairy J. 1969, 23, 99–
110.

[20] P. Walstra: Studies on milk fat dispersion. III. The distribution
function of globule size and the process of milk fat formation.
Neth Milk Dairy J. 1969, 23, 111–123.

[21] P. Walstra: Studies on milk fat dispersion. V. The mean free
distance between fat globules. Neth Milk Dairy J. 1969, 23,
266–270.

[22] P. Walstra: The milk fat globule: Natural and synthetic. 20th

International Dairy Congress, Paris (France) 1978, 75, 1–15.

[23] I. H. Mather, T. W. Keenan: Studies on structure of milk-fat
globule membrane. J Membr Biol. 1975, 21, 65–85.

[24] I. H. Mather: A review and proposed nomenclature for major
proteins of the milk-fat globule membrane. J Dairy Sci. 2000,
83, 203–247.

[25] T. W. Keenan: Milk lipid globules and their surrounding
membrane: A brief history and perspectives for future re-
search. J Mammary Gland Biol Neoplasia. 2001, 6, 365–371.

[26] T. W. Keenan, S. Patton, R. G. Jensen: The structure of milk:
implications for sampling and storage. A. The milk lipid glo-
bule membrane. In: Handbook of Milk Composition. Ed. R. G.
Jensen, Academic Press, San Diego, CA (USA) 1995, pp. 5–
50.

[27] S. Danthine, C. Blecker, M. Paquot, N. Innocente, C.
Deroanne: Evolution des connaissances sur la membrane du
globule gras du lait: Synthèse bibliographique. Lait. 1999, 80,
209–222.

[28] H. Robenek, O. Hofnagel, I. Buers, S. Lorkowski, M.
Schnoor, M. J. Robenek, H. Heid, D. Troyer, N. J. Severs:
Butyrophilin controls milk fat globule secretion. Proc Natl
Acad Sci USA. 2006, 103, 10385–10390.

[29] B. Y. Fong, C. S. Norris, A. K. H. MacGibbon: Protein and
lipid composition of bovine milk-fat-globule membrane. Int
Dairy J. 2007, 17, 275–288.

[30] T. A. Reinhardt, J. D. Lippolis: Bovine milk fat globule mem-
brane proteome. J Dairy Res. 2006, 73, 406–416.

[31] C. Vanderghem, C. Blecker, S. Danthine, C. Deroanne, E.
Haubruge, F. Guillonneau, E. de Pauw, F. Francis: Proteome
analysis of the bovine milk fat globule: Enhancement of
membrane purification. Int Dairy J. 2008, 18, 885–893.

[32] J. Evers, R. G. Haverkamp, S. E. Holroyd, G. B. Jameson, D.
D. S. Mackenzie, O. J. McCarthy: Heterogeneity of milk fat
globule membrane structure and composition as observed
using fluorescence microscopy techniques. Int Dairy J. 2008,
18, 1081–1089.

[33] M. Malmsten, B. Bergenstahl, L. Nyberg, G. Odham: Sphin-
gomyelin from milk – Characterization of liquid crystalline,
liposome and emulsion properties. J Am Oil Chem Soc. 1994,
71, 1021–1026.

[34] A. K. Thompson, H. Singh: Preparation of liposomes from
milk fat globule membrane phospholipids using a micro-
fluidizer. J Dairy Sci. 2006, 89, 410–419.

[35] R. G. Jensen, D. S. Newburg: Bovine milk lipids. In: Handbook
of Milk Composition. Ed. R. G. Jensen, Academic Press, New
York, NY (USA) 1995, pp. 543–575.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



Eur. J. Lipid Sci. Technol. 2009, 111, 413–431 Milk fat structure 427

[36] R. G. Jensen, A. M. Ferris, C. J. Lammi-Keefe: Milk fat,
composition, function and potential for change. J Dairy Sci.
1991, 74, 3228–3243.

[37] T. W. Keenan, J. A. Morré, D. E. Olson, W. N. Yunghans, S.
Patton: Biochemical and morphological comparison of
plasma membrane and milk fat globule membrane from
bovine mammary gland. J Cell Biol. 1970, 44, 80–93.

[38] E. L. Malin, T. A. Foglia, J. J. Basch, M. P. Thompson, P. Vail:
Influence of preparative method on the lipid profiles of bovine
fat globule membrane. Int Dairy J. 1993, 3, 103–115.

[39] T. W. Keenan, D. P. Dylewski, P. F. Fox: Intracellular origin of
milk lipid globules and the nature and structure of the milk
lipid globule membrane. In: Advanced Dairy Chemistry.
2. Lipids. Chapman & Hall, London (UK) 1995, pp. 89–130.

[40] C. Fauquant, V. Briard-Bion, N. Leconte, M. Guichardant,
M. C. Michalski: Membrane phospholipids and sterols in
microfiltered milk fat globules. Eur J Lipid Sci Technol. 2007,
109, 1167–1173.

[41] C. Lopez, V. Briard-Bion, O. Menard, F. Rousseau, P. Pradel,
J. M. Besle: Phospholipid, sphingolipid, and fatty acid com-
positions of the milk fat globule membrane are modified by
diet. J Agric Food Chem. 2008, 56, 5226–5236.

[42] C. Fauquant: Composition des phospholipides majeurs de la
membrane des globules gras du lait. M. Sci. Thesis, INSA-
Lyon, Lyon (France) 2004.

[43] A. K. H. MacGibbon, M. W. Taylor, P. F. Fox, P. L. H.
McSweeney: Composition and structure of bovine milk lipids.
In: Advanced Dairy Chemistry. 2. Lipids. Eds. P. F. Fox, P. L. H.
Swenney, Springer, New York (USA) 2006, pp. 1–42.

[44] J. Evers: The milk fat globule membrane-compositional and
structural changes post secretion by the mammary secretory
cell. Int Dairy J. 2004, 14, 661–674.

[45] K. Dewettinck, R. Rombaut, N. Thienpont, T. T. Le, K.
Messens, J. Van Camp: Nutritional and technological aspects
of milk fat globule membrane material. Int Dairy J. 2008, 18,
436–457.

[46] M. C. Michalski, V. Briard, F. Michel: Optical parameters of
milk fat globules for laser light scattering measurements. Lait.
2001, 81, 787–796.

[47] M. C. Michalski, F. Michel, C. Geneste: Appearance of sub-
micronic particles in the milk fat globule size distribution upon
mechanical treatments. Lait. 2002, 82, 193–208.

[48] H. Goudedranche, J. L. Maubois, J. Fauquant: French Patent
FR/2/776/208/A1, International Patent PCT/FR 99/00632,
1998.

[49] M. C. Michalski, N. Leconte, V. Briard, J. Fauquant, J. L.
Maubois, H. Goudedranche: Microfiltration of raw whole
milk to select fractions with different fat globule size distribu-
tions: Process optimization and analysis. J Dairy Sci. 2006, 89,
3778–3790.

[50] V. Briard, N. Leconte, F. Michel, M. C. Michalski: The fatty
acid composition of small and large naturally occurring milk
fat globules. Eur J Lipid Sci Technol. 2003, 105, 677–682.

[51] C. Fauquant, V. Briard, N. Leconte, M. C. Michalski: Differ-
ently sized native milk fat globules separated by microfiltra-
tion: Fatty acid composition of the milk fat globule membrane
and triglyceride core. Eur J Lipid Sci Technol. 2005, 107, 80–
86.

[52] N. Argov, S. Wachsmann-Hogiu, S. L. Freeman, T. Huser, C.
B. Lebrilla, J. B. German: Size-dependent lipid content in hu-
man milk fat globules. J Agric Food Chem. 2008, 56, 7446–
7450.

[53] M. C. Neville, M. F. Picciano: Regulation of milk lipid secre-
tion and composition. Annu Rev Nutr. 1997, 17, 159–183.

[54] D. L. Palmquist, P. F. Fox, P. L. H. McSweeney: Milk fat:
Origins of fatty acids and influence of nutritional factors
thereon. In: Advanced Dairy Chemistry. 2. Lipids. Eds. P. F.
Fox, P. L. H. Swenney, Springer, New York (USA) 2006, pp.
43–92.

[55] V. Briard-Bion, P. Juaneda, R. Richoux, E. Guichard, C.
Lopez: Trans-C18:1 isomers in cheeses enriched in unsatu-
rated fatty acids and manufactured with different milk fat
globule sizes. J Agric Food Chem. 2008, 56, 9374–9382.

[56] S. Couvreur, C. Hurtaud, C. Lopez, L. Delaby, J. L. Peyraud:
The linear relationship between the proportion of fresh grass
in the cow diet, milk fatty acid composition and butter prop-
erties. J Dairy Sci. 2006, 89, 1959–1969.

[57] S. Couvreur, C. Hurtaud, P. G. Marnet, P. Faverdin, J. L.
Peyraud: Composition of milk fat from cows selected for milk
fat globule size and offered either fresh pasture or a corn
silage-based diet. J Dairy Sci. 2007, 90, 392–403.

[58] L. Wiking, J. Stagsted, L. Bjørck, J. H. Nielsen: Milk fat glo-
bule size is affected by fat production in dairy cows. Int Dairy
J. 2004, 14, 909–913.

[59] L. Wiking, J. H. Nielsen, A. K. Bavius, A. Edvardsson, K.
Svennersten-Sjaunja: Impact of milking frequencies on the
level of free fatty acids in milk, fat globule size, and fatty acid
composition. J Dairy Sci. 2006, 89, 1004–1009.

[60] N. Argov, D. G. Lemay, J. B. German: Milk fat globule struc-
ture and function: Nanoscience comes to milk production.
Trends Food Sci Technol. 2008, 19, 617–623.

[61] L. H. Rees: The theory and practical application of homoge-
nization. J Soc Dairy Technol. 1968, 21, 172–179.

[62] R. A. Wilbey, H. Roginski, J. W. Fuquay, P. F. Fox: Homoge-
nization of milk. In: Encyclopedia of Dairy Sciences. Eds. H.
Roginski, F. W. Fuquay, P. F. Fox, Academic Press, Paris
(France) 2002, pp. 1346–1349.

[63] M. C. Michalski, C. Januel: Does homogenization affect the
human health properties of cow’s milk? Trends Food Sci Tech-
nol. 2006, 17, 423–437.

[64] M. C. Michalski, F. Michel, D. Sainmont, V. Briard: Apparent
zeta-potential as a tool to assess mechanical damages to the
milk fat globule membrane. Colloids Surf B Biointerfaces. 2002,
23, 23–30.

[65] D. F. Darling, D. W. Butcher: Milk-fat globule membrane in
homogenized cream. J Dairy Res. 1978, 45, 197–208.

[66] K. K. Fox, V. H. Holsinger, J. Caha, M. J. Pallansch: Forma-
tion of a fat protein complex in milk by homogenization. J
Dairy Sci. 1960, 43, 1396–1406.

[67] S. Henstra, D. G. Schmidt: On the structure of the fat-protein
complex in homogenized cow’s milk. Neth Milk Dairy J. 1970,
24, 45–51.

[68] R. H. Jackson, J. B. Brunner: Characteristics of protein frac-
tions isolated from fat/plasma interface of homogenized milk.
J Dairy Sci. 1960, 43, 912–919.

[69] L. W. Phipps: Mechanism of oil droplet formation in high
pressure homogenizers. Nature. 1971, 233, 617–619.

[70] M. A. J. S. van Boekel, P. Walstra: Physical changes in the fat
globules in unhomogenized and homogenized milk. Bull Int
Dairy Fed. 1989, 238, 13–166.

[71] T. W. Keenan, T. W. Moon, D. P. Dylewski: Lipid globules
retain globule membrane material after homogenization. J
Dairy Sci. 1983, 66, 196–203.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



428 M.-C. Michalski Eur. J. Lipid Sci. Technol. 2009, 111, 413–431

[72] M. C. Michalski, V. Briard: Fat-related surface tension and
wetting properties of milk. Milchwissenschaft. 2003, 58, 26–29.

[73] M. C. Michalski, R. Cariou, F. Michel, C. Garnier: Native vs
damaged milk fat globules: Membrane properties affect the
viscoelasticity of milk gels. J Dairy Sci. 2002, 85, 2451–2461.

[74] M. C. Michalski, M. Ollivon, V. Briard, N. Leconte, C. Lopez:
Native fat globules of different sizes selected from raw milk:
Thermal and structural behavior. Chem Phys Lipids. 2004,
132, 247–261.

[75] G. Favé, T. C. Coste, M. Armand: Physicochemical proper-
ties of lipids: New strategies to manage fatty acid bioavail-
ability. Cell Mol Biol. 2004, 50, 815–831.

[76] C. Lopez: Focus on the supramolecular structure of milk fat in
dairy products. Reprod Nutr Dev. 2005, 45, 497–511.

[77] M. Zahar, D. E. Smith: Adsorption of proteins at the lipid-
serum interface in milk systems with various lipids. Int Dairy J.
1996, 6, 697–708.

[78] S. K. Sharma, D. G. Dalgleish: Effect of heat treatments on
the incorporation of milk serum proteins into the fat globule
membrane of homogenized milk. J Dairy Res. 1994, 61, 375–
384.

[79] S. Gunasekaran, K. Ding: Three-dimensional characteristics
of fat globules in cheddar cheese. J Dairy Sci. 1999, 82, 1890–
1896.

[80] M. A. E. Auty, M. Twomey, T. P. Guinee, D. M. Mulvihill:
Development and application of confocal scanning laser mi-
croscopy methods for studying the distribution of fat and
protein in selected dairy products. J Dairy Res. 2001, 68, 417–
427.

[81] S. R. Kamath, C. V. Morr, T. Schenz: Laser light scattering
and microscopic properties of milkfat globules in Swiss cheese
whey low density lipid-containing fraction. Lebensm Wiss
Technol. 1998, 31, 274–278.

[82] T. P. Guinee, P. L. H. McSweeney, P. F. Fox: Significance of
milk fat in cheese. In: Advanced Dairy Chemistry. 2. Lipids.
Eds. P. F. Fox, P. L. H. Swenney, Springer, New York (USA)
2006, pp. 377–440.

[83] I. Lefevere, K. Dewettinck, A. Huyghebaert: Cheese fat as a
driving force in cheese flow upon melting. Milchwissenschaft.
2000, 55, 563–566.

[84] C. Lopez, V. Briard-Bion: The composition, supramolecular
organisation and thermal properties of milk fat: A new chal-
lenge for the quality of food products. Lait. 2007, 87, 317–
336.

[85] C. Lopez, B. Camier, J. Y. Gassi: Development of the milk fat
microstructure during the manufacture and ripening of
Emmental cheese observed by confocal laser scanning mi-
croscopy. Int Dairy J. 2007, 17, 235–247.

[86] C. Lopez, M. B. Maillard, V. Briard-Bion, B. Camier, J. Han-
non: Lipolysis during ripening of Emmental cheese consider-
ing organization of fat and preferential localization of bacteria.
J Agric Food Chem. 2006, 54, 5855–5867.

[87] M. C. Michalski, B. Camier, J. Y. Gassi, V. Briard, N. Leconte,
M. H. Famelart, C. Lopez: Functionality of smaller vs control
native milk fat globules in Emmental cheeses manufactured
with adapted technologies. Food Res Int. 2007, 40, 191–202.

[88] M. Rowney, P. Roupas, M. Hickey, D. W. Everett: Milkfat
structure and free oil in mozzarella cheese. Aust J Dairy Tech-
nol. 1998, 53, 110–110.

[89] C. Wijesundera, L. Drury, K. Muthukumarappan, S. Guna-
sekaran, D. W. Everett: Elucidation of the effect of fat globule

size and shape on Cheddar cheese flavour development using
a fat-substituted cheese model. Aust J Dairy Technol. 2000,
55, 9–15.

[90] M. C. Michalski, B. Camier, V. Briard, N. Leconte, J. Y.
Gassi, H. Goudedranche, F. Michel, J. Fauquant: The size of
native milk fat globules affects physico-chemical and func-
tional properties of Emmental cheese. Lait. 2004, 84, 343–
358.

[91] M. C. Michalski, J. Y. Gassi, M. H. Famelart, N. Leconte, B.
Camier, F. Michel, V. Briard: The size of native milk fat glo-
bules affects physico-chemical and sensory properties of
Camembert cheese. Lait. 2003, 83, 131–143.

[92] C. Lopez, V. Briard-Bion, E. Beaucher, M. Ollivon: Multi-
scale characterization of the organization of triglycerides and
phospholipids in Emmental cheese: From the microscopic to
the molecular level. J Agric Food Chem. 2008, 56, 2406–2414.

[93] Y. F. Collins, P. L. H. McSweeney, M. G. Wilkinson: Lipo-
lysis and free fatty acid catabolism in cheese: A review of
current knowledge. Int Dairy J. 2003, 13, 841–866.

[94] J. Fontecha, I. Mayo, G. Toledano, M. Juarez: Use of changes
in triacylglycerols during ripening of cheeses with high lipo-
lysis levels for detection of milk fat authenticity. Int Dairy J.
2006, 16, 1498–1504.

[95] M. Armand: Digestibilité des matières grasses chez l’homme.
Sci Alim. 2008, 28, 84–98.

[96] F. Laugerette, P. Passilly-Degrace, B. Patris, I. Niot, M. Feb-
braio, J. P. Montmayeur, P. Besnard: CD36 involvement in
orosensory detection of dietary lipids, spontaneous fat pre-
ference, and digestive secretions. J Clin Invest. 2005, 115,
3177–3184.

[97] R. D. Mattes: Oral fat exposure alters postprandial lipid me-
tabolism in humans. Am J Clin Nutr. 1996, 63, 911–917.

[98] R. D. Mattes: Brief oral stimulation, but especially oral fat
exposure, elevates serum triglycerides in humans. Am J
Physiol Gastrointest Liver Physiol. 2009, 296, G365–G371.

[99] M. Armand: Lipases and lipolysis in the human digestive
tract: Where do we stand? Curr Opin Clin Nutr Metab Care.
2007, 10, 156–164.

[100] A. Berton, C. Sebban-Kreuzer, I. Crenon: Role of the
structural domains in the functional properties of pancreatic
lipase-related protein 2. FEBS J. 2007, 274, 6011–6023.

[101] N. Miled, S. Canaan, L. Dupuis, A. Roussel, M. Rivière, F.
Carrière, A. de Caro, C. Cambillau, R. Verger: Digestive
lipases – from three dimensional structure to physiology.
Biochimie. 2000, 82, 973–986.

[102] D. M. Small: The effects of glyceride structure on absorption
and metabolism. Annu Rev Nutr. 1991, 11, 413–434.

[103] M. Armand, P. Borel, B. Pasquier, C. Dubois, M. Senft, M.
Andre, J. Peyrot, J. Salducci, D. Lairon: Physicochemical
characteristics of emulsions during fat digestion in human
stomach and duodenum. Am J Physiol. 1996, 271, G172–
G183.

[104] M. Armand, B. Pasquier, M. Andre, P. Borel, M. Senft, J.
Peyrot, J. Salducci, H. Portugal, V. Jaussan, D. Lairon:
Digestion and absorption of 2 fat emulsions with different
droplet sizes in the human digestive tract. Am J Clin Nutr.
1999, 70, 1096–1106.

[105] V. Petit, I. Niot, H. Poirier, P. Besnard: Absorption intestinale
des acides gras: Faits et incertitudes. Nutr Clin Metab. 2007,
21, 38–45.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



Eur. J. Lipid Sci. Technol. 2009, 111, 413–431 Milk fat structure 429

[106] M. Lefevre, P. M. Kris-Etherton, G. Zhao, R. P. Tracy:
Dietary fatty acids, hemostasis, and cardiovascular disease
risk. J Am Diet Assoc. 2004, 104, 410–419.

[107] S. E. E. Berry, T. A. B. Sanders: Influence of triacylglycerol
structure of stearic-rich fats on postprandial lipemia. Proc
Nutr Soc. 2005, 64, 205–212.

[108] E. M. Straarup, C. E. Hoy: Structured lipids improve fat
absorption in normal and malabsorbing rats. J Nutr. 2000,
130, 2802–2808.

[109] S. Aoe, J. Yamamura, H. Matsuyama, M. Hase, M. Shiota, S.
Miura: The positional distribution of dioleoyl-palmitoyl
glycerol influences lymph chylomicron transport, composi-
tion and size in rats. J Nutr. 1997, 127, 1269–1273.

[110] H. Mu, T. Porsgaard: The metabolism of structured tria-
cylglycerols. Prog Lipid Res. 2005, 44, 430–448.

[111] T. A. B. Sanders, S. E. E. Berry, G. J. Miller: Influence of
triacylglycerol structure on the postprandial response of fac-
tor VII to stearic acid-rich fat. Am J Clin Nutr. 2003, 77,
777–782.

[112] D. M. Robinson, N. C. Martin, L. E. Robinson, I. Ahmadi,
A. G. Marangoni, A. J. Wright: Influence of interesterifica-
tion of a stearic acid-rich spreadable fat on acute metabolic
risk factors. Lipids. 2009, in press.

[113] K. M. Yli-Jokipii, U. S. Schwab, R. L. Tahvonen, J. P. Kur-
vinen, H. M. Mykkönen, H. P. T. Kallio: Triacylglycerol
molecular weight and to a lesser extent, fatty acid positional
distribution, affect chylomicron triacylglycerol composition
in women. J Nutr. 2002, 132, 924–929.

[114] J. Muntwyler, G. Sutch, J. H. Kim, H. Schmid, F. Folath, W.
Kiowski, F. W. Amann: Postprandial lipaemia and endothe-
lial function among healthy men. Swiss Med Wkly. 2001,
131, 214–218.

[115] N. Tentolouris, C. Arapostathi, D. Perrera, D. Kyriaki, C.
Revenas, N. Katsilambros: Differential effects of two differ-
ent isoenergetic meals one rich in saturated and one rich in
monounsaturated fat on endothelial function in subjects with
type 2 diabetes mellitus. Diabetes Care. 2009, in press.

[116] P. Sjogren, M. Rosell, C. Skoglund-Andersson, S. Zdravko-
vic, B. Vessby, U. de Faire, A. Hamsten, M. L. Hellenis, R.
M. Fisher: Milk-derived fatty acids are associated with a
more favorable LDL particle size distribution in healthy
men. J Nutr. 2004, 134, 1729–1735.

[117] A. E. Smedman, I. B. Gustafsson, L. G. Berglung, B. O.
Vessby: Pentadecanoic acid in serum as a marker for intake of
milk fat: Relations between intake of milk fat and metabolic
risk factors. Am J Clin Nutr. 1999, 69, 22–29.

[118] E. Warensjö, J. H. Jansson, L. Berglund, K. Boman, B.
Ahren, L. Weinehall, B. Lindahl, G. Hallmans, B. Vessby:
Estimated intake of milk fat is negatively associated with
cardiovascular risk factors and does not increase the risk of a
first acute myocardial infarction. Br J Nutr. 2004, 91, 635–
642.

[119] J. B. German, C. J. Dillard: Composition, structure and
absorption of milk lipids: A source of energy, fat-soluble
nutrients and bioactive molecules. Crit Rev Food Sci Nutr.
2006, 46, 57–92.

[120] J. K. Lorenzen, S. Nielsen, J. J. Holst, I. Tetens, J. F. Rehfeld,
A. Astrup: Effect of dairy calcium or supplementary calcium
intake on postprandial fat metabolism, appetite, and sub-
sequent energy intake. Am J Clin Nutr. 2007, 85, 678–687.

[121] N. Boon, G. B. Hul, J. H. Stegen, W. E. Sluijsmans, C. Walle,
D. Langin, N. Viguerie, W. H. Sarris: An intervention study

of the effects of calcium intake on faecal fat excretion, energy
metabolism and adipose tissue mRNA expression of lipid-
metabolism related proteins. Int J Obes. 2007, 31, 1704–
1712.

[122] B. Walther, A. Schmid, R. Sieber, K. Wehrmüller: Cheese in
nutrition and health. Dairy Sci Technol. 2008, 88, 389–405.

[123] N. T. Bendsen, A. L. Hother, S. K. Jensen, J. K. Lorenzen, A.
Astrup: Effect of dairy calcium on fecal fat excretion: A ran-
domized crossover trial. Int J Obes. 2009, in press.

[124] N. Mekki, M. Charbonnier, P. Borel, J. Leonardi, C. Juhel, H.
Portugal, D. Lairon: Butter differs from olive oil and sun-
flower oil in its effect on postprandial lipemia and
triacylglycerol-rich lipoproteins after single mixed meals in
healthy young men. J Nutr. 2002, 132, 3642–3649.

[125] M. Hamosh: Lingual and Gastric Lipases: Their Role in Fat
Digestion. CRC Press, Boca Raton, FL (USA) 1990.

[126] P. W. Parodi, P. F. Fox, P. L. H. McSweeney: Nutritional sig-
nificance of milk lipids. In: Advanced Dairy Chemistry.
2. Lipids. Eds. P. F. Fox, P. L. H. Swenney, Springer, New
York (USA).

[127] S. Wein, S. Wolffram, J. Schrezenmeir, D. Gasperikova, I.
Klimes, E. Seböková: Medium-chain fatty acids ameliorate
insulin resistance caused by high-fat diets in rats. Diabetes
Metab Res Rev. 2009, 25, 185–194.

[128] V. Rioux, P. Legrand: Metabolism and the functions of myr-
istic acid. Oléagineux Corps Gras Lipides. 2001, 8, 161–166.

[129] P. Legrand: Recent knowledges on saturated fatty acids: A
better understanding. Sci Alim. 2002, 22, 351–354.

[130] V. Rioux, A. Galat, G. Jan, F. Vinci, S. D’Andrea, P. Legrand:
Exogenous myristic acid acylates proteins in cultured rat
hepatocytes. J Nutr Biochem. 2002, 13, 66–74.

[131] S. E. E. Berry, G. J. Miller, T. A. B. Sanders: The solid fat
content of stearic acid-rich fats determines their postprandial
effects. Am J Clin Nutr. 2007, 85, 1486–1494.

[132] L. Bonnaire, S. Sandra, T. Helgason, E. A. Decker, J. Weiss,
D. J. McClements: Influence of lipid physical state on the in
vitro digestibility of emulsified lipids. J Agric Food Chem.
2009, 56, 3791–3797.

[133] S. E. Berry, S. Tucker, R. Banerji, B. Jiang, P. J. Cho-
wiencsyk, S. M. Charles, T. A. Sanders: Impaired post-
prandial endothelial function depends on the type of fat
consumed by healthy men. J Nutr. 2008, 138, 1910–1914.

[134] H. C. Bertram, L. Wiking, J. H. Nielsen, H. J. Andersen:
Direct measurement of phase transitions in milk fat during
cooling of cream – A low-field NMR approach. Int Dairy J.
2005, 15, 1056–1063.

[135] M. Ollivon, R. Perron, A. Karleskind: Propriétés physiques
des corps gras. In: Manuel des Corps Gras. A. Karlskind,
Lavoisier, Paris (France) 1992, pp. 433–529.

[136] C. Lopez, C. Bourgaux, P. Lesieur, S. Bernadou, G. Keller,
M. Ollivon: Thermal and structural behavior of milk fat.
3. Influence of cream cooling rate and droplet size. J Colloid
Interface Sci. 2002, 254, 64–78.

[137] G. Asselin, C. Lavigne, N. Bergeron, P. Angers, K. Belk-
acemi, J. Arul, H. Jacques: Fasting and postprandial lipid re-
sponse to the consumption of modified milk fats by guinea
pigs. Lipids. 2004, 39, 985–992.

[138] M. S. Lambert, K. M. Botham, P. A. Mayes: Variations in
composition of dietary fats affect hepatic uptake and metab-
olism of chylomicron remnants. Biochem J. 1995, 310, 845–
852.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



430 M.-C. Michalski Eur. J. Lipid Sci. Technol. 2009, 111, 413–431

[139] C. T. Phan, B. C. Mortimer, I. J. Martins, T. G. Redgrave:
Plasma clearance of chylomicrons from butterfat is not de-
pendent on saturation: Studies with butterfat fractions and
other fats containing triacylglycerols with low or high melting
points. Am J Clin Nutr. 1999, 69, 1151–1161.

[140] M. C. Michalski: On the supposed influence of milk ho-
mogenization on the risk of cardiovascular disease, diabetes
and allergy. Br J Nutr. 2007, 97, 598–610.

[141] M. Armand: Propriétés physico-chimiques des émulsions
lipidiques: Effets sur la digestion et l’assimiation des lipides.
Cah Nutr Diet. 1998, 33, 305–311.

[142] G. Favé, C. Lévêque, J. Peyrot, G. Pieroni, C. Costet, M.
Armand: Modulation of gastric lipolysis by the phospholipid
specie: Link to specific lipase-phospholipid interaction at the
lipid/water interface? FASEB J. 2007, 21, A1010-a.

[143] H. Singh, A. Ye, D. Horne: Structuring food emulsions in the
gastrointestinal tract to modify lipid digestion. Prog Lipid Res.
2009, in press.

[144] W. Buchheim: Zum Einfluss unterschiedlicher technolo-
gischer Behandlung von Milch auf die Verdauugsvorgange
im Magen. IV. Elektronenmikroskopische Charakterisierung
des Koagulums und lipolytischer Vorgange im Magen.
[Influence of different technological treatments of milk on
digestion in the stomach. IV. Electron microscopic charac-
terization of the coagulum and of lipolytic processes in the
stomach]. Milchwissenschaft. 1984, 39, 271–275.

[145] H. Timmen, D. Precht: Zum Einfluss unterschiedlicher
technologischer Behandlung von Milch auf die Verdauungs-
vorgange im Magen. V. Lipolyse im Magen. [Influence of
different technological treatments of milk on digestion in the
stomach. V. Lipolysis in the stomach]. Milchwissenschaft.
1984, 39, 276–280.

[146] P. Borel, M. Armand, B. Pasquier, M. Senft, G. Dutot, C.
Melin, H. Lafont, D. Lairon: Digestion and absorption of
tube-feeding emulsions with different droplet sizes and
compositions in the rat. J Parenter Enteral Nutr. 1994, 18,
534–543.

[147] P. Borel, M. Armand, P. Ythier, G. Dutot, C. Melin, M.
Senft, H. Lafont, D. Lairon: Hydrolysis of emulsions with
different triglycerides and droplet sizes by gastric lipase in
vitro. Effect on pancreatic lipase activity. J Nutr Biochem.
1994, 5, 124–133.

[148] B. D. Maes, Y. F. Ghoos, B. J. Geypens, M. I. Hiele, P. J.
Rutgeerts: Relation between gastric emptying rate and rate of
intraluminal lipolysis. Gut. 1996, 38, 23–27.

[149] B. D. Maes, B. J. Geypens, Y. F. Ghoos, M. I. Hiele, P. J.
Rutgeerts: 13C-Octanoic breath test for gastric emptying
rates of solids. Gastroenterology. 1998, 114, 856–863.

[150] M. C. Michalski, V. Briard, F. Michel, F. Tasson, P. Poulain:
Size distribution of fat globules in human colostrum, breast
milk, and infant formula. J Dairy Sci. 2005, 88, 1927–1940.

[151] S. Mun, E. A. Decker, D. J. McClements: Influence of
emulsifier type on in vitro digestibility of lipid droplets by
pancreatic lipase. Food Res Int. 2007, 40, 770–781.

[152] A. P. Lund, T. Tholstrup: The nutritional importance of milk
phospholipids [Maelkephospholipiders ernaeringsmaessige
betydning]. Maelkeritidende. 2004, 117, 11–16.

[153] M. C. Michalski, V. Briard, M. Desage, A. Geloen: The dis-
persion state of milk fat influences triglyceride metabolism in
the rat – A (CO2)-C-13 breath test study. Eur J Nutr. 2005,
44, 436–444.

[154] M. C. Michalski, A. F. Soares, C. Lopez, N. Leconte, V.
Briard, A. Geloen: The supramolecular structure of milk fat
influences plasma triacylglycerols and fatty acid profile in the
rat. Eur J Nutr. 2006, 45, 215–224.

[155] M. B. Fruekilde, C. E. Høy: Lymphatic fat absorption varies
among rats administered dairy products differing in physico-
chemical properties. J Nutr. 2004, 134, 1110–1113.

[156] I. Garaiova, I. A. Guschina, S. F. Plummer, J. Tang, D.
Wang, N. T. Plummer: A randomised cross-over trial in
healthy adults indicating improved absorption of omega-3
fatty acids by pre-emulsification. Nutr J. 2008, 6, 4–13.

[157] C. Dubois, M. Armand, V. Azais-Braesco, H. Portugal, A.
M. Pauli, P. M. Bernard, C. Latge, H. Lafont, P. Borel, D.
Lairon: Effects of moderate amounts of emulsified dietary fat
on postprandial lipemia and lipoproteins in normolipidemic
adults. Am J Clin Nutr. 1994, 60, 374–382.

[158] Y. F. Ghoos, B. D. Maes, B. J. Geypens, G. Mys, M. I. Hiele,
P. J. Rutgeerts, G. Vantrappen: Measurement of gastric
emptying rate of solids by means of a carbon-labeled octa-
noic acid breath test. Gastroenterology. 1993, 104, 1640–
1647.

[159] E. Strandhagen, A. Lia, S. Lindstrand, P. Bergström, A.
Lundström, R. Fonden, H. Andersson: Fermented milk
(ropy milk) replacing regular milk reduces glycemic response
and gastric emptying in healthy subjects. Scand J Nutr. 1994,
38, 117–121.

[160] J. H. Meyer, E. A. Mayer, D. Jehn, Y. Gu, A. S. Fink, M.
Fried: Gastric processing and emptying of fat. Gastro-
enterology. 1986, 90, 1176–1187.

[161] G. Clemente, M. Mancini, F. Nazzaro, G. Lasorella, A. Riv-
ieccio, A. M. Palumbo, A. A. Rivellese, L. Ferrara, R.
Giacco: Effect of different dairy products on postprandial
lipemia. Nutr Metab Cardiovasc Dis. 2003, 13, 377–383.

[162] K. M. Sanggaard, J. J. Holst, J. F. Rehfeld, B. Sandstrom, A.
Raben, T. Tholstrup: Different effects of whole milk and a
fermented milk with the same fat and lactose content on
gastric emptying and postprandial lipaemia, but not on gly-
caemic response and appetite. Br J Nutr. 2004, 92, 447–459.

[163] T. Tholstrup, C. E. Høy, L. Normann Andersen, R. D. K.
Christensen, B. Sandström: Does fat in milk, butter and
cheese affect blood lipids and cholesterol differently? J Am
Coll Nutr. 2005, 23, 169–176.

[164] A. S. Biong, H. Müller, I. Seljeflot, M. B. Veier, J. I. Ped-
ersen: A comparison of the effects of cheese and butter on
serum lipids, haemostatic variables and homocysteine. Br J
Nutr. 2004, 92, 791–797.

[165] T. Tholstrup: Dairy products and cardiovascular disease.
Curr Opin Lipidol. 2006, 17, 1–10.

[166] M. Gobbetti, L. Stepaniak, M. De Angelis, A. Corsetti, R. Di
Cagno: Latent bioactive peptides in milk proteins: Proteoly-
tic activation and significance in dairy processing. Crit Rev
Food Sci Nutr. 2002, 42, 223–239.

[167] L. E. van Meijl, R. Vrolix, R. P. Mensink: Dairy product
consumption and the metabolic syndrome. Nutr Res Rev.
2009, 21, 148–159.

[168] S. Westphal, S. Kastner, E. Taneva, A. Leodolter, J. Dierkes,
C. Luley: Postprandial lipid and carbohydrate responses
after the ingestion of a casein-enriched mixed meal. Am J
Clin Nutr. 2004, 80, 284–290.

[169] M. Pfeuffer, J. Schrezenmeir: Milk and the metabolic syn-
drome. Obes Rev. 2007, 8, 109–118.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



Eur. J. Lipid Sci. Technol. 2009, 111, 413–431 Milk fat structure 431

[170] P. J. Nestel: Effects of dairy fats within different foods on
plasma lipids. J Am Coll Nutr. 2008, 27, 730S–740S.

[171] B. Lamarche: Review of the effect of dairy products on non-
lipid risk factors for cardiovascular disease. J Am Coll Nutr.
2008, 27, 741S–746S.

[172] A. T. Hostmark, A. Haug, S. E. Tomten, D. G. Thelle, A.
Mosdøl: Serum HDL cholesterol was positively associated
with cheese intake in the Oslo Health Study. J Food Lipids.
2009, 19, 89–102.

[173] D. K. Houston, K. E. Driver, A. J. Bush, S. B. Kritchevsky:
The association between cheese consumption and cardio-
vascular risk factors among adults. J Hum Nutr Diet. 2008,
21, 129–140.

[174] R. E. Ward, J. B. German, M. Corredig, P. F. Fox, P. L. H.
McSweeney: Composition, applications, fractionation, tech-
nological and nutritional significance of milk fat globule
membrane material. In: Advanced Dairy Chemistry. 2. Lipids.
Eds. P. F. Fox, P. L. H. McSwenney, Springer, New York
(USA) 2006, pp. 213–244.

[175] N. Bartke, Y. A. Hannun: Bioactive sphingolipids: Metabo-
lism and function. J Lipids Res. 2009, in press.

[176] V. L. Spitsberg: Invited review: Bovine milk fat globule
membrane as a potential nutraceutical. J Dairy Sci. 2005, 88,
2289–2294.

[177] S. Sachdeva, W. Buchheim: Recovery of phospholipids from
buttermilk using membrane processing. Kieler Milch-
wirtschaftliche Forschungsberichte. 1997, 49, 47–58.

[178] R. R. Roesch, M. Corredig: Production of buttermilk
hydrolyzates and their characterization. Milchwissenschaft.
2002, 57, 376–380.

[179] J. C. Astaire, R. Ward, J. B. German, R. Jimenez-Flores:
Concentration of polar MFGM lipids from buttermilk by
microfiltration and supercritical fluid extraction. J Dairy Sci.
2003, 86, 2297–2307.

[180] M. Correding, R. R. Roesch, D. G. Dalgleish: Production of
a novel ingredient from buttermilk. J Dairy Sci. 2003, 86,
2744–2750.

[181] P. Morin, Y. Pouliot, R. Jimenez-Flores: A comparative study
of the fractionation of regular buttermilk and whey butter-
milk by microfiltration. J Food Eng. 2006, 77, 521–528.

[182] E. Wat, S. Tandy, E. Kapera, A. Kamili, R. W. Chung, A.
Brown, M. Rowney, J. S. Cohn: Dietary phospholipid-rich
dairy milk extract reduces hepatomegaly, hepatic steatosis
and hyperlipidemia in mice fed a high-fat diet. Atherosclerosis.
2009, in press.

[183] P. Riccio: The proteins of the milk fat globule membrane in
the balance. Trends Food Sci Technol. 2004, 15, 458–461.

[184] K. A. Oster, N. S. Dhalla: Evaluation of serum cholesterol
reduction and xanthine oxidase inhibition in the treatment of
atherosclerosis. In: Mycardial Metabolism. 3. Recent Advances
in Studies on Cardiac Structure and Metabolism. Eds. E.
Bajusz, G. Rona, University Park Press, Baltimore, MD
(USA) 1972, pp. 73–80.

[185] E. L. Bierman, R. E. Shank: Homogenized milk and cor-
onary artery disease. J Am Med Assoc. 1975, 234, 630–631.

[186] M. E. Mangino, J. R. Brunner: Homogenized milk: Is it really
the culprit in dietary-induced atherosclerosis? J Dairy Sci.
1976, 59, 1511–1512.

[187] H. C. Deeth: Homogenized milk and atheroscleotic disease:
A review. J Dairy Sci. 1983, 66, 1419–1435.

[188] M. Moss, D. Freed: The cow and the coronary: Epidemiol-
ogy, biochemistry and immunology. Int J Cardiol. 2003, 87,
203–216.

[189] M. C. Michalski: Les matières grasses alimentaires naturelles
et modifiées par les procédes industriels: mécanismes des
effects proinflammatoires et athérogènes liés à leur surcon-
sommation. H.D.R. Thesis, Université Claude Bernard, Lyon
(France) 2007.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com


