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Chapter 10
Lipases from Milk and Other Sources

Hilton C. Deeth

10.1 Introduction

This chapter focusses on the lipases in bovine and caprine milk, and lipolysis caused
by the main lipase, lipoprotein lipase (LPL). It also discusses the use of lipases for
modifying milk fat for various applications.

Bovine milk lipase and its effects in milk were widely studied in the 1970s and
1980s (e.g. Castberg and Solberg 1974; IDF 1975, 1980, 1987), but relatively little
has been published since then. There has been considerable interest in the biochemi-
cal aspects of LPL because of its similarity with other LPLs, including human LPL,
and its ready availability from milk for lipid metabolic studies. These studies have
been reviewed by Olivecrona and Olivecrona (1999) and Olivecrona et al. (2003).

Lipolysis caused by LPL has attracted, and continues to attract, considerable
interest from the dairy industry because of its practical consequences for the quality
of milk and milk products. It has been studied in detail in both bovine and caprine
milk and extensively reviewed (IDF 1980, 1987; Chilliard et al. 1984, 2003, 2014;
Deeth 2006; Deeth and Fitz-Gerald 2006; Ray et al. 2013).

Lipolysis caused by lipases involves the transfer of an acyl group to water with
formation of a carboxylic acid. Under water-limiting conditions, lipases can cause
other acyl transfer reactions, which include: interesterification, in which acyl groups
are interchanged between an introduced ester and the original ester such, as a tri-
glyceride (TG); acidolysis, in which an introduced carboxylic acid replaces one of
the original esterified acids and a new free acid is formed; and alcoholysis, in which
new esters are formed by transfer of an acyl group to an alcohol. The lipases involved
in these biotechnological modifications of milk fat are mostly of microbial origin.
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Lipase-catalysed modifications now have several commercial applications (Bourlieu
et al. 2009).

10.2 The Milk Enzymes

10.2.1 Lipoprotein Lipase

Lipoprotein lipase (LPL) has been established as the only lipase in bovine milk, and
is present in the milk of virtually all mammals. However, in human milk it occurs
with another carboxyl ester lipase, commonly known as bile-salt-stimulated lipase
(Hui and Howles 2002), which is not present in bovine milk (Castberg and Solberg
1974). Milk LPL is synthesised in the mammary gland, where it hydrolyses circu-
lating lipoproteins from the blood into free fatty acids and 2-monoglycerides
(2-MGs). These products are absorbed by the mammary gland and used in the syn-
thesis of milk glycerides, mainly TGs.

The presence of LPL in bovine milk was first reported by Quigley et al. (1958)
and confirmed by Korn (1962). The former identified the enzyme in milk fat globule
membrane (MFGM) material (which they called lipoprotein microsomes) from
washed cream buttermilk but Korn (1962) found that, although some of the enzyme
was associated with the MFGM, most was associated with the casein in the skim
milk. It was not until the 1970s that it was established that LPL was responsible for
virtually all of the lipase activity in normal mature bovine milk (Egelrud and
Olivecrona 1973; Castberg and Solberg 1974; Castberg et al. 1975; Olivecrona et al.
1975). Before that, there had been several reports of two or more different lipases in
milk, some of which had been separated by gel filtration (e.g., Downey and Andrews
1969). The early reports of these enzymes were reviewed by Schwartz and Parks
(1974). Interestingly, these authors made only passing reference to LPL in the state-
ment “Milk also contains a lipoprotein lipase similar to that found in mammalian
tissue and heart tissue (Korn 1962). The enzyme is highly specific for lipoproteins
and probably is not involved in rancidity development to any great extent”. As dis-
cussed below, this has turned out to be untrue.

Bovine milk LPL has been extensively studied as it has been used as a model
enzyme for studies on lipoprotein metabolism, where it is the major lipase involved
(Olivecrona et al. 2003). In blood, it hydrolyses TGs in chylomicrons and very-low-
density lipoproteins into free fatty acids and 2-MGs. These products are absorbed
by tissues and used for energy production and, in the case of the mammary gland,
for the synthesis of lipids, mainly TGs.

Milk LPL has some unique features; for example, its full activity is realised only
when a specific lipoprotein activator is present. Hence, LPL is assayed against TGs
in systems containing blood serum, serum lipoproteins or the specific activator, apo-
lipoprotein C-II. It is believed that the activator helps to orient the enzyme favour-
ably towards the substrate at the oil-water interface. However, LPL is active against
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tributyrin in the absence of these activators, although in such cases the total activity
is <50% of the activated LPL activity (Castberg et al. 1975).

In normal raw bovine milk, LPL is mostly associated with the casein fraction,
with only a small proportion being soluble or attached to the MFGM (Deeth and
Fitz-Gerald 1975; Anderson 1982). However, this does not apply in caprine milk,
where a substantial proportion of the LPL is normally associated with the
MFGM. Chilliard et al. (1984) reported that the percentage distribution of the
enzyme between the cream, serum and caseins in caprine milk was 46, 46 and 8,
respectively, while the corresponding figures for bovine milk was 6, 17 and 78
respectively. Those authors suggested that the difference may relate to different LPL
secretion processes in the mammary gland, differences in casein and fat globule
composition, structure or physicochemical properties, or the presence of an LPL
inhibitor in the casein fraction of caprine milk.

The association with the casein micelles is mostly electrostatic, as most of it can
be released by 0.75-1 M NaCl into a soluble form. The electrostatic binding is
through positive charges on the enzyme to negative charges on the caseins such as
k-casein. An important feature of LPL is that it binds strongly to heparin, through
what is also an electrostatic interaction as heparin is negatively charged. Thus, hepa-
rin, at ~5 pg/mL, can also be used to release LPL from casein micelles (Hoynes and
Downey 1973); in fact, the method of choice for isolating LPL from milk is by affin-
ity chromatography on immobilised heparin (Egelrud and Olivecrona 1972;
Castberg et al. 1975; Kinnunen et al. 1976). Hydrophobic bonding may also be
involved in the attachment of lipase to casein micelles, as the enzyme can be released
by dimethylformamide.

LPL exists predominantly as a dimer of two identical monomers. According to
Olivecrona et al. (1982), the molecular weight of each monomer is 41.7 kDa, of
which 8% is carbohydrate. However, Senda et al. (1987) calculated the molecular
weight of the unglycosylated form from the cDNA coding for it to be 50.548 kDa,
and Hayashi et al. (1986) reported a molecular weight of 56 kDa as determined by
SDS-PAGE. The LPL molecule has a heparin binding site in the groove between the
two monomers and a surface loop known as a lid which shields the hydrophobic
active site from a hydrophilic environment (van Tilbeurgh et al. 1994). The lid opens
to expose the active site when the lipase adsorbs to a lipid-water interface.

The enzyme has a reactive serine in an active-site peptide which is located in a
[-turn, a structure similar to that at the active sites on other serine hydrolases (Reddy
et al. 1986). In addition to the active site and the heparin-binding region, LPL also
has an apo-lipoprotein interaction region and a lipid-binding or interface-recognition
site. The apo-lipoprotein interacting region is independent of the heparin-binding
region and the active site (Matsuoka et al. 1980; Olivecrona et al. 2003).

LPL is relatively unstable to heat as well as UV light, acid and oxidising agents.
In milk, it is largely inactivated by normal pasteurisation conditions, involving heat-
ing at 72 °C for 15 s (Farkye et al. 1995). This means that adequately pasteurised
milk and products made therefrom do not contain active lipase. As discussed below,
if this was not the case, most (homogenised) pasteurised milk would develop a ran-
cid flavour. However, some workers have maintained that more severe heating
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conditions such as 79 °C for 20 s (Shipe and Senyk 1981) or 85 °C for 10 s (Driessen
1987) are required to completely inactivate LPL in milk.

LPL has an optimum pH of approximately 8.0 under ideal (activated) conditions;
however, in the absence of activating cofactors, the optimum is 8.8-9.0. LPL is
inactivated by acid conditions such as at pH 4.6 (Driessen 1976), and thus it is
highly unlikely that it is involved in digestion of fat by the newborn, as it would be
inactivated by the acidic gastric juice in the stomach. This has led researchers to
suggest its presence in milk is due to spill-over from the mammary gland and has no
useful function in milk.

TGs are the normal substrates for LPL. If TGs contain long-chain fatty acids,
lipoproteins or apolipoproteins, especially apo-LP CII, are required to activate the
enzyme (Ostlund-Lindgvist and Iverius 1975). Blood serum, either bovine or
human, supplies such activating factors and is used in assays of LPL using emulsi-
fied long-chain TG substrates (Egelrud and Olivecrona 1973). LPL is usually
assayed in the presence of bovine serum albumin, which absorbs the released free,
fatty acids and reduces product inhibition. One reason why FFAs cause inhibition is
that they block the effect of activator lipoproteins (Bengtsson and Olivecrona 1980;
Olivecrona et al. 2003). LPL can also be assayed against tributyrin; in this case,
neither serum cofactors nor fatty acid acceptors are required (Rapp and
Olivecrona 1978).

Normal unprocessed milk contains an abundance both of LPL and the ideal TG
substrate. At the maximum activity in milk, of around 5 pmoles of FFA/min/mL
(Castberg et al. 1975), milk would develop a very high level of FFAs in a very short
time. This, however, does not happen because the LPL is physically separated from
the TG substrate in the fat globules by the MFGM which it cannot penetrate; in this
respect, LPL differs from bacterial lipases and pancreatic lipase which can hydro-
lyse the fat in intact fat globules. This difference was neatly demonstrated by
Danthine and Blecker (2014) with MFGM monolayers using a Langmuir film bal-
ance. Pancreatic and bacterial lipase penetrated the monolayer but LPL did not. If
blood serum, which contains activating cofactors, is added to milk, the interaction
between the enzyme and the TG substrate is facilitated and lipolysis ensues
(Castberg and Solberg 1974; Jellema and Schipper 1975). This serum-mediated
induction of lipolysis is believed to be largely due to enhancement of binding of the
LPL to the fat globule by the activating cofactors (Bengtsson and Olivecrona 1982).

In hydrolysis of mixed TGs, such as occur in milk fat, LPL does not show fatty
acid specificity. However, it does have strong positional specificity, hydrolysing the
fatty acids in the primary positions, sn-1 and sn-3, of TGs (Morley and Kuksis
1977). Because short-chain fatty acids such as butyric acid are mostly positioned in
the primary positions, it has sometimes been interpreted that LPL preferentially
releases short-chain fatty acids. When LPL hydrolyses a fatty acid from a primary
position, sn-1,2- and sn-2,3-diglycerides (DGs) are formed. These are then hydro-
lysed to 2-MGs (see Fig. 10.1). These can only be hydrolysed to a free fatty acid and
glycerol if they are converted to the sn-1- or sn-3-MGs (Nilsson-Ehle et al. 1973).
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Fig. 10.1 Hydrolysis (lipolysis) of TG catalysed by LPL

LPL also hydrolyses phospholipids such as phosphatidyl choline. In this case, it
hydrolyses only the primary ester bond at the sn-1 position to produce a 2-lysophos-
pholipid, i.e., LPL has phospholipase A; activity. Interestingly, most phospholi-
pases, such as those in snake venom, exhibit A, activity.

10.2.2 Somatic Cell Lipase

Chandan and Shahani (1963a, b) reported the purification and characterization of
what they called “milk lipase”. The enzyme, which was isolated from clarifier sedi-
ment, had a molecular weight of ~7000, determined by sedimentation-diffusion and
osmotic pressure methods (Chandan et al. 1963). They considered that it was not
from somatic cells as they (mistakenly) believed that leucocytes did not possess
lipase activity. Gaffney and Harper (1965) isolated somatic cells from separator
slime and showed that they contained a lipase which was different from the majority
of the lipase in skim milk. They also showed that it was an intracellular lipase as the
activity expressed was much greater after the cells had been disrupted by a ball mill.
The specific lipase activity (per mg protein) against 3% homogenised milk fat at
pH 8.6 was around four times greater than that of skim milk. The lipase was also
active against tributyrin and dibutylfluorescein. When the somatic cell extract and
skim milk were run on polyacrylamide gel electrophoresis, the band of the cell
extract containing lipase activity (against dibutylfluorescein) did not match any of
the four lipase-active bands in skim milk.

Azzara and Dimick (1985) isolated somatic cells from pooled raw milk with
somatic cell count (SCC) of <5 x 10°/mL. The cells consisted of macrophages,
polymorphonuclear leucocytes and lymphocytes. Of these, only macrophages pos-
sessed lipase activity. The total activity in the milk from the macrophages was cal-
culated to be only about 0.1% of the total activity in skim milk. Curiously, when a
concentrate of macrophages was added to milk, the total milk lipase activity after
48 h was 11.6% higher than in control milk to which cells had not been added.

The assay system used by Azzara and Dimick (1985) was one for lipoprotein
lipase but the authors did not claim that the lipolytic activity present was LPL; they
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commented that further investigations were required to determine if it was an
LPL. However, they pointed out that LPL activity had been reported in other mac-
rophages. Since that time, there have been many reports, particularly in the medical
field, indicating that LPL is a major secretory product of macrophages (e.g.,
Sartippour et al. 1998; Takahashi et al. 2013). Further research on milk macrophage
lipase does not seem to have been published; a review of the role of somatic cells in
dairy processes and products by Li et al. (2014) only lists the lipase activity reported
by Azzara and Dimick (1985).

10.2.3 Colostral Lipase

Colostrum has been shown to contain a lipase which differs from lipoprotein lipase
(Driessen 1976). Its activity decreases during the first four milkings, whereas LPL
increases from virtually zero in the same time period. It is present in the milk serum
and is stable at pH 4.6; LPL is mostly associated with casein micelles and is unsta-
ble at pH 4.6, and so clearly the colostral lipase differs from LPL.

10.2.4 Milk Esterases

There have been several reports of esterases in bovine milk. However, little detailed
information on them is available. By definition, esterases differ from lipases in that
they act on ester substrates in solution rather than emulsified lipid substrates
(Desneulle 1972; Jaeger et al. 1994) or show a preference for esters of short-chain
acids over esters of long-chain acids (Okuda and Fujii 1968).

Aryl- or A-esterase (EC 3.1.1.2) (Forster et al. 1961; Kitchen 1971), carboxyl- or
B-esterase (EC 3.1.1.1) (Jensen et al. 1961; Montgomery and Forster 1961; Deeth
1978) and cholin- or C-esterase (EC 3.1.1.7; EC 3.1.1.8) (Forster et al. 1961;
Kitchen 1971) have been reported. Arylesterase activity has attracted interest
because it is elevated in mastitic milk; it is also present in colostrum (Forster et al.
1959; Marquardt and Forster 1965). Its activity is well correlated with other indices
of mastitis (Luedecke 1964) and has been suggested as a sensitive indicator of the
disease (Forster et al. 1961).

Of particular interest in this chapter is carboxylesterase (B-esterase) activity. Its
presence in milk was reported (Jensen et al. 1961; Montgomery and Forster 1961)
before it was established that LPL was the only lipase in normal mature milk and
was responsible for lipolysis in raw milk (Castberg and Solberg 1974). It was identi-
fied as a carboxylesterase because it hydrolysed tributyrin; it appears that the
enzyme concerned was LPL.

It has now been shown that a carboxylesterase which differs from LPL exists in
milk. It was identified as a carboxylesterase through inhibitor studies where it was
not affected by inhibitors of arylesterase (EDTA, La*") or of cholinesterase (eserine
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sulfate) but was almost completely inhibited by diethyl-p-nitrophenyl phosphate (an
inhibitor of carboxylesterase). Its activity is low in normal mature milk but is ele-
vated is colostrum and mastitic milk. In mastitic milk, it is well correlated with other
indices of mastitis (Deeth 1978; Fitz-Gerald et al. 1981), and is present in both the
milk serum and the cellular fractions of mastitic milk but not in the casein fraction
(where most of the LPL resides). It has been assayed using 4-methylumbelliferyl
heptanoate, a substrate against which LPL is not active (Deeth 1978). Its activity in
non-mastitic milk was found to be around 0.004 pmoles of FFA/min/mL of milk
while, in mastitic milk (SCC > 2 x 10%mL) and colostrum, it was up to 0.15 and
0.04 pmoles of FFA/min/mL respectively. Given that the LPL activity is around 5
pmoles of FFA/min/mL (Castberg et al. 1975), the carboxylesterase activity repre-
sents a small proportion of the carboxyl ester hydrolase activity in bovine milk, even
in abnormal milks.

It seems highly likely that the carboxylesterase activity in mastitic milk corre-
sponds to the reported lipase(s) of somatic cells (Gaffney and Harper 1965; Azzara
and Dimick 1985) and colostrum (Driessen 1976). Furthermore, human milk shows
very high carboxylesterase activity against 4-methylumbelliferyl heptanoate (~18
pmoles of FFA/min/mL, Deeth 1978) which is presumably due to the bile-salt-
stimulated lipase (Hernell and Olivecrona 1974) which has been shown to be identi-
cal to the non-colipase-dependent pancreatic carboxylesterase/lipase (Falt et al.
2001) and cholesterol esterase (Hui and Howles 2002).

10.3 Lipolysis Due to Milk Lipase in Milk

Lipolysis by milk lipase occurs in milk before heat treatments equivalent to HTST
pasteurisation. It is traditionally divided into two categories, spontaneous and
induced lipolysis, as their mechanisms of action are quite different. The former is
mainly related to factors associated with the cow, e.g., stage of lactation, nutritional
status, while the latter is related to milk handling.

The main reason for the interest in lipolysis in milk is the fact that the free fatty
acids formed, particularly the short-chain acids such as C4 (butyric) and C6
(caproic), impart an unpleasant flavour to milk. A second reason for the interest is
that the lipolysis products, particularly the partial glycerides, are surface-active and
reduce the foaming capacity of milk, an important consideration for making cap-
puccino coffee, for example.

The FFA level of milk as it leaves the cow is of the order of 0.5 mmol/L. When
this level increases to around 1.5 mmol/L, many consumers detect an unpleasant
taste variously described as rancid, butyric, chemical or bitter. As the FFA level
increases further, more consumers will find the milk unacceptable. It should be
noted that the literature varies in reports on the FFA levels deemed to make milk
unacceptable. This is attributable to the different methodologies used for both anal-
ysis of the FFAs and the sensory evaluation methodology used.
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Similarly, the foaming capacity declines with increasing FFA level. At around
1.5 m mol/L, the foaming capacity is usually impaired and, at 2.0 m mol/L, most
milk shows little foaming. As for the sensory perception of lipolyzed milk, the
reported FFA levels for impaired foaming also vary.

10.3.1 Spontaneous Lipolysis

Under normal circumstances, the milk fat globule membrane in bovine milk acts an
effective barrier between the LPL in the milk serum and its TG substrate contained
within the milk fat globule. In this case, when milk is extracted from the cow and
cooled, no lipolysis ensues, that is, the FFA level remains the same as when the milk
first leaves the cow. If the milk fat was not protected in this manner, the LPL in the
milk serum would rapidly act on the fat and cause extensive lipolysis. Under ideal
conditions for the enzyme action, it can be calculated that milk would become ran-
cid within a few minutes (Olivecrona et al. 2003).

While “normal” milks do not lipolyse after leaving the cow, there are some milks
in which lipolysis proceeds after they are cooled to <~10 °C; this is referred to as
spontaneous lipolysis. For the sake of brevity, milks which undergo spontaneous
lipolysis will be referred to as “spontaneous” milks in this chapter. There has been
conjecture about the difference between non-spontaneous and spontaneous milks
and the factors which influence the extent of spontaneous lipolysis. A summary of
extrinsic and intrinsic factors with an assessment of their significances is given in
Table 10.1. These factors are discussed below.

The situation in a herd is that the milk of some cows will always be non-
spontaneous, milk of some will always be spontaneous, and the milk of others will
be spontaneous under certain conditions. These conditions include late lactation and
poor-quality feed. The extent of lipolysis in spontaneous milk can vary from
<1 mmol/L up to 5 mmol/L or more.

Table 10.1 Factors Factor Signiﬁcance
influencing spontaneous

lipolysis in raw milk Extrinsic ; ;
Late lactation Medium
Poor quality feed Medium
Individuality (genetics?) High
Breed Low
Mastitic infection Medium
Intrinsic
LPL activity Very low
MFGM integrity Medium

Activator-inhibitor balance | High
MFGM-associated LPL High




10 Lipases from Milk and Other Sources 253

A priori, the LPL activity in the milk and/or the integrity of the MFGM could be
expected to account for much of the difference. Because there is ample lipase activ-
ity in all raw milk to cause extensive lipolysis under the right conditions, differences
in lipase activity cannot account for the difference between the milks. Furthermore,
through the use of mixing experiments where creams from spontaneous milks are
mixed with skim milk from non-spontaneous milk, the nature of the MFGM does
not appear to be a major factor in most cases.

What has been shown to be a major difference between non-spontaneous and
spontaneous milks is the balance between inhibiting and activating factors in milks.
This is indicated in the results shown in Table 10.2 of an experiment in which a non-
spontaneous milk was mixed with spontaneous milks. It has long been recognised
that, when non-spontaneous milk is mixed with spontaneous milk soon after milk-
ing and before cooling, the FFA level formed during low-temperature storage is less
than the expected average of the FFA levels of the two milks when kept separate. In
other words, the non-spontaneous milk has an inhibitory effect on the lipolysis in
the spontaneous milk. This inhibition is shown in the first data row in Table 10.2.
However, it can also be seen from Table 10.2 that mixing a very spontaneous milk
(FFA of 4.8 mmol/L) with two other spontaneous milks (FFAs of 3.1 and
3.15 mmol/L) resulted in little change in one and a substantial (35%) activation in
the other. It is generally accepted that this inhibitor-activator balance is most signifi-
cant and that the nature of the MFGM is also significant in some cases (Deeth and
Fitz-Gerald 1975; Sundheim and Bengtsson-Olivecrona 1987c; Cartier and
Chilliard 1990).

The major activators of LPL are lipoproteins and apolipoprotein C-II, so it is
logical to expect such factors to be present in spontaneous milks. In fact, milk does
contain material which is immunologically cross-reactive with bovine serum lipo-
proteins (Anderson 1979). In support of the supposition that such lipoproteins are
the activating factors is the fact that adding blood serum lipoproteins to milk initi-
ates lipolysis. In doing so, they facilitate the movement of the LPL from the skim
phase to the MFGM (Bachman and Wilcox 1990); the same occurs in spontaneous
lipolysis (Sundheim and Bengtsson-Olivecrona 1985). The extent of spontaneous
lipolysis correlates positively with the amount of LPL attaching to the MFGM
(Ahrné and Bjorck 1985; Sundheim and Bengtsson-Olivecrona 1985).

Table 10.2 Inhibition and activation of spontaneous lipolysis in mixed individual bovine milk
samples (data based on Deeth and Fitz-Gerald 1975)

FFA® of mixed milk

(1:1 with Spontaneous milk 3, FFA = 4.8)
Added milk FFA® Observed FFA Calculated FFA % inhibition
Non-spontaneous 0.5 0.9 2.65 81
Spontaneous 1 3.15 4.1 4.2 2
Spontaneous 2 3.1 5.15 4.1 =35
Spontaneous 3 4.8

*All FFA values were determined after overnight storage of milks at 5 °C
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The attachment of LPL to the MFGM in spontaneous milk does not occur or is
reduced if: the milk is not cooled; cooling is delayed; or NaCl or other inhibiting
factors are added. However, it is not reduced if the milk is rewarmed after being
cooled (Sundheim and Bengtsson-Olivecrona 1987a).

An effective inhibitor of spontaneous lipolysis is proteose-peptone fraction 3
(Anderson 1981; Cartier et al. 1990) which is antigenically similar to a soluble gly-
coprotein in the MFGM which may also act as an inhibitor (Shimizu et al. 1982).
Vanbergue et al. (2018) have recently suggested that proteose-peptone fraction 5
may be an inhibitor of spontaneous lipolysis. They found a negative correlation
between the level of spontaneous lipolysis and the concentration of proteose-
peptone fraction 5 which appeared to be related to forage type. In addition, a caprine
milk proteose peptone fraction inhibits spontaneous lipolysis in caprine milk
(Chilliard et al. 1984). Interestingly, Danthine and Blecker (2014) reported that pro-
teose peptone strengthened MFGM monolayers against penetration by both LPL
and pancreatic lipase, suggesting that the mechanism of inhibition of spontaneous
lipolysis may be due to strengthening of the MFGM.

The MFGM contains both activating lipoproteins (Castberg and Solberg 1974)
and inhibiting proteins (Shimizu et al. 1982; Sundheim and Bengtsson-Olivecrona
1987b). In addition, LPL attaches to the MFGM of both non-spontaneous and spon-
taneous milk when milk fat globules are cooled in the absence of skim milk, which
suggests the membrane changes its conformation to facilitate attachment of LPL, if
not prevented by inhibitors (Sundheim and Bengtsson-Olivecrona 1987d). The
MFGM in the milk of some cows becomes more permeable in late lactation, which
may partially explain the increased susceptibility of late-lactation milk to spontane-
ous lipolysis.

A possible role of genetics in the susceptibility of the milk of some cows to spon-
taneous lipolysis has been indicated in studies on both cows and goats. Vanbergue
et al. (2016) investigated the relationship between diacylglycerol acyltransferase 1
(DGAT1), an enzyme linked to milk fat synthesis, and spontaneous lipolysis through
identifying cows of three different DGAT1 genotypes, KK, KA and AA. Significantly
higher levels of spontaneous lipolysis were observed in the milk of the KK genotype
than in the milk of either the KA or AA genotype.

In goats, the og;-casein (CSN1S1) gene polymorphism has been shown to be
related to spontaneous lipolysis. More spontaneous lipolysis was observed in the
milk of goats of the CSN1S1-FF genotype (sometimes referred to as the low geno-
type as it is associated with production of a low concentration of o;-casein in milk)
than in milk from goats of the (high) AA genotype (Chilliard et al. 2003, 2013,2014).

Breed of cow may also be a factor in spontaneous lipolysis in bovine milk.
Vanbergue et al. (2017) reported that milk from Holstein cows was more susceptible
than milk from Normande cows, while Bachman et al. (1988) found the milk of
Jerseys to be more susceptible than that of Holsteins. However, other authors have
reported no differences between breeds in relation to spontaneous lipolysis (Chilliard
1982); Chazal and Chilliard (1987) found no differences between the milk of
Friesian and Montbéliarde cows.
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Several authors have reported a relationship between feed and spontaneous lipol-
ysis (reviewed by Jellema 1980). The influence of feed involves the availability,
type and nutritive value. For example, Stobbs et al. (1973) found that adding 6 kg/d
of a balanced concentrate to the diet of late-lactation cows fed a low quality tropical
pasture significantly reduced spontaneous lipolysis in the milk of those cows (aver-
age FFA decreased from 2.09 to 1.47 mmol/L). Vanbergue et al. (2018) concluded
that the higher level of spontaneous lipolysis associated with feed restriction is
probably due to higher tissue lipid mobilization.

There have been several reports on the effect of mastitic infection on lipolysis in
milk. Most reports show that the level of free fatty acids in raw milk increases with
somatic cell count (SCC) (Gargouri et al. 2008). Mastitic milk as it leaves the udder
usually has a higher FFA level than non-spontaneous milk, and this level increases
during storage (Gargouri et al. 2013). However, Jurczak and Sciubisz (1981)
reported that milks with different SCCs analysed immediately after milking had
similar FFA levels to non-mastitic milks. Gargouri et al. (2008) analysed the bulk
milk from 80 farm supplies to investigate the relationship between the total SCC,
counts of different types of somatic cells (macrophages, lymphocytes and polymor-
phonuclear leukocytes (PMN)) and FFA level. They found a significant positive
correlation between the total SCC, the PMN counts and FFA level in milk, and
concluded that the PMN leucocytes could be involved in the lipolysis of mastitic
milk. This suggests that the lipase in the cells, as discussed in Sect. 2.2, may play a
role in elevating the FFA in mastitic milk. This is consistent with the conclusion of
Jurczak and Sciubisz (1981) that lipolysis of mastitic milk was due to both sponta-
neous lipolysis involving LPL and lipolysis due to the activity of lipases of somatic
cells, with the former being the most significant. This is despite the fact that LPL
levels generally decrease with increasing somatic cell count, largely due to to
impaired biosynthetic capability of the mammary tissues caused by the infection
(Fitz-Gerald et al. 1981; Murphy et al. 1989). However, this decrease would not be
expected to affect the level of lipolysis, as the residual LPL activity would be more
than sufficient to cause considerable lipolysis.

Caprine milk differs from bovine milk in that its total LPL activity is lower.
Furthermore, for spontaneous lipolysis in caprine milk, there is a reasonable corre-
lation between LPL activity and level of spontaneous lipolysis, whereas, in bovine
milk, the total LPL has little bearing on the level of spontaneous lipolysis. This may
relate to the fact that a much larger proportion of the LPL is naturally associated
with the MFGM in caprine milk than in bovine milk (Chilliard et al. 2003).

10.3.2 Induced Lipolysis

The major form of induced lipolysis involves the physical disruption of the MFGM
allowing access of LPL to its substrate in the damaged fat globule. This type of
lipolysis is equivalent to the action of the lipase on an emulsified TG substrate and
does not require activating factors.
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Table 10.3 Processes which cause induced lipolysis in raw milk

Location | Process

Farm Air leaks at teat cup cluster

Milk surging in vertical risers

Temperature activation

High milking frequency

Milk transport with foaming
Factory Homogenisation

Mixing homogenised milk with raw milk

Centrifugal pumping, especially with air intake

Pumping milk over long distances, especially with sharp pipe bends

Gas agitation of silos

Membrane processing (UF, RO)

Laboratory | Mechanical agitation (e.g., with blenders such as Silverson and Sorvall Omni
Mixer)

Gas bubbling
Mixing homogenised milk with raw milk

The physical disruption to induce lipolysis can take different forms. Table 10.3
summarises ways in which lipolysis can be induced in the laboratory, on the farm
and in the factory. In the laboratory, agitation in a blender is an effective way of
producing the effect. The temperature of the milk treated in this way has a major
effect on the amount of lipolysis induced. In general, the greatest level lipolysis is
induced at 37—40 °C and the least at <~5 °C. However, under certain conditions, the
amount of induced lipolysis shows maxima at 12—15 °C and 30—-40 °C, with a mini-
mum at 20 °C. Furthermore, there appears to be a threshold mechanical stress inten-
sity at each temperature above which lipolysis can be induced (Deeth and Fitz-Gerald
1977; Hisserich and Reuter 1984).

One effect of agitation is an increase in lipase activity associated with the fat
portion of milk. As a result, cream separated from milk agitated at 5-10 °C or 37 °C
has a several-fold higher lipase activity than cream from milk which has not been
agitated (Deeth and Fitz-Gerald 1977). The lipase in the cream from the agitated
milk appears to have enhanced heat stability due to protection afforded by the fat.

In industrial processing, the most effective means of inducing lipolysis is
homogenisation. Homogenisation of raw milk causes rapid lipolysis, particularly at
the warm temperature commonly used in commercial processing. Because of this,
homogenisation is usually carried out either immediately before or immediately
after pasteurisation (in which LPL is inactivated).

A related issue is the mixing of homogenised (pasteurised) milk with raw milk.
In this case, rapid lipolysis occurs because the active lipase in the raw milk can act
on the fine TG emulsion in the homogenised milk. This issue is of constant concern
to the dairy industry, as personnel unaware of the consequences can add homogenised
milk to raw milk in the misguided belief that it will prevent wastage of left-over
homogenised milk.
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Perhaps the most common cause of induced lipolysis in the dairy industry is
through the intensive mechanical handling of raw milk, particularly if accompanied
by incorporation of air with formation of foam. This can occur in milking machines
at the farm and during pumping of milk where air is drawn into the milk flow
through damaged or worn seals. The shear forces at the air-liquid interface disrupt
the membranes of the fat globules adhering to the interface and expose the fat to
the lipase.

Other industrial processes which have been implicated in inducing lipolysis in
raw milk are pumping milk over long distances, especially if the pipe includes sharp
bends, tanker transport, especially when the milk has a large headspace and foam is
generated, and during some membrane processing where rapid changes of pressure
occur (Barbano et al. 1983). It has been noted that lipolysis has increased of an issue
for the dairy industry since the introduction of mechanical means of handling raw
milk. A recent detailed study of on-farm factors which may affect lipolysis, as mea-
sured by FFA levels, in bulk milk supports this contention (Wiking et al. 2019); that
study showed that an automated milking system contributed significantly more to
FFA levels than other milking systems. Furthermore, the high milking frequency of
the automated system was a major factor contributing to higher FFA levels.

Another form of induced lipolysis is what is termed “temperature activation”.
This involves cooling raw milk or cream to <5 °C, warming to 25-35 °C, and re-
cooling to <10 °C. Lipolysis occurs during subsequent low temperature storage. In
this way, this form of induced lipolysis resembles spontaneous lipolysis; in fact,
spontaneous milks are more likely to be affected. The susceptibility of a milk to
temperature-activated lipolysis is related to the MFGM which is essential for the
phenomenon. The temperature manipulation causes a conformational change of the
membrane which allows the lipase to attach to the membrane and gain access to the
fat. The lipase-MFGM attachment is reversed on rewarming; this reversal of attach-
ment does not occur in spontaneous or agitation-induced lipolysis (Claypool 1965;
Cartier and Chillard 1989; Kon and Saito 1997).

10.4 Lipase-Catalysed Acyl-Transfer Reactions on Milk Fat

Acyl-transfer reactions occur in organic solvents containing just enough water to
maintain the activity of the enzyme but minimising the hydrolysis reaction. The
most common enzymic transfer reactions for modifying milk fat discussed in recent
publications are, in decreasing order of number of publications, interesterification,
acidolysis and alcoholysis (particularly glycerolysis) (Bourlieu et al. 2009).
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Fig. 10.2 Interesterification of two TGs catalysed by a non-sterospecific lipase

10.4.1 Interesterification

There are basically two forms of interesterification of milk fat, one in which milk fat
is the only fat reacted with the lipase and another where TGs which differ from
those in milk fat are incorporated (see Fig. 10.2 for generic interesterification reac-
tion). If carried out with just milk fat, a modified milk fat is the major product, that
is, a mixture of TGs with the same overall fatty acid composition as the original
milk fat but with the fatty acids in different relative positions. The changes in TG
structure are determined by the positional specificity of the lipase used. Therefore,
to change the fatty acids at the sn-1 and sn-3 positions, a lipase which specifically
attacks these positions, such as Rhizomucor miehei lipase, is used. If the lipase used
does not have any positional specificity, a random exchange of all fatty acids present
will result. If milk fat alone is reacted with a lipase, the product has different melt-
ing characteristics from the original fat. For example, interesterification of milk fat
with the sn-1,3-specific lipase of Rhizomucor miehei decreased the proportion of
TG molecules containing 34 to 42 carbon atoms and increased the content of those
containing 44 to 52 carbons; it also resulted in an increase in hardness at 5 °C
(Rousseau et al. 1996a).

The lack of solid content in milk fat at high temperatures limits its application
in bakery and confectionery. One way of overcoming this limitation is to inter-
esterify milk fat with another fat such as palm oil stearin. Nor Hayati et al. (2000)
interesterified binary mixtures of milk fat and soft and hard palm oil fractions using
Lipozyme IM (Mucor miehei lipase) and found the interesterified blend had a
higher maximum peak temperature (Tp) than the untreated mixture. Furthermore,
the interesterified blends of milk fat and 25-75% soft palm stearin or milk fat and
25% hard palm stearin had similar melting behaviour to that of high melting frac-
tion milk fat. Thus, such blends have commercial potential in pastry and
confectionery.

A limitation of milk fat from a nutritional perspective is its low percentage of
unsaturated fatty acids. Again, this limitation can be solved by interesterification
of milk fat with unsaturated oils such as canola (Rousseau et al. 1996b) and lin-
seed (flaxseed) (Aguedo et al. 2008: Shin et al. 2010). Another nutritional benefit
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to be gained by lipase-catalysed interesterification is in producing a low-trans fat
suitable for spreads (Shin et al. 2010). Unlike chemical reactions such as hydro-
genation, enzymic interesterification does not cause the production of trans dou-
ble bonds because of the milder conditions used (Aguedo et al. 2008). For
example, De et al. (2007) performed chemical inter-esterification at 180 °C for
4 h while inter-esterification using a Mucor miehei lipase was performed at 60 °C
for 4 h.

10.4.2 Acidolysis

Another acyl-transfer approach to altering the fatty acid composition of milk fat
for nutritional and functional properties is acidolysis in which a lipase is used to
incorporate a fatty acid or fatty acids (see Fig. 10.3) This was used by Balcdo and
colleagues (Balcao and Malcata 1997, 1998a, 1998b; Balcdo et al. 1998) to incor-
porate oleic acid into milk fat using lipases from Mucor circinelloides and
M. javanicus. The acidolysis reaction increased the oleic acid content of the milk
fat by 27-30% and reduced the contents of lauric and myristic acids by 8% and
2—6%, respectively. The milk fat modified by the Mucor circinelloides lipase con-
tained 83% less high-melting fraction and 19% more low-melting fraction than
the original milk fat.

Improved spreadability was the aim of Kim et al. (2002) who used Rhizopus
arrhizus lipase to incorporate a-linolenic acid from perilla oil into milk fat. Their
modified milk fat, which contained ~24% (w/w) a-linolenic acid, had better spread-
ability than the original milk fat as measured by a texture analyser after the fats had
been held at 4 °C for 24 h.

In addition to increasing the content of oleic acid, in line with the current nutri-
tional advice of increasing monounsaturated fatty acids in the diet, there has also
been research on incorporating fatty acids with particular therapeutic properties,
such as conjugated linoleic acid (CLA). Using Candida antarctica lipase in a
solvent-free system at 50 °C, Garcia et al. (2000) successfully incorporated CLA
into milk fat. Sehanputri and Hill (2003) achieved the same result using the same
enzyme in a packed bed reactor.

00C-R1 00C-R1
0O0C-R1 R2COOH E OOC-R1 E 0O0C-R2

00C-R2 00C-R1

00C-R1 00C-R2 +R1COOH
00C-R1 (Lipase) E 00C-R2 E 00C-R1

00C-R2 00C-R2

Fig. 10.3 Acidolysis of TG catalysed by a non-sterospecific lipase



260 H. C. Deeth

The holy grail of lipase-catalysed acyl-transfer reactions on (bovine) milk fat is
to modity its structure to resemble that of human milk fat for use in infant formula.
To produce human milk fat substitute (HMFS), the 2 position of the TG needs to
be modified to contain mostly saturated fatty acids such as palmitic acid, and the
sn-1 and sn-3 positions need to be modified to contain mostly unsaturated fatty
acids. This is not easy using bovine milk fat as the starting material and, for this
reason, it is more common to interesterify unsaturated marine or vegetable oils
with fats containing a high percentage of palmitic acid in the sn-2 position, even
tripalmitin, to produce HMFSs (Karabulut et al. 2007; Soumanou et al. 2013). Two
approaches have been used to produce HMFSs from bovine milk fat. The first is to
use an sn-1,3-regiospecific lipase (e.g., from Rhizomucor miehei) to produce a fat
enriched in unsaturated fatty acids in the sn-1 and sn-3 positions, and then frac-
tionate the interesterified fat and retain a solid fraction as a HMFS. Using this
approach, Sorensen et al. (2010) obtained a fat which contained 56% palmitic acid
in the sn-2 position; human milk fat contains ~72%. Alternatively, a solid milk fat
fraction can be interesterified with unsaturated oils using the same enzyme
(Sorensen et al. 2010).

10.4.3 Alcoholysis

Alcoholysis of milk fat involves the transfer of an acyl group to an alcohol with the
formation of an ester (see Fig. 10.4). A commercial example is glycerolysis, in
which the lipase-catalysed reaction forms diglycerides (DGs) and monoglycerides
(MGs) from milk fat in the presence of glycerol. These compounds are used widely
as emulsifiers in the food industry (Balcao and Malcata 2002). Lipases vary in their
ability to catalyse glycerolysis of milk fat; Yang et al. (1994) found two lipases from
Pseudomonas species which produced mixtures of 55-60% of MG and
24-39% of DG.

Since DG-rich oils are physiologically superior to TG-rich oils in relation to
obesity management (Rudkowska et al. 2005), ways of producing them via lipase
catalysis have been sought. One approach is ethanolysis using a Pseudomonas

— OH — OOC-R1
0O0OC-R1 ROH — OOC-R1 — OOC-R1
— OOC-R1 — OH
OO0OC-R1 ——
+R1COOR
— OOC-R1 (Lipase) — OH — OH
— OOC-R1 — OH
— OH — OH

Fig. 10.4 Alcoholysis of TG catalysed by a non-sterospecific lipase
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fluorescens lipase. This produces a mixture of 1,2-DGs and fatty acid ethyl esters.
If pure DGs are required, the ethyl esters can be removed by supercritical carbon
dioxide. Furthermore, if 1,3-DGs are required, they can be obtained by isomerisa-
tion of the 1,2-DGs by the P. fluorescens lipase (Lubary et al. 2011).

Lipase-catalysed ethanolysis is also used in synthesising structured TGs with
palmitic acid in the 2 position, the predominant form in human milk fat. The alco-
holysis reaction is carried out on tripalmitin (PPP) with anhydrous ethanol and a
1,3-regiospecific lipase such as that from Rhizopus delemar. The 2-monopalmitin
formed can then be esterified with oleic acid to produce the TG, OPO, by acidolysis
with oleic acid using the same lipase (Schmid et al. 1998).

Andrewes (2018) recently reported the use of the lipase-catalysed alcoholysis
reaction for the analysis of residual bacterial lipase activity in UHT milk. Using
methanol as the acyl acceptor, the amount of fatty acid methyl esters formed was
quantified as a measure of the lipase activity in the milk.

10.5 Conclusion

Lipases are ubiquitous in nature and, in dairy science, are recognised for both their
detrimental and beneficial effects. This chapter focuses on the detrimental lipolytic
effects of the native LPL and on some beneficial acyl-transferase effects of micro-
bial lipases in modifying milk fat. LPL is present in all raw milk in relative high
activities. Under ideal circumstances, it could cause hydrolysis of the milk triglyc-
erides to such an extent that the milk would be unacceptable in a short time.
However, lipolysis only occurs under certain circumstances which can be catego-
rised as spontaneous or induced. The reason why spontaneous lipolysis only occurs
in the milk of some animals has been a puzzle for some time, but recent research
indicating a genetic involvement is an exciting development. If this is confirmed in
future research, it could lead to the inclusion of susceptibility of the milk to sponta-
neous lipolysis as a selection trait in future breeding programs. The causes of
induced lipolysis are now quite well known, but knowledge of the causes and vigi-
lance of dairy factory operatives are on-going challenges in the dairy industry. The
composition and structure of milk fat do not fit every purpose in the food industry.
Lipases used under restricted water conditions are now being used to effect modifi-
cations of milk fat to meet a range of needs. Commercial applications of such modi-
fications are expected to increase and make use of new enzymes with improved or
new specificities.



262 H. C. Deeth

References

Aguedo M, Hanon E, Danthine S, Paquot M, Lognay G, Thomas A, Vandenbol M, Thonart P,
Wathelet J-P, Blecker C (2008) Enrichment of anhydrous milk fat in polyunsaturated fatty acid
residues from linseed and rapeseed oils through enzymatic interesterification. J Agric Food
Chem 56:1757-1765

Ahrné L, Bjorck L (1985) Lipolysis and the distribution of lipase activity in bovine milk in relation
to stage of lactation and time of milking. J Dairy Res 52:55-64

Anderson M (1979) Enzyme immunoassay for measuring lipoprotein lipase activator in milk. J
Dairy Sci 62:1380-1383

Anderson M (1981) Inhibition of lipolysis in bovine milk by proteose peptone. J Dairy Res
48:247-252

Anderson M (1982) Factors affecting the distribution of lipoprotein lipase activity between serum
and casein micelles in bovine milk. J Dairy Res 49:51-59

Andrewes P (2018) Indirect detection of lipase in UHT milk by measuring methyl ester formation.
Int Dairy J 79:1-4

Azzara CD, Dimick PS (1985) Lipolytic enzyme activity of macrophages in bovine mammary-
gland secretions. J Dairy Sci 68:1804—-1812

Bachman KC, Wilcox CJ (1990) Effect of blood and high-density lipoprotein preparations upon
lipase distribution and spontaneous lipolysis in bovine milk. J Dairy Sci 73:3393-3401

Bachman KC, Hayen MJ, Morse D, Wilcox CJ (1988) Effect of pregnancy, milk yield, and somatic
cell count on bovine milk fat hydrolysis. J Dairy Sci 71:925-931

Balcao VM, Malcata FX (1997) Lipase-catalyzed modification of butterfat via acidolysis with
oleic acid. ] Mol Catal B Enzymatic 3:161-169

Balcdo VM, Malcata FX (1998a) Interesterification and acidolysis of butterfat with oleic acid by
Mucor javanicus lipase: changes in the pool of fatty acid residues. Enzyme Microb Technol
22:511-519

Balcao VM, Malcata FX (1998b) Lipase catalyzed modification of milkfat. Biotechnol Adv
16:309-341

Balcao VM, Malcata FX (2002) Enzyme-mediated modification of milkfat. In: Kuo TM, Gardner
HW (eds) Lipid biotechnology. Marcel Dekker, New York, pp 479—492

Balcao VM, Kemppinen A, Malcata FX, Kalo PJ (1998) Lipase-catalyzed acidolysis of butterfat
with oleic acid: characterization of process and product. Enzyme Microb Technol 23:118-128

Barbano DM, Bynum D, Senyk GF (1983) Influence of reverse osmosis on milk lipolysis. J Dairy
Sci 66:2447-2451

Bengtsson G, Olivecrona T (1980) Lipoprotein lipase mechanism of product inhibition. Eur J
Biochem 106:557-562

Bengtsson G, Olivecrona T (1982) Activation of lipoprotein lipase by apolipoprotein
CII. Demonstration of an effect of the activator on the binding of the enzyme to milk-fat glob-
ules. FEBS Lett 147:183-187

Bourlieu C, Bouhallab S, Lopez C (2009) Biocatalyzed modifications of milk lipids: applications
and potentialities. Trends Food Sci Technol 20:458—-469

Cartier P, Chillard Y (1989) Lipases redistribution in cows” milk during induced lipolysis I. acti-
vation by agitation, temperature, change, blood serum and heparin. J Dairy Res 56:699-709

Cartier P, Chilliard Y (1990) Spontaneous lipolysis in bovine milk: combined effects of nine char-
acteristics in native milk. J Dairy Sci 73:1178-1186

Cartier P, Chilliard Y, Paquet D (1990) Inhibiting and activating effects of skim milks and proteose-
peptone fractions on spontaneous lipolysis and purified lipoprotein lipase activity in bovine
milk. J Dairy Sci 73:1173-1177

Castberg HB, Solberg P (1974) The lipoprotein lipase and the lipolysis in bovine milk. Meieriposten
63:961-975



10 Lipases from Milk and Other Sources 263

Castberg HB, Egelrud T, Solberg P, Olivecrona T (1975) Lipases in bovine milk and the relation-
ship between the lipoprotein lipase and tributyrate hydrolysing activities in cream and skim-
milk. J Dairy Res 42:255-266

Chandan RC, Shahani KM (1963a) Purification and characterization of milk lipase 1 purification.
J Dairy Sci 46:275-283

Chandan RC, Shahani KM (1963b) Purification and characterization of milk lipase 2 characteriza-
tion of purified enzyme. J Dairy Sci 46:503-509

Chandan RC, Shahani KM, Hill RM, Scholz JJ (1963) Purification and characterization of milk
lipase 3 sedimentation coefficient, diffusion coefficient and molecular weight. Enzymologia
26:87-97

Chazal M-P, Chilliard Y (1987) Effect of breed of cow (Friesian and Montbéliarde) on spontaneous
and induced lipolysis in milk. J Dairy Res 54:7-11

Chilliard Y (1982) Variations physiologiques des activités lipasiques et de la lipolyse spontanée
dans les laits de vache, de chevre et de femme: revue bibliographique. Lait 62:1-31

Chilliard Y, Selselet-Attou G, Bas P, Morand-Fehr P (1984) Characteristics of lipolytic system in
goat milk. J Dairy Sci 67:2216-2223

Chilliard Y, Ferlay A, Rouel J, Lamberett G (2003) A review of nutritional and physiological fac-
tors affecting goat milk lipid synthesis and lipolysis. J Dairy Sci 86(5):1751-1770

Chilliard Y, Rouel J, Guillouet P (2013) Goat alpha-s1 casein genotype interacts with the effect of
extruded linseed feeding on milk fat yield, fatty acid composition and post-milking lipolysis.
Anim Feed Sci Technol 185(3—4):140-149

Chilliard Y, Toral PG, Shingfield KJ, Rouel J, Leroux C, Bernard L (2014) Effects of diet and
physiological factors on milk fat synthesis, milk fat composition and lipolysis in the goat: a
short review. Small Rumin Res 122(1-3):31-37

Claypool LL (1965) Studies on milk lipase activation. PhD thesis, University of Minnesota

Danthine S, Blecker C (2014) Interactions of lipases with milk fat globule membrane monolayers
using a Langmuir film balance. Int Dairy J 35(1):81-87

De BK, Hakimji M, Patel A, Sharma D, Desai H, Kumar T (2007) Plastic fats and margarines
through fractionation, blending and interesterification of milk fat. Eur J Lipid Sci Technol
109:32-37

Deeth HC (1978) Fluorimetric detection of carboxyl-esterase activity in milk. In: Proceedings
20th international dairy congress, vol E. International Dairy Federation, Brussels, pp 364-365

Deeth HC (2006) Lipoprotein lipase and lipolysis in milk. Int Dairy J 16:555-562

Deeth HC, Fitz-Gerald CH (1975) Factors governing the susceptibility of milk to spontaneous
lipolysis. IDF Bull 86:24-34

Deeth HC, Fitz-Gerald CH (1977) Some factors involved in milk lipase activation by agitation. J
Dairy Res 44:569-583

Deeth HC, Fitz-Gerald CH (2006) Lipolytic enzymes and hydrolytic rancidity. In: Fox PF,
McSweeney P (eds) Advanced dairy chemistry: lipids, vol 2. Springer, New York, pp 481-556

Desneulle P (1972) The lipases. In: Boyer PD (ed) The enzymes, vol 7. Academic, New York,
pp 575-617

Downey WK, Andrews P (1969) Evidence for the presence of several lipases in cow’s milk.
Biochem J 112:559-562

Driessen FM (1976) Comparative-study of lipase in bovine colostrum and in bovine milk. Neth
Milk Dairy J 30(3-4):186-196

Driessen FM (1987) Inactivation of lipases and proteinases (indigenous and bacterial). IDF Bull
238:71-93

Egelrud T, Olivecrona T (1972) The purification of lipoprotein lipase from bovine skim milk. J
Biol Chem 247:6212-6217

Egelrud T, Olivecrona T (1973) Purified bovine milk (lipoprotein) lipase: activity against lipid
substrates in the absence of exogenous serum factors. Biochim Biophys Acta 306:115-127

Falt H, Hernell O, Blackberg L (2001) Do human bile salt stimulated lipase and colipase-
dependent pancreatic lipase share a common heparin-containing receptor? Arch Biochem
Biophys 386(2):188-194



264 H. C. Deeth

Farkye NY, Imafidon GI, Fox PF (1995) Thermal denaturation of indigenous milk enzymes. In:
Heat induced changes in milk. International Dairy Federation, Brussels, pp 331-348

Fitz-Gerald CH, Deeth HC, Kitchen BJ (1981) The relationship between the levels of free fatty
acids, lipoprotein lipase, carboxylesterase, N-acetyl-p-D-glucosaminidase, somatic cell count
and other mastitis indices in bovine milk. J Dairy Res 48:253-265

Forster TL, Bendixen HA, Montgomery MW (1959) Some esterases of cows milk. J Dairy Sci
42(12):1903-1912

Forster TL, Montgomery MW, Montoure JE (1961) Some factors affecting the activity of the A- B-
and C-esterases of bovine milk. J Dairy Sci 44:1420-1430

Gaffney PJ, Harper WJ (1965) Lipase activity in somatic cells from separator slime. J Dairy Sci
48:613-615

Garcia HS, Keough KIJ, Arcos JA, Hill CG (2000) Interesterification (acidolysis) of butterfat with
conjugated linoleic acid in a batch reactor. J Dairy Sci 83(3):371-377

Gargouri A, Hamed H, ElFeki A (2008) Total and differential bulk cow milk somatic cell counts
and their relation with lipolysis. Livest Sci 113(2-3):274-279

Gargouri A, Hamed H, ElFeki A (2013) Analysis of raw milk quality at reception and during cold
storage: combined effects of somatic cell counts and psychrotrophic bacteria on lipolysis. J
Food Sci 78(9):M1405-M 1411

Hayashi R, Tajima S, Yamamoto A (1986) Purification and characterization of lipoprotein-lipase
from human postheparin plasma and its comparison with purified bovine-milk lipoprotein-
lipase. J Biochem 100(2):319-331

Hernell O, Olivecrona T (1974) Human milk lipases 2 Bile salt-stimulated lipase. Biochim Biophys
Acta 369(2):234-244

Hisserich D, Reuter H (1984) Grenzen der mechanischen Beanspruchung von Rohmilch fiir die
induzierte Lipolyse. Milchwissenschaft 39:333-335

Hoynes MCT, Downey WK (1973) Relationship of the lipase and lipoprotein lipase activities of
bovine milk. Biochem Soc Trans 1:256-259

Hui DY, Howles PN (2002) Carboxyl ester lipase: structure-function relationship and physiologi-
cal role in lipoprotein metabolism and atherosclerosis. J Lipid Res 43(12):2017-2030

IDF (1975) Proceedings of the lipolysis symposium. Cork, Ireland, March 1975. Bull Int Dairy
Fed Doc 86

IDF (1980) Flavor impairment of milk and milk products due to lipolysis. Bull Int Dairy
Fed Doc 118

IDF (1987) Significance of lipolysis in the manufacture and storage of dairy products. Bull Int
Dairy Fed Doc 144

Jaeger K-E, Ransac S, Dijkstra BW, Colson C, van Heuvel M, Misset O (1994) Bacterial lipases.
FEMS Microbiol Rev 15:29-63

Jellema A (1980) Physiological factors associated with lipolytic activity in cow’s milk. IDF Bull
118:33-40

Jellema A, Schipper CJ (1975) Influence of physiological factors on the lipolytic susceptibility of
milk. IDF Bull 86:2-6

Jensen RG, Gander GW, Sampugna J (1961) Lipolysis by a B-esterase preparation from milk. J
Dairy Sci 44(5):943-944

Jurczak ME, Sciubisz A (1981) Studies on the lipolytic changes in milk from cows with mastitis.
Milchwissenschaft 36(4):217-219

Karabulut I, Turan S, Vural H, Kayahan M (2007) Human milk fat substitute produced by enzy-
matic interesterification of vegetable oil blend. Food Technol Biotechnol 45:434-438

Kim JS, Maeng IK, Lee BO, Kim CK, Kwon Y, Yj K (2002) Lipase-catalyzed acidolysis of but-
terfat with a-linolenic acid from perilla oil. Food Sci Biotechnol 11:66-70

Kinnunen PKJ, Huttunen JK, Ehnholm C (1976) Properties of purified bovine milk lipoprotein
lipase. Biochim Biophys Acta 450:342-351

Kitchen BJ (1971) Bovine milk esterases. J Dairy Res 38(2):171-177



10 Lipases from Milk and Other Sources 265

Kon H, Saito Z (1997) Factors causing temperature activation of lipolysis in cow’s milk.
Milchwissenschaft 52:435-440

Korn ED (1962) The lipoprotein lipase of cow’s milk. J Lipid Res 3:246-250

Li N, Richoux R, Boutinaud M, Martin P, Gagnaire V (2014) Role of somatic cells on dairy pro-
cesses and products: a review. Dairy Sci Technol 94:517-538

Lubary M, Hofland GW, ter Horst JH (2011) A process for the production of a diacylglycerol-
based milk fat analogue. Eur J Lipid Sci Technol 113:459-468

Luedecke LO (1964) Relationship between California Mastitis Test reactions and leucocyte count,
catalase activity and A-esterase activity of milk from opposite quarters. J Dairy Sci 47:696

Marquardt RR, Forster TL (1965) Milk A-esterase levels as influenced by stage of lactation. J
Dairy Sci 48:1526-1528

Matsuoka N, Shirai K, Jackson RL (1980) Preparation and properties of immobilized lipoprotein-
lipase. Biochim Biophys Acta 620(2):308-316

Montgomery MW, Forster TL (1961) Partial purification of B-esterase of bovine milk. J Dairy Sci
44(4):721

Morley N, Kuksis A (1977) Lack of fatty acid specificity in the lipolysis of oligo- and polyunsatu-
rated triacylglycerols by milk lipoprotein lipase. Biochim Biophys Acta 487:332-342

Murphy SC, Cranker K, Senyk GF, Barbano DM, Saeman Al, Galton DM (1989) Influence of
bovine mastitis on lipolysis and proteolysis in milk. J Dairy Sci 72:620-626

Nilsson-Ehle P, Egelrud T, Belfrage P, Olivecrona T, Borgstrom B (1973) Positional specificity of
purified milk lipoprotein lipase. J Biol Chem 248:6734-6737

Nor Hayati I, Aminah A, Mamot S, Nor Aini I, Lida HMN, Sabariah S (2000) Melting charac-
teristic and solid fat content of milk fat and palm stearin blends before and after enzymatic
interesterification. J Food Lipids 7:175-193

Okuda H, Fujii S (1968) Relationship between lipase and esterase. J Biochem 64:377-385

Olivecrona T, Olivecrona G (1999) Lipoprotein and hepatic lipase in lipoprotein metabolism.
In: Betteridge D, Illingworth D, Shepherd J (eds) Lipoproteins in health and disease. Arnold,
London, pp 223-246

Olivecrona T, Egelrud T, Castberg HB, Solberg P (1975) Is there more than one lipase in bovine
milk. IDF Bull 86:61-72

Olivecrona T, Bengtsson G, Osborne JC (1982) Molecular-properties of lipoprotein-lipase - effects
of limited trypsin digestion on molecular-weight and secondary structure. Eur J Biochem
124(3):629-633

Olivecrona T, Vilaro S, Olivecrona G (2003) Lipases in milk. In: Fox PF, McSweeney PLH (eds)
Advanced dairy chemistry vol 1, Proteins, 3rd edn. Kluwer Academic/Plenum Publishers,
New York, pp 473-494

Ostlund-Lindqvist A-M, Tverius P-H (1975) Activation of highly purified lipoprotein lipase from
bovine milk. Biochem Biophys Res Commun 65:1447-1455

Quigley TW, Roe CE, Pallansch MJ (1958) A lipoprotein lipase in cows milk. Fed Proc
17(1):292-292

Rapp D, Olivecrona T (1978) Kinetics of milk lipoprotein lipase. Studies with tributyrin. Eur J
Biochem 91:379-385

Ray PR, Chatterjee K, Chakrabortyand C, Ghatak P (2013) Lipolysis of milk: a review. Int J Agric
Vet Med 1:58-74

Reddy MN, Maraganore JM, Meredith SC, Heinrikson RL, Kezdy FJ (1986) Isolation of an
active-site peptide of lipoprotein lipase from bovine milk and determination of its amino acid
sequence. J Biol Chem 261:9678-9683

Rousseau D, Forestiere K, Hill AR, Marangoni AG (1996a) Restructuring butterfat through blend-
ing and chemical interesterification.1. Melting behavior and triacylglycerol modifications. J
Am Oil Chem Soc 73:963-972

Rousseau D, Hill AR, Marangoni AG (1996b) Restructuring butterfat through blending and chemi-
cal interesterification.3. Rheology. J Am Oil Chem Soc 73:983-989



266 H. C. Deeth

Rudkowska I, Roynette C, Demonty I, Vanstone CA, Jew S, Jones PJH (2005) Diacylglycerol:
efficacy and mechanism of action of an anti-obesity agent. Obes Res 13:1864—1876

Sartippour M, Lambert A, Laframboise M, St-Jacque P, Renier G (1998) Stimulatory effect of
glucose on macrophage lipoprotein lipase expression and production. Diabetes 47:431-438

Schmid U, Bornscheuer UT, Soumanou MM, McNeill GP, Schmid RD (1998) Optimization of
the reaction conditions in the lipase-catalyzed synthesis of structured triglycerides. ] Am Oil
Chem Soc 75:1527-1531

Schwartz DP, Parks OW (1974) The lipids in milk: deterioration part 1 lipolysis and rancidity.
In: Webb BH, Johnson AH, Alford JA (eds) Fundamentals of dairy chemistry, 2nd edn. AVI
Publishing, Westport, pp 220-272

Sehanputri PS, Hill CG (2003) Lipase-mediated acidolysis of butteroil with free conjugated lin-
oleic acid in a packed bed reactor. Biotechnol Bioeng 83:608-617

Senda M, Oka K, Brown WV, Qasba PK (1987) Molecular cloning and sequence of a cDNA cod-
ing for bovine lipoprotein lipase. Proc Natl Acad Sci U S A 84:4369-4373

Shimizu M, Miyaji H, Yamauchi K (1982) Inhibition of lipolysis by milk fat globule membrane
materials in model milk fat emulsion. Agric Biol Chem 46:795-799

Shin J-A, Akoh CC, Lee K-T (2010) Enzymatic interesterification of anhydrous butterfat with
flaxseed oil and palm stearin to produce low-trans spreadable fat. Food Chem 120:1-9

Shipe WF, Senyk GF (1981) Effects of processing conditions on lipolysis in milk. J Dairy Sci
64:2146-2149

Sorensen A-DM, Xu X, Zhang L, Kristensen JB, Jacobsen C (2010) Human milk fat substitute
from butterfat: production by enzymatic interesterification and evaluation of oxidative stability.
J Am Oil Chem Soc 87(2):185-194

Soumanou MM, Perignon M, Villeneuve P (2013) Lipase-catalyzed interesterification reactions
for human milk fat substitutes production: a review. Eur J Lipid Sci Technol 115:270-285

Stobbs TH, Deeth HC, Fitz-Gerald CH (1973) Effects of energy intake on spontaneous lipolysis in
milk from cows in late lactation. Aust J Dairy Technol 28:170-172

Sundheim G, Bengtsson-Olivecrona G (1985) Lipolysis in milk induced by cooling or by heparin:
comparisons of amount of lipoprotein lipase in the cream fraction and degree of lipolysis. J
Dairy Sci 68:589-593

Sundheim G, Bengtsson-Olivecrona G (1987a) Isolated milk fat globules as substrate for lipopro-
tein lipase: study of factors relevant to spontaneous lipolysis in milk. J Dairy Sci 70:499-505

Sundheim G, Bengtsson-Olivecrona G (1987b) Hydrolysis of bovine milk fat globules by lipo-
protein lipase: inhibition by proteins extracted from milk fat globule membrane. J Dairy Sci
70:815-1821

Sundheim G, Bengtsson-Olivecrona G (1987¢) Methods to assess the propensity of milk fat glob-
ules toward lipolysis and the ability of skim milk to inhibit lipolysis. J Dairy Sci 70:2040-2045

Sundheim G, Bengtsson-Olivecrona G (1987d) Hydrolysis of bovine and caprine milk fat globules
by lipoprotein lipase effects of heparin and of skim milk on lipase distribution and on lipolysis.
J Dairy Sci 70:2467-2475

Takahashi M, Yagyu H, Tazoe F, Nagashima S, Ohshiro T, Okada K, Osuga JI, Goldberg 1J,
Ishibashi S (2013) Macrophage lipoprotein lipase modulates the development of atherosclero-
sis but not adiposity. J Lipid Res 54:1124-1134

van Tilbeurgh H, Roussel A, Lalouel JM, Cambillau C (1994) Lipoprotein-lipase. Molecular
model based on the pancreatic lipase x-ray structure - consequences for heparin-binding and
catalysis. J Biol Chem 269(6):4626-4633

Vanbergue E, Peyraud JL, Guinard-Flament J, Charton C, Barbey S, Lefebvre R, Gallard Y,
Hurtaud C (2016) Effects of DGAT1 K232A polymorphism and milking frequency on milk
composition and spontaneous lipolysis in dairy cows. J Dairy Sci 99(7):5739-5749

Vanbergue E, Delaby L, Peyraud JL, Colette S, Gallard Y, Hurtaud C (2017) Effects of breed, feed-
ing system, and lactation stage on milk fat characteristics and spontaneous lipolysis in dairy
cows. J Dairy Sci 100(6):4623-4636



10 Lipases from Milk and Other Sources 267

Vanbergue E, Peyraud JL, Ferlay A, Miranda G, Martin P, Hurtaud C (2018) Effects of feed-
ing level, type of forage and milking time on milk lipolytic system in dairy cows. Livest Sci
217:116-126

Wiking L, Bjerring M, Lgkke M, Lgvendahl P, Kristensen T (2019) Herd factors influencing free
fatty acids concentration in bulk tank milk. J Dairy Res 86(2):226-232

Yang B, Harper W1J, Parkin KL, Chen J (1994) Screening of commercial lipases for production of
mono- and diacylglycerols from butteroil by enzymic glycerolysis. Int Dairy J 4:1-13



	Chapter 10: Lipases from Milk and Other Sources
	10.1 Introduction
	10.2 The Milk Enzymes
	10.2.1 Lipoprotein Lipase
	10.2.2 Somatic Cell Lipase
	10.2.3 Colostral Lipase
	10.2.4 Milk Esterases

	10.3 Lipolysis Due to Milk Lipase in Milk
	10.3.1 Spontaneous Lipolysis
	10.3.2 Induced Lipolysis

	10.4 Lipase-Catalysed Acyl-Transfer Reactions on Milk Fat
	10.4.1 Interesterification
	10.4.2 Acidolysis
	10.4.3 Alcoholysis

	10.5 Conclusion
	References




