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A B S T R A C T This study explores how dietary lipids
are digested when intraduodenal bile salts are low or
absent. Long-chain triglycerides emulsified with
phosphatidylcholine were found to be hydrolyzed
very slowly by pancreatic lipase alone, as if the surface
layer of phospholipids enveloping the triglycerides
impeded the action of the enzyme. Colipase enhanced
triglyceride hydrolysis severalfold, both when added
before or after the lipase. Hydrolysis became even
more rapid when the emulsion was first incubated with
pancreatic phospholipase. Hydrolysis of long-chain
triglycerides was also severely impeded when other
proteins were added to the system, probably because
they adsorbed to the oil-water interface of the emulsion
droplets. It was previously known that bile salts can
relieve such inhibition, presumably by desorbing the
adsorbed proteins. Colipase was found to enhance
hydrolysis severalfold in a dose-dependent manner
even in the absence of bile salts, i.e., it could partially
or completely relieve the inhibition depending upon
the amount and the type of inhibitory protein added to
the system. Prior exposure of a protein-coated tri-
glyceride emulsion to another lipase also enhanced
the rate at which pancreatic lipase could then hy-
drolyze the lipids.
Most dietary triglycerides are probably presented for

intestinal digestion in emulsions covered by proteins
and/or phospholipids. These emulsions would be
hydrolyzed slowly by pancreatic lipase alone. How-
ever, through the action of the lipase in stomach
contents and of pancreatic phospholipase and through
the lipolysis-promoting effects of colipase, these
triglycerides can be rather efficiently hydrolyzed,
even in the absence of bile salts.

INTRODUCTION

The physiological function of pancreatic lipase
together with its protein cofactor, colipase, is to
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hydrolyze dietary lipids (1). The mechanism of
lipolysis and the effects of colipase have been thor-
oughly investigated in monolayer systems (2-6) and
with emulsions of short-chain triglycerides (7-9).
These studies have demonstrated that lipase must
adsorl) to the lipid-water interface of its insoluble
substrate (10). However, in the presence of bile salts
at physiological concentrations, this binding does not
take place unless colipase is also present (4, 8, 9).
Thus, the role of colipase in these systems seems to be
to bind to the lipid-water interface and provide an
anchor for the binding of lipase. More recently it has
been suggested that in the intestine lipase and colipase
may associate with the bile lipoprotein complex and
that this association may be the functional lipolytic
entity that adsorbs to the triglyceride droplets (11).
Much less attention has been paid to the action of the
lipase on emulsions similar to its physiological sub-
strate, i.e., long-chain triglycerides enveloped by a
surface layer of proteins and/or polar lipids. Milk fat
droplets are an example of such a physiological fat
emulsion; but, interestingly enough, they appear to be
a poor substrate for pancreatic lipase (12). Data in this
paper show that triglyceride droplets enveloped by a
layer of phospholipids are hydrolyzed very slowly
by the lipase. Brockerhoff (13) demonstrated that
albumin inhibits lipolysis and proposed that the
inhibition occurred through adsorption of albumin
to the interface, which denies lipase access to the
triglycerides. By using tributyrin, Borgstrom and
Erlanson (14) have shown that the inhibition can be
relieved by bile salts, presumably because they desorb
some adsorbed proteins from the triglyceride droplets
(15). These observations suggest that in the intestine
bile salts might be necessary to clear lipid droplets
of adsorbed proteins so that pancreatic lipase can
hydrolyze the triglycerides. However, in humans with
bile fistula, intraduodenal lipolysis seems to be
relatively unimpaired (16). Infants ingest large quanti-
ties of milk lipids, which are present in phospho-
lipid-protein-stabilized droplets (17). In many cases
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their bile salt concentrations are low (18), but they
digest the milk lipids rather efficiently (19). These
observations pose a question: how can pancreatic
lipase digest dietary lipids such as those in milk fat
globules when there is little or no bile salt present? We
report here that under these conditions colipase itself
enhances lipase action manyfold.

METHODS

Bovine serum albumin, lysozyme, porcine pancreatic phos-
pholipase A2, /8-lactoglobulin, and gum arabic were from
Sigma Chemical Co. (St. Louis, Mo.). Lactoferrin was purified
from human milk.' Intralipid 10% (Cutler Laboratories, Inc.,
Berkeley, Calif.) that contained [14C]oleic acid-labeled triolein
was a kind gift from AB Vitrum (Stockholm, Sweden). It is
an emulsion of soy bean triglycerides in egg yolk phospha-
tidylcholine manufactured for parenteral nutrition (20). Sodium
taurocholate and triolein labeled with [3H]oleic acid were
kindly prepared by Dr. L. Krabisch (Lund, Sweden). The
triolein was purified by thin-layer chromatography before
use. Long-chain triglycerides to be used in the gum arabic
emulsion were purified from olive oil (21). Lipase and colipase
were purified from pig pancreas according to Verger et al. (22)
and Erlanson and Borgstrom (23). In the purification of lipase,
the CM-cellulose step, which separates two forms of the lipase
(A and B), was omitted. The colipase preparation was a mixture
of colipase 1 and 2. Lipase from Pseudomonas fluorescens
(24) was a kind gift from Amano Pharmaceutical Co. (Nagoya,
Japan).
To prepare the triglyceride-gum arabic emulsion, 80-mg

triglycerides from olive oil were mixed with a trace amount
of [3H]oleic acid-labeled triolein (4 x 107 cpm) in heptane and
the solvent was evaporated under nitrogen. 1 ml of 10% gum
arabic and 3 ml of 0.05 M Tris-HCl buffer (pH 7.5) was then
added, and the mixture was sonicated in ice-water for 4 min
with a Branson Sonifier A-30 (Branson Ultrasonics Corp.,
Danbury, Conn.). Before it was used as substrate, the labeled
Intralipid was separated by centrifugation as follows: 100 mg/
ml of sucrose was added, and the emulsion was layered under
an approximately equal volume of 0.05 M Tris-HCl buffer
(pH 7.5). The tubes were centrifuged at 25,000 rpm for 30 min
at 4°C in a Beckman L-2 ultracentrifuge with an SW 50:1
rotor (Beckman Instruments, Inc., Spinco Div., Palo Alto,
Calif.). The tubes were sliced, and the top phases were resus-
pended. This was done to remove the phospholipids not
attached to the triglyceride-rich droplets. The incubations
were carried out in a water bath shaking at 50 strokes/min.
Fatty acids were extracted, and their radioactivity was de-
termined as described by Belfrage and Vaughan (25).

RESULTS

Hydrolysis of a phospholipid-coated emulsion.
When pancreatic lipase was added to a medium that
contained Intralipid, hydrolysis ofthe triglycerides was
initially very slow (Fig. la), but the rate increased
somewhat with time. Such lag-phases have previously
been observed with pancreatic lipase both in monolayer
systems (5, 6) and with tributyrin emulsions (9). In
this series ofexperiments the lag-phase was more marked
with Intralipid as the substrate than with the gum arabic

1 Blackberg, L., and 0. Hernell. Manuscript in preparation.
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FIGURE 1 Effect of colipase on hydrolysis of triglycerides by
pancreatic lipase. (a) Conditions were as in Table I, with
triglyceride-rich particles from Intralipid as the substrate.
(b) Conditions were as in Table II, with the triglyceride-gum
arabic emulsion and 5 mg/ml bovine serum albumin. Colipase
(10lg/ml) was added either immediately before the lipase
(0.2 ,ug/ml) or 8 min after the lipase.

emulsion (compare Fig. la and b). With Intralipid the
lag-phase was shortened by the addition of phospho-
lipase and/or bile salts. Thus, the longest lag-phases
encountered were those shown in Fig. la. The slow
rate of triglyceride hydrolysis was not unique to Intra-
lipid; triolein emulsified in rat liver phosphatidylcholine
was also hydrolyzed very slowly (data not shown). The
phospholipids not associated with the emulsion drop-
lets had been removed by centrifugation. Thus, the
inhibition must have been a result ofthe phospholipids
enveloping the triglycerides. If colipase were also
present, hydrolysis started earlier and the rate became
severalfold higher (Fig. la). When the reaction was
initiated with lipase alone, and colipase was then added,
the rate rapidly increased and became similar to that
seen when colipase was added before the lipase. Thus,
the slow rate of hydrolysis in the absence of colipase
was not a result of inactivation of the enzyme (13). The
effect of colipase was rapid; the rate of hydrolysis
increased immediately when colipase was added 8 min
after the lipase (Fig. la). Thus, whatever the lag-phase
signifies, it depends mainly upon a slow process related
to the enzyme, e.g., its adsorption to the emulsion (5,9).
Table I illustrates the effects of pancreatic phospho-

lipase and/or bile salt on the rate at which the Intralipid
triglycerides were hydrolyzed in the presence or ab-
sence of colipase. During the first parts of the incuba-
tions, the rate of hydrolysis increased with time, in
some cases well beyond 5 min (cf., Fig. la). At later
stages the rate often declined again (cf., Fig la). Con-
sequently, the relation between the rates under dif-
ferent conditions changed with time. However, qualita-
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TABLE I
Effect of Phospholipase A2 and/or Sodium Taurocholate on

Hydrolysis of Intralipid Triglycerides by Pancreatic
Lipase in the Presence or Absence of Colipase

Colipase Phospholipase A, Sodium taurocholate Fatty acids released

nmol

- 12
+ _ - 890

+ 14
+ - + 630
_ + - 220
+ + - 2,750
_ + + 1,730
+ + + 5,340

0.1 M Tris-HCl (pH 7.5), 4 mM Ca++, triglyceride-rich particles
from Intralipid corresponding to 4 mg/ml triglycerides,
37°C. The final volume was 1 ml. The system, with or
without 10 mM sodium taurocholate, was incubated 10 min
before lipase (1 ,ug/ml) was added. As indicated, 2 jig/ml
phospholipase was added 2 min before the lipase and/or 10
,ug/ml colipase was added immediately before the lipase.
The data listed are the amounts of fatty acids released during
the first 8 min of incubation per milliliter of medium.

tively the same differences were found, whether the
maximal rates were compared, or, as in Table I, the
amounts of fatty acids released during the first 8 min
of incubation were compared. Preincubation of the
emulsion with pancreatic phospholipase caused a
severalfold increase in the rate at which pancreatic
lipase hydrolyzed the triglycerides. Sodium taurocholate
increased the lipase activity only when phospolipase
was also present. In this case a high rate of hydrolysis
was obtained even when no colipase was added. How-
ever, the highest rate of hydrolysis was observed with
a system that contained phospholipase, taurocholate,
and colipase. When the amount of colipase was in-
creased fivefold compared with that in Table I, the
lipase activity only increased -20% (in the absence of
phospholipase and taurocholate). Thus, it seems unlikely
that colipase alone could give as high rates ofhydrolysis
as in the complete system with phospholipase and
bile salts.
Hydrolysis of a protein-coated emulsion. When no

other proteins were added, pancreatic lipase rapidly
hydrolyzed the triglycerides in a gum arabic emulsion,
and colipase had only a small effect (Table II). Pre-
incubation of the gum arabic emulsion with other pro-
teins before the lipase was added caused a decrease
in the rate of hydrolysis. The type and amount of
protein added (Table II), as well as the time of preincu-
bation, influenced the degree of inhibition. It is likely
that the inhibition was caused by adsorption of the
proteins to the emulsion. This hypothesis is supported
by the fact that the inhibition persisted after the emul-

TABLE II
Effect of Colipase on the Inhibition of Pancreatic

Lipase Activity Caused by some Proteins

Fatt) acids released

Protein Without colipase W'ith colipase

nmol

1,540 1,890
Lactoferrin 660 2,450
Lysozyme 110 1,570
Bovine serum albumin 60 2,290
,8-Lactoglobulin 30 780

0.1 M Tris-HCl (pH 7.5), 4 mM Ca++, triglyceride-gum arabic
emulsion corresponding to 4 mg/ml triglyceride, 37'C. The
final volume was 1 ml. The various proteins were added to
final concentrations of 5 mg/ml 20 min before the lipase (0.4
,ug/ml). When colipase (10 ,utg/ml) was included, it was
added immediately before the lipase. The data listed are
the amounts of fatty acids released during the first 8 min of
incubation per milliliter of medium.

sion had been isolated by centrifugation (cf. Fig. 3).
The inhibition was to a varying extent relieved when
colipase (10 jig/ml) was added (Table II). Colipase
also increased the rate of hydrolysis when it was added
8 min after the lipase (Fig. lb). In the systems with
lactoferrin or bovine serum albumin, the rate ofhydroly-
sis with colipase was in fact higher than when no pro-
teins were added. In the presence of 0.5 mg/ml of 38-
lactoglobulin the lipase activity increased dramatically
with the amount of colipase added. At the three highest
concentrations of colipase the maximal effect was
probably achieved because there was no increase in the
rate of hydrolysis on further addition of colipase (Fig. 2).
This rate was similar to that obtained without any
proteins added (compare Fig. 2 and Table II) and was
more than 10-fold higher than the rate with this amount
of,-lactoglobulin but no colipase. In the presence of
5 mg/ml of /-lactoglobulin, however, even the largest
amount ofcolipase (50 ,ug/ml) was not enough to relieve
the inhibition (Fig. 2).

In contrast to pancreatic lipase the lipase from P.
fluorescens hydrolyzed a protein-coated triglyceride-
gum arabic emulsion (Fig. 3). When pancreatic lipase
was added 4 min after the bacterial lipase, the rate
of hydrolysis increased and became higher than the
sum of the rates for each lipase alone. Thus, partial
hydrolysis made the emulsion more readily hydrolyzed
by pancreatic lipase, even in the absence of colipase.

DISCUSSION

The experiments with Intralipid showed that when
long-chain triglycerides are presented to pancreatic
lipase in droplets enveloped by phospholipids (20),
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FIGURE 2 Effect of colipase on triglyceride hydrolysis by
pancreatic lipase in the presence of two different amounts
of &3llactoglobulin. Conditions are as in Table II, but the
amount of colipase was varied from 50 ,ug/ml (1/1) to 0.39
,ug/ml (1/128). 0.5 or 5 mg/ml ,3lactoglobulin was added 20 min
before the lipase (0.2 ,ug/ml). The incubations were for 2 min.

they are hydrolyzed very slowly. Two mechanisms were
demonstrated by which the inhibition could be reduced.
Addition of colipase before or several minutes after the
lipase increased the activity severalfold. Preincubation
with phospholipase also enhanced triglyceride hydroly-
sis, and when colipase was present high activity was
obtained. Apparently, lysophosphatidylcholine caused
less inhibition than phosphatidylcholine. Bile salts
further enhanced hydrolysis, probably by desorbing
some of the lysophospholipids from the interface (15).
Although colipase by itself enhanced hydrolysis, and
phospholipase with or without bile salts also enhanced
hydrolysis, optimal activity seemed to require both
colipase and degradation-removal of the phospholipids.
With the complete system there was no discernable lag-
phase and rate ofhydrolysis was similar to that observed
with the triglyceride-gum arabic emulsion (compare
Tables I and II), which suggests that it may be close
to the "uninhibited" rate for hydrolysis of emulsified
long-chain triglycerides.

It was previously known that some proteins inhibit
the action of pancreatic lipase on emulsified triglycerides
(13, 14, 26), and this is confirmed in our work. Others
have shown that this type of inhibition can be relieved
by bile salts (14, 26). Our study demonstrates that this
inhibition can also be relieved by colipase. For instance,
in the experiments with albumin in Table II, colipase
increased the rate of hydrolysis more than 35-fold. A

o---o Pancreatic lipase
o-o Bacterial lipase
*-* Bacteriat+pancreatic lipase

TIME (min)

FIGURE 3 Effect of partial hydrolysis by another lipase on
the activity of pancreatic lipase against a protein-coated tri-
glyceride emulsion. Assay medium with the composition
described in the legend to Table II was incubated with 10
mg/ml of albumin for 20 min at 37°C. The medium was
then separated by centrifugation as described for Intralipid
in Methods. In this way, protein not attached to the emulsion
droplets was removed. After centrifugation, the top layer was
resuspended and used to prepare a second set of assay mixtures
with the same final composition as in Table II, which were
then incubated at 37°C with 1 ,ug/ml pancreatic lipase
(0- - -0), 0.2 ug/ml lipase from P. fluorescens (O-0), or
0.2 ,ug/ml lipase from P. fluorescens with 1 Ag/ml ofpancreatic
lipase added 4 min after the bacterial lipase as indicated
by the arrow (0).

similar effect, but less marked, can be seen in Fig. 1
in the paper by Borgstrom and Erlanson (14). However,
colipase alone could not fully relieve the inhibition
under all circumstances, as exemplified by the experi-
ment with a large amount of 8-lactoglobulin (Fig. 2).
Studies in model systems have demonstrated that
colipase can stabilize lipase against surface denatura-
tion (6, 13) and enhance its binding to lipid emulsions
(6, 8, 9). In our system its effect was not primarily to
stabilize the lipase. Whether the effect was mediated
on the binding of lipase to the emulsion can not be
deduced from our data. It is of interest, however, to
note that this effect both with the phospholipid-covered
and the protein-covered emulsions was similar to the
effects of apolipoprotein CII on lipoprotein lipase in
these systems. In that case, the main effect is not on
binding, but apolipoprotein CII somehow makes the
enzyme at the interface more productive in hydrolysis.2

2 Bengtsson, G., and T. Olivecrona. Manuscript in prepa-
ration.
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With the emulsions studied here, colipase enhances the
activity of pancreatic lipase but not that of lipoprotein
lipase, and, conversely, apolipoprotein CII only en-
hances the activity of lipoprotein lipase (unpublished
observation; cf., [6,27]). This suggests specific recogni-
tion between the enzymes and their respective cofactors.
There is ample evidence for such interaction between
pancreatic lipase and colipase (28, 29). Evidence has
been presented that pancreatic lipase undergoes "surface
activation," presumably a conformational change which
makes it catalytically more efficient (30). Because the
lipase-colipase complex is at least as active as lipase
alone at model interfaces, it follows that colipase bind-
ing must be compatible with the surface-activated
conformation and more likely stabilizes it. In our
systems, lipase may not attain its most active conforma-
tion/orientation at the interface unless colipase is
present.
Another mechanism by which the inhibition by pro-

teins could be decreased was by hydrolysis itself. The
surface-active products of lipolysis locate at the oil-
water interface of the triglyceride droplets and probably
desorb some of the inhibitory proteins. This has been
directly demonstrated in experiments with lipoprotein
lipase.2 In vivo, some hydrolysis ofdietary triglycerides
takes place in the stomach (31, 32). This has previously
been demonstrated to facilitate digestion of milk fat
globules by pancreatic lipase in the presence of bile
salts and colipase (33, 34). These data suggest that the
same is also true in the absence ofbile salts and colipase.
In fact, the main importance of gastric lipolysis may
be under conditions when bile salts are either present
in low concentrations or are absent altogether. We
chose to use the bacterial lipase for these experiments
because it was available in pure form, whereas the gastric
or lingual lipase has not yet been purified.
These in vitro experiments were designed to explore

how fat digestion takes place in the absence of bile
salts. The conditions were not in all respects representa-
tive of those in vivo but are a simplified model. Thus,
the effects of proteases were not tested, and model fat
emulsions were used rather than food materials. Porcine
lipase and colipase were used; as far as is known,
their properties are similar to their human counterparts
(35, 36). The highest concentration of colipase used
(50 ,ug/ml, Fig. 2) corresponds with that in human
intestinal contents; in all other cases the concentrations
oflipase and colipase were less than those encountered
in healthy adults (37). On the other hand, lipase con-
centrations similar to or even lower than those used in
our in vitro studies are encountered in human infants
during test meals (38). Thus, the situation in vivo is
much more complex and variable than in our in vitro
studies. With this reservation we propose the following
picture of fat digestion when bile salts are low or absent.
The first step is partial digestion of triglycerides in the

stomach. In the intestine the phospholipids are hydro-
lyzed by pancreatic phospholipase. The lysophospho-
lipids, fatty acids, and partial glycerides formed will
help emulsify undispersed lipids (31) and will impede
adsorption of proteins to the droplets. With protein-
phospholipid covered lipid emulsions such as milk fat
globules, egg yolk lipoproteins, etc., they may cause
some desorption of protein. These two processes, i.e.,
degradation of phospholipids and desorption ofprotein
will facilitate further hydrolysis of the triglycerides by
pancreatic lipase. In addition, and perhaps more im-
portant, colipase enhances the action of the lipase
manyfold even if some proteins and/or phospholipids
remain on the lipid droplets.
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