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Abstract — In this study, proteolysis resulting from the action of the indigenous milk proteinase,
plasmin, in high pressure (HP)-treated raw skim bovine milk during storage was examined. Plasmin
activity was reduced by treatment at pressures 2400 MPa and decreased further throughout 28 d of
storage at 5 °C. In untreated milk or milk treated at 100 MPa plasmin activity increased during the
first 3 d of storage at 37 °C, indicating activation of plasminogen; considerably less activation
occurred in milk treated at 200-600 MPa. However, considerable decreases in plasmin activity, pro-
bably due to autolysis, were apparent in all samples on storage at 37 °C for >3 d. Proteolysis, as
measured by increases in the level of pH 4.6-soluble N and decreases in the level of B-casein, was
very limited on storage of milk at 5 °C, with little difference between untreated and HP-treated sam-
ples. Proteolysis on storage of milk at 37 °C was influenced only slightly by treatment of milk at a
pressure <250 MPa and was reduced considerably in milk treated at 600 MPa for 30 min, but in
milk treated at 300400 MPa, proteolysis was more extensive than in untreated milk, possibly as a
result of HP-induced disruption of casein micelles. Overall, HP can either induce or reduce proteo-
lysis in milk, and may therefore have implications for products made from such milk.
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Résumé — Activité de la plasmine et protéolyse dans un lait de bovin traité par hautes pres-
sions. Dans cette étude, nous nous sommes intéressés a la protéolyse résultant de I’activité d’une
protéinase indigene du lait, la plasmine, au cours de I’incubation d’un lait de bovin frais écrémé et
traité par hautes pressions. L’activité de la plasmine était réduite par un traitement a des pressions
2400 MPa et diminuait progressivement au cours des 28 j de stockage a 5 °C. Pour un lait non traité
ou traité a 100 MPa, I’activité de la plasmine augmentait pendant les trois premiers jours d’incuba-
tion a 37 °C, indiquant I’activation du plasminogene ; I’activation était bien moins importante pour
un lait traité a des pressions comprises entre 200 et 600 MPa. Cependant, des diminutions considé-
rables de I’activité de la plasmine, probablement due a une autolyse, étaient observées pour tous les
échantillons incubés a 37 °C pour des durées de stockage >3 j. La protéolyse, mesurée par les aug-
mentations du taux d’azote soluble 2 pH 4,6 et par les diminutions du taux de caséine B résiduelle,
était trés limitée pour un stockage du lait a 5 °C, avec une petite différence entre les échantillons
non traités et ceux traités aux hautes pressions. La protéolyse durant I’incubation du lait a 37 °C était
seulement légerement influencée par le traitement du lait a des pressions <250 MPa et était consi-
dérablement réduite pour un lait trait¢ a 600 MPa pour 30 min, mais pour un lait traité a 300-
400 MPa, la protéolyse était plus importante que dans un lait non traité, cela étant probablement dd
a la désintégration des micelles de caséine induite par les hautes pressions. Le traitement par hautes
pressions peut a la fois induire ou réduire le phénomene de protéolyse dans le lait, et peut avoir des
implications au niveau des produits fabriqués a partir de tels laits.

Haute pression / lait / protéolyse / plasmine / micelle de caséine

* Corresponding author: a.kelly @ucc.ie



298 T. Huppertz et al.

1. INTRODUCTION

High pressure (HP) processing of food
is currently of great interest as a potential
process for both preservation and altera-
tion of the properties of foods. On HP
treatment, many constituents and proper-
ties of milk are affected (for reviews see
[13, 28]). HP affects indigenous enzymes
in milk; the principal proteinase in bovine
milk, plasmin, is an alkaline proteinase
which readily hydrolyses [B-casein and,
more slowly, 0- and 0. ,-caseins (see [3,
18]). The majority of plasmin in milk is in
the form of the inactive precursor, plas-
minogen, which is converted to plasmin
through a complex system of plasminogen
activators [3, 18]. Plasmin is not affected
by treatment at pressures <400 MPa, but
treatment at a higher pressure causes con-
siderable inactivation [8, 26, 27].

The main source of substrate for plas-
min, the casein micelle, is also influenced
by HP. Treatment at 100-200 MPa has lit-
tle effect on casein micelle size [6, 14, 23],
but treatment at 250 MPa for =15 min
increases casein micelle size, possibly
through the formation of micellar aggre-
gates [14, 15]. Treatment at a pressure
>300 MPa reduces casein micelle size by
~50% [6, 8, 10, 14, 15, 23]. Dissociation of
caseins, particularly B- and «x-caseins,
occurs at a pressure =100 MPa [2, 21].

HP-induced effects on plasmin, com-
bined with effects on the casein micelle,
may influence proteolysis in milk. Scollard
et al. [27] reported that proteolysis in milk
was not affected by HP treatment at
50 MPa, was increased in milk treated at
300-500 MPa, but was reduced in milk
treated at higher pressures. According to
Garcia-Risco et al. [9], increased proteolysis
in milk treated at such pressures is probably
related to HP-induced disruption of casein
micelles.

The aim of this study was to examine the
relationship between HP-induced changes in
raw skim bovine milk and proteolysis in
such milk on subsequent storage at 5 or

37 °C. Plasmin activity in untreated and
HP-treated milk was monitored during
such storage, which has not been done pre-
viously; also, the results of plasmin activ-
ity in milk, i.e., increases in level of pH
4.6-soluble nitrogen and the degradation of
B-casein, were measured during storage.

2. MATERIALS AND METHODS

2.1. Milk supply

Raw whole bovine milk, obtained from
a local dairy (CMP Dairies, Cork, Ireland),
was skimmed by centrifugation at 2 000 g
for 20 min at 20 °C, followed by filtration
through glass wool to remove fat particles.
Sodium azide (0.05%, w/v) was added to
prevent microbial growth.

2.2. High pressure treatment

Skimmed milk samples were packaged
and HP-treated for 10 or 30 min at 100-
600 MPa at 20 °C, as described by Huppertz
etal. [15] using a Stansted Fluid Power
Iso-Lab 900 High Pressure Food Processor
(Stansted Fluid Power, Stansted, Essex,
UK). After HP treatment, milk samples
were incubated in sterile containers for up
tol4dat37°Cor28dat5 °C.

2.3. Determination of plasmin
activity in milk

Plasmin activity in the centrifugal
(30 min at 15 800 g at 20 °C) subnatant of a
3:1 mixture of milk and 0.4 mol-L-! triso-
dium citrate was determined as described
by Richardson and Pearce [25], using N-
succinyl-L-alanyl-L-phenylalanyl-L-lysyl-7-
amido-4-methyl coumarin (Sigma Chemi-
cal Co., St. Louis, MO, USA) as substrate.
Plasmin activity was monitored during
storage of milk and was determined in
duplicate for each sample; values are
expressed as a percentage of the mean
value for untreated milk at day zero (d 0).
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Table I. Effect of high pressure treatment at 100-600 MPa for 10 or 30 min at 20 °C and
subsequent storage for up to 28 or 14 d at 5 or 37 °C, respectively, on plasmin activity in raw skim
bovine milk. Values are expressed as a percentage of the mean value for untreated milk at day 0,
+ standard deviation. Results are the means of data from triplicate experiments on individual milk

samples.

Plasmin activity (% of control)

Pressure Treatment Days at 5 °C Days at 37 °C

(MPa) time (min) Day 0 14 28 1 3 7 14

0 (Control) 0  100.0+0.0 92259 867+56 1209+58 1163+64 70054 513+53

100 10 1023 +24 89.2+1.6 843+3.1 121.3+6.1 111.8+3.3 68.3+£5.8 55.7+3.6
30 101.8£2.4 84.6+5.5 829+47 113.0+4.7 111.5+64 63.2+£5.0 48.2+53

200 10 96.4+27 787+£32 792+3.0 1005+1.6 999+3.8 60.5+3.6 49.0+44
30 944+25 808+17 792+38 97.8+29 94.1+54 59.6+6.8 47.8+3.0

250 10 92.1+1.0 79.0+2.1 756+7.1 90.6+6.6 91.0+x7.2 57.1+£3.8 48.7+4.1
30 940+3.1 77309 729+33 91.1+50 87550 549+3.7 469+1.0

300 10 919+30 71.7+44 69.1+43 832+4.1 86570 61477 452+40
30 89.6+£6.6 743+6.6 674+38 84.1+3.1 82.1+£59 69.7+5.6 41.2+1.9

400 10 753+50 599+£62 549+17 68.7+44 658+22 55.1x+21 35555
30 694+30 592+£48 533+09 652+25 66.1+4.6 58.0+6.7 39.1 +4.9

600 10 36.1x74 317149 292+48 363+49 343+69 293+44 324+19
30 249+32 262+35 247+x43 287+50 268+59 197+49 214+58

2.4. Evaluation of proteolysis
in milk

Proteolysis in milk was determined by
quantitatively assaying the level of pH 4.6-
soluble nitrogen (pH 4.6-SN) during stor-
age using the Lowry assay for protein [22],
as described by Kelly et al. [19]. The pH
4.6-SN fraction of milk includes native
whey proteins plus proteolysis products,
and changes in the level thereof on storage
post-HP treatment can be assumed to be
due to proteolysis. The level of pH 4.6-SN
was determined in triplicate for each sam-
ple; values are expressed as a percentage of
the mean value for untreated milk at d 0.

Degradation of B-casein during storage
of milk was monitored using Urea Polyacr-
ylamide Gel Electrophoresis (Urea-PAGE;
[1]). Gels were stained directly by the

method of Blakesley and Boezi [4] and the
level of residual B-casein determined by
densitometric analysis using Total Lab
V1.10 software (Nonlinear Dynamics,
Newcastle-upon-Tyne, UK) and expressed
as a percentage of the mean value for
untreated milk at day 0.

2.5. Denaturation of -lactoglobulin

Denaturation of B-lactoglobulin (B-Lg)
was determined as described by Huppertz
etal. [14].

3. RESULTS

3.1. Effects of high pressure treat-
ment on plasmin activity in milk

When plasmin activity was determined
immediately after HP treatment (Tab. I; d 0),



300 T. Huppertz et al.

Table II. Effect of high pressure treatment at 100-600 MPa for 10 or 30 min at 20 °C and
subsequent storage for up to 28 or 14 d at 5 or 37 °C, respectively, on the level of pH 4.6-soluble N
in raw skim bovine milk. Values are expressed as a percentage of the mean value for untreated milk
at day 0, + standard deviation. Results are the means of data from triplicate experiments on

individual milk samples.

pH 4.6-soluble N (% of control)

Pressure Treatment Days at5°C Days at 37 °C

(MPa) time (min) = 14 28 1 3 7 14

0 (Control) 0 100.0£0.0 112.1+£54 1124+7.6 110.24+3.0 123.6+2.2 137.6+9.6 148.8*+1.4

100 10 97.2+1.2 108.6+7.7 107.6+7.3 103.6+2.4 125.6+2.5 141.3+£2.6 143.3%6.3
30 97.3+3.1 110.1+£7.7 103.9+5.2 106.6 +2.1 128.4+5.7 131.7+£6.7 144.7%5.7

200 10 97.7+4.1 108.0+2.7 102.5+7.2 103.1+2.4 123.7+6.0 132.0t1.7 141.7%+5.4
30 90.8+4.3 100.5+6.3 98.2+7.5 1053163 1159+6.6 132.8+2.5 142.4+8.5

250 10 88.0£1.9 99.8+7.4 100.7%5.5 1029+1.9 116.0+£54 131.6+5.1 139.9+7.8
30 779+53 90.4+55 934179 87.812.2 106.2+4.7 127.8+4.1 134.5%7.2

300 10 84.1+55 87.1+4.6 935+69 96.2+3.5 109.2+7.2 127.7+7.5 137.5%£23
30 724149 798163 80.6+34 91.8+5.7 104.5+29 123.8+5.6 132.0+7.3

400 10 715458 81.7+£7.2 83.5%+19 863162 104.6+29 122.4+6.0 133.719.2
30 61.8+2.0 73.6+29 79.7+3.0 76.1+58 97.7+2.2 108.7+4.8 129.0+8.4

600 10 529+0.8 60.8+3.6 64709 624176 709x1.3 879483 98.11+6.2
30 47.8+3.0 53.6%6.0 552121 534+42 60.7+4.6 77.0x4.1 79.7£55

considerable effects of HP were apparent.
Treatment at 100 MPa for 10 or 30 min had
little effect on plasmin activity, but treatment
at 200-400 MPa progressively reduced
plasmin activity, e.g., to ~75 or ~70% of
that in untreated milk after 10 or 30 min at
400 MPa, respectively. Treatment of milk
at 600 MPa for 10 or 30 min reduced plas-
min activity to 36 or 25% of that in
untreated milk, respectively.

In untreated and HP-treated milk, plas-
min activity decreased throughout 28 d of
storage at 5 °C (Tab. I); the magnitude of
the decrease in plasmin activity on storage
had a maximum at 300 MPa, and no post-
HP treatment reduction in plasmin activity
was observed on cold storage of milk
treated at 600 MPa for 30 min. In untreated
milk or milk treated at 100 MPa, storage at
37 °C for 1 d increased plasmin activity,

whereas after 3 d at 37 °C, plasmin activity
in such milk was lower than that after 1 d,
but higher than that at day 0 (Tab. I); for
samples treated at 200-600 MPa, little
influence of storage for up to 3 d at 37 °C
on plasmin activity was apparent. Storage
of both untreated and HP-treated milk at
37 °C for 7 or 14 d progressively reduced
plasmin activity, to values of 21-55% of
that in untreated milk.

3.2. Proteolysis in high pressure-
treated milk

HP treatment of milk reduced the level
of pH 4.6-SN therein (Tab. II; d 0). During
subsequent storage at 5 °C, the level of pH
4.6-SN increased only slightly (by ~10%)
in untreated or HP-treated milk, with little
difference in the extent of the increase
between samples. However, on incubation
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Table III. Effect of high pressure treatment at 100-600 MPa for 10 or 30 min at 20 °C and
subsequent storage for up to 14 days at 37 °C on the residual level of B-casein in raw skim bovine
milk. Values are expressed as a percentage of the mean value for untreated milk at day 0, £ standard
deviation. Results are the means of data from triplicate experiments on individual milk samples.

Residual B-casein (% of control)

Pressure  Treatment Days at 37 °C
(MPa)  time (min) Day 0 1 3 7 14
0 (Control) 0 100.0 £0.0 91.4+6.3 68.4 £2.1 55.6£3.0 48.1 £3.8
100 10 94.6 £5.5 90.0 £6.1 63.4+3.8 543134 443122
30 95.7+6.9 95.1+1.8 65.1 £4.3 55.8+1.1 449 4.5
200 10 1009 £7.8 94.0 £4.0 63.1 £2.5 55.0£5.0 432 +1.0
30 99.7£4.1 91.7+4.4 66.9£7.2 55.7x7.7 42.6 £3.3
250 10 100.0 £5.0 95.1%5.5 66.5 £6.6 54.4£5.8 41.4£2.6
30 100.4 £3.3 96.4£0.9 69.6 £9.2 52.3£3.5 40.2£6.7
300 10 100.1 £5.0 92.9+£3.0 62.7£8.8 49.5£2.5 3577+£3.2
30 98.3 £4.6 81.1£5.2 63.5£7.6 41.4+£5.6 347+1.9
400 10 96.5£7.0 82.6 £6.7 62.3£6.7 40.2£4.5 32.7+£2.2
30 95.3£3.8 86.8 £6.4 66.8 £8.1 46.0 £8.6 37.7+2.2
600 10 96.8 £5.8 96.1£1.3 77.1 £4.6 70.3£2.3 65.7 £6.2
30 96.2 £4.7 93.5+3.8 86.5 £0.5 81.5+6.0 79.7£0.7

at 37 °C, levels of pH 4.6-SN increased
progressively throughout 14 d of storage.
In milk treated for 10 min at 100, 200, 250,
300 or 600 MPa or 30 min at 100 or
200 MPa, increases in pH 4.6-SN through-
out 14 d of storage at 37 °C were similar to
those observed in untreated milk (Tab. II).
For samples treated for 10 min at 400 MPa
or 30 min at 250-400 MPa, increases in the
level of pH 4.6-SN were larger than in
untreated milk, whereas in milk treated at
600 MPa for 30 min, increases in the level
of pH 4.6-SN (Tab. II) were considerably
less than that in untreated milk.

HP treatment of milk had, as expected,
no immediate effect on the level of B-
casein in milk (Tab. III; d 0) and storage at
5 °C for 28 d after HP treatment reduced
the level of B-casein only slightly (data not
shown); however, on storage at 37 °C, the
level of B-casein decreased progressively
for up to 14 d (Tab. III). The extent of the
reduction in the level of B-casein generally

increased with pressure up to 400 MPa and
was most extensive in milk treated at 300
or 400 MPa for 10 or 30 min; during incu-
bation at 37 °C, the level of residual 3-
casein was consistently higher in samples
treated at 600 MPa than in untreated sam-
ples or in samples treated at 100-400 MPa.

3.3. Effects of high pressure on whey
protein denaturation in milk

No denaturation of B-Lg was observed
after treatment at 100 MPa for 10 or 30 min,
but at pressures 2200 MPa, denaturation of
B-Lg increased with increasing pressure,
reaching > 95% after treatment at 600 MPa
(data not shown).

4. DISCUSSION

Proteolysis in milk is due primarily to
the action of plasmin on caseins, especially
[B-casein [18]; thus, HP-induced changes in
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the level of proteolysis in milk may be due
to effects of HP on plasmin. Thermal inacti-
vation of plasmin in milk is thought to be
due to thiol-disulphide interchange reac-
tions with B-Lg [11]. Scollard et al. [26]
reported that HP treatment at 600 MPa did
not inactivate plasmin in phosphate buffer,
but inactivated >95% of plasmin in a phos-
phate buffer containing 5 mg-mL~! B-Lg,
which suggests that HP-induced inactiva-
tion of plasmin is also linked to B-Lg. In
this study, treatment of milk at 2400 MPa
reduced plasmin activity therein consider-
ably (Tab.I), as previously reported by
Scollard etal. [26, 27], and denatured
>95% of B-Lg (data not shown), again con-
sistent with previous studies [10, 14, 20,
27], supporting the possibility that HP-
induced inactivation of plasmin in milk
may be linked to denaturation of B-Lg.
However, it remains unclear whether there
is a direct causal relationship between the
two phenomena.

After HP treatment, milk was stored at 5
and 37 °C and changes in plasmin activity
and proteolysis were monitored. The lower
temperature (5 °C) was chosen as it mimics
general refrigerated storage of consump-
tion milk, whereas 37 °C is the optimum
temperature for plasmin activity [18]; stor-
age at this temperature was therefore per-
formed to evaluate the maximum extent of
changes in untreated and HP-treated milk
due to plasmin activity. Reductions in plas-
min activity on refrigerated storage of
untreated milk (Tab. I) were also observed
by Guinot-Thomas et al. [12], who sug-
gested that this may be a result of autolysis
of plasmin; Ueshima et al. [29] also showed
that, in 0.9% NaCl, bovine plasmin is sus-
ceptible to autolysis.

On storage of milk at 37 °C, both
increases and decreases in plasmin activity
were observed, depending on the applied
pressure. Increases in plasmin activity in
untreated milk or in milk treated at
100 MPa during the first 3 d of storage at
37 °C (Tab. 1), are probably due to the con-
version of the inactive zymogen, plas-

minogen, to active plasmin [5, 24], and
suggest that plasminogen and plasminogen
activators are stable to treatment at such
pressures. In milk treated at =200 MPa,
however, plasmin activity did not increase
on storage at 37 °C (Tab.I), possibly
through inactivation either of plasminogen
or of its activators; Scollard et al. [27]
showed that treatment at <500 MPa inacti-
vated <20% of plasminogen, with more
extensive inactivation at higher pressures.

Decreases in plasmin activity in milk
during more prolonged storage of milk at
37 °C (Tab. I; 7or 14 d), as at 5 °C, may be
due to autolysis of the enzyme. The greater
apparent autolysis of plasmin at 37 °C than
at5 °C (Tab. I) is in agreement with results
of Ueshima etal. [29]. The fact that
decreases in plasmin activity on storage at
5 or 37 °C were considerably less in milk
treated at 600 MPa than in untreated milk
or milk treated at 100—400 MPa (Tab. I) is
probably due to the low initial level of
plasmin in the system; autolysis may be
limited in milk treated at 600 MPa, due to
considerable HP-induced inactivation of
plasmin.

HP-induced decreases in the level of pH
4.6-SN immediately after treatment (Tab. II;
d 0), as also observed by Johnston et al.
[17], are a result of whey protein denatura-
tion, which results in a loss of their solubil-
ity at pH 4.6 [16]. A low level of proteoly-
sis was observed on storage of untreated or
HP-treated milk at 5 °C, as indicated by
slight increases in pH 4.6-SN (Tab. II) and
slight decreases in B-casein levels (results
not shown), as also reported by Guinot-
Thomas et al. [12] for untreated milk. The
low level of proteolysis is probably due to
the low activity of plasmin at refrigeration
temperatures. Garcia-Risco et al. [7] observed
little difference between the level of prote-
olysis in untreated milk and milk treated at
400 MPa for 30 min, during storage at
7 °C for 15d; however, in the present
study (Tab.II) milk treated under such
conditions had slightly faster proteolysis
than untreated milk on storage at 5 °C.
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On storage at 37 °C, proteolysis was far
more rapid, and was most extensive in
samples treated at 300 or 400 MPa for
30 min. Proteolysis was reduced consider-
ably in milk treated at 600 MPa for 30 min,
in agreement with the results of Scollard
etal. [27]. Increased proteolysis in milk
treated at 400 MPa (Tabs. II and III),
despite reduced plasmin activity in such
milk (Tab. I), is possibly due to the disrup-
tive effect of HP on the micellar structure,
thereby facilitating increased availability
of substrate to plasmin [27]. Garcia-Risco
et al. [9] showed that when a high level of
exogenous plasmin was added to untreated
or HP-treated milk, proteolysis was more
extensive in the latter, which is consistent
with the above suggestion. Reduced prote-
olysis in milk treated at 600 MPa for
30 min (Tabs. II and III), despite consider-
able disruption of casein micelles [10, 14,
23], is probably related to the significantly
reduced plasmin activity in such samples.
On treatment of milk at a pressure
<250 MPa, plasmin activity was affected
only slightly (Tab. I) and little disruption
of casein micelles occurs [10, 14, 15, 23];
it is therefore not surprising that treatment
of milk at such pressures influenced prote-
olysis during subsequent storage only
slightly (Tabs. II and III).

In conclusion, proteolysis in milk was
influenced by effects of HP on the casein
micelles, whey proteins and plasmin; treat-
ment at 100-250 MPa affected proteolysis
relatively little, but proteolysis was acceler-
ated by treatment of milk at 300-400 MPa,
but inhibited by treatment at 600 MPa for
30 min. As considerable changes in plas-
min activity occurred on storage of
untreated and HP-treated milk, monitoring
of plasmin activity throughout storage of
milk is necessary for full understanding of
changes in proteolysis in milk. Both the
activation of plasminogen and autolysis of
plasmin appeared to be influenced by HP
treatment of milk; more detailed studies on
how HP affects these processes may be of
interest for future study.
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