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Abstract
During infancy, the basic conditions for digestion of dietary fat differ from later in life. The bile
salt–stimulated lipase (BSSL) is an enzyme expressed in the exocrine pancreas and in some
species (including human) also in the lactating mammary gland and secreted with the milk. The
aim of this study was to compare the ontogeny of four pancreatic lipases [BSSL, pancreatic
triglyceride lipase (PL), pancreatic lipase-related protein 2 (PLRP2), and phospholipase A2
(PLA2)] in one species that supplies BSSL with milk (the mouse) and one that does not (the rat).
We followed expression of the four pancreatic lipases from postnatal d 1 until after weaning in
both species. We found that BSSL and PLRP2, two lipases with broad substrate specificity,
dominated. It was not until weaning that significant expression of PL and PLA2 were induced.
Thus, BSSL and PLRP2 seem to be responsible for fat digestion as long as milk is the main food.
Moreover, the early temporal pattern of BSSL expression differed between species. We speculate
that the milk-borne BSSL is able to compensate for a slower ontogeny of pancreatic BSSL
expression in the mouse.

The exocrine pancreas synthesizes and secretes several lipolytic enzymes that operate in
concerted action with gastric lipase to achieve complete digestion and absorption of dietary
fat (1). In adults, pancreatic triglyceride lipase (PL) is the major enzyme responsible for
intestinal digestion of dietary triglycerides. In fact, in the presence of colipase and bile salts,
PL has been estimated to account for 56% of the intraluminal hydrolysis of dietary
triglycerides in adults (2). PL is mainly active on tri- and diglycerides, whereas
phospholipase A2 (PLA2) is the major enzyme involved in hydrolysis of dietary
phospholipids in adults (3).

During infancy, the digestive system continues to develop and the basic conditions for fat
digestion are different from those later in life. The intraluminal level of bile salts is low,
particularly in preterm infants (4), and expression of PL in neonates is also low, or
undetectable, until the suckling-weanling transition (5–8). However, two pancreatic lipase-
related proteins (PLRP1 and PLRP2) are expressed before birth, and expression persists
during the suckling period and into adulthood (5–7). The amino acid sequence of PLRP1
and PLRP2 shows a high degree of homology (65%–70%) with PL, but their functional
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properties vary substantially. PLRP2 presents a broader substrate specificity compared with
PL and hydrolyses not only triglycerides but also galactolipids, phospholipids, and retinyl
palmitate (9–12). However, in contrast to PL, the activity of PLRP2 on triglycerides is
inhibited by physiologic bile salt concentrations, even in the presence of colipase (10,11). In
accord with the high expression during infancy, PLRP2 has been shown to perform a crucial
role in the digestion of dietary fat in suckling mice. PLRP2-deficient pups developed
steatorrhea, and their stools contained large quantities of incompletely digested dietary fat
(6,13). PLRP1 displays no recognized lipolytic activity and has no known physiologic
function. Two amino acid substitutions, V179A and A181P, compared with PL render the
protein inactive (14).

Bile salt-stimulated lipase (BSSL) is another important enzyme involved in digestion and
absorption of dietary fat. Similar to PLRP2, BSSL has the capacity to hydrolyze a variety of
substrates, e.g. tri-, di-, and monoglycerides; cholesteryl esters; fat-soluble vitamin esters;
phospholipids; galactolipids; and ceramides (15–17). BSSL is expressed in the exocrine
pancreas in all species, and in some species (including the human and the mouse, but not the
rat), it is also expressed in lactating mammary glands and secreted with the milk (18–20).
Milk-derived BSSL contributes significantly to the efficient utilization of milk fat in
newborn infants (1). Depletion of BSSL in genetically modified mice caused fat
malabsorption and subsequent fat-derived epithelial disruption in the distal ileum (21).
Interestingly, when foster dams expressing active BSSL in their milk nursed the BSSL-
deficient pups, fat absorption was restored to normal and no intestinal lesions were found.

Hence, milk supplied–BSSL contributes to efficient digestion of milk fat in species
expressing BSSL in the mammary glands during lactation. Obviously, this cannot be the
case in species not secreting BSSL with the milk. We hypothesized that expression of
pancreatic lipases during the suckling period differs between species that have BSSL
supplied with the milk and species that do not. Thus, we compared the ontogeny of the
lipases secreted by the exocrine pancreas in the mouse, which has BSSL in milk, and the rat,
which does not. We report on a significant divergent temporal expression that supports a
view that BSSL, together with PLRP2, are the dominating lipases involved in fat digestion
as long as milk is the main food.

MATERIALS AND METHODS
Animal procedures

Balb/c/Bkl mice and Sprague-Dawley rats were purchased from Scanbur AB (Sollentuna,
Sweden) and bred in-house. The animals were kept in rooms with a 12:12-h light-dark cycle
and with unrestricted access to R34 standard chow diet (Lactamin, Stockholm, Sweden) and
water. All animal procedures were approved by the regional Committee on Ethics in
Experimental Science using Animals, Umeå, Sweden.

At different time points, i.e. at postnatal d 1, 2, 3, 4, 5, 7, 10, 12, 16, 20, 24, 28, 32, and at 6
mo of age (for RNA) and at postnatal d 1, 7, 14, 21, and 28 (for protein), at least three mice
and three rats were killed by cervical dislocation and the pancreas was immediately carefully
removed for RNA and protein isolation. Before sacrifice, animals were observed when
having a meal (milk or chow) and subsequently immediately moved to a cage without food
(only water) for a 2-h fasting period.

Quantification of mRNA expression levels
TRIzol Reagent (Invitrogen, Carlsbad, CA) was used to isolate total RNA from whole
pancreas obtained from newborn mice and rats at postnatal d 1–5 or pieces of pancreatic
tissue (100–200 mg) from older animals. The RNA was stored at −70°C until use. First
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strand cDNA was synthesized from total RNA using TaqMan reverse transcription reagents
(Applied Biosystems, Foster City, CA) and random hexamers, following the manufacturer’s
recommendations. Quantitative real-time polymerase chain reaction analysis was performed
using the ABI PRISM 7000 Sequence Detection System and TaqMan universal PCR master
mix (Applied Biosystems) according to the manufacturer’s recommendations. All primers
and probes (Table 1) were designed using Primer Express 1.0 software (Applied
Biosystems), according to guidelines. Samples were run in triplicate. Expression of 18S
rRNA was determined in all samples using predeveloped TaqMan assay reagents (Applied
Biosystem) and used as an endogenous control to normalize expression levels. mRNA
values obtained for BSSL, PLRP2, PTL, and PLA2 were presented as a ratio of target gene/
18S rRNA.

Protein extraction and Western blots
Pieces of pancreatic tissue (10–100 mg) obtained from mice and rats as described above on
postnatal d 1, 7, 14, 21, and 28 were homogenized in protein lysis buffer [50 mM Tris, 0.5%
Nonidet P-40, 0.5% Na-deoxycholate, 0.1% sodium dodecyl sulfate, 150 mM NaCl, 1 mM
ethyldiamine tetraacetic acid, pH 7.5] containing 1 Mini Complete tablet per 10 mL (Roche
Diagnostics, Mannheim, Germany)]. The homogenate was centrifuged at 14,000 rpm for 10
min, and the supernatant was collected. All steps were performed at 4°C to minimize the risk
of proteolysis. The protein concentration in each sample was determined using the BCA
Protein Assay (Pierce, Rockford, IL), following the manufacturer’s recommendations.
Thirty micrograms of total protein (for PLA2 50 μg) was separated on 7.5% (BSSL), 10%
(PLRP2 and PL), or 15% (PLA2) sodium dodecyl sulfate–polyacrylamide gel (SDS-PAGE)
electrophoresis according to Laemmli (22). Protein was transferred to polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, Hercules, CA) according to usual techniques and
Western blotting was carried out using the ECL Advance Western Blotting Detection kit,
following the manufacturer’s recommendations (GE Health-care, Buckinghamshire, UK).
Polyclonal anti-human BSSL antibodies and anti-PLRP2 peptide antibodies were raised in
rabbits and purified as previously described (6,23). Goat anti–human PL and rabbit anti–
porcine PLA2 were purchased from Nordic Biosite AB (TÄBY, Sweden) and Upstate
Biotechnology (Lake Placid, NY), respectively. Peroxidase-conjugated donkey anti–rabbit
IgG or rabbit anti– goat IgG (DAKO, Glostrup, Denmark) were used as secondary
antibodies. The positive controls on the Western blot were enzymes from the following
sources: BSSL isolated from human milk (24), recombinant rat PLRP2 (9), PL isolated from
human pancreas (purchased from Sigma Chemical Co.-Aldrich, St. Louis, MO), and PLA2
from porcine pancreas (purchased from Fluka, Buchs SG, Schweiz).

Statistics
All data are presented as means ± SEM, and all statistical analyses were carried out using
Statistical Package for Social Sciences (SPSS). Comparisons of several means were done by
one-way analysis of variance with post hoc multiple comparison (least significant
difference). A p value <0.05 was considered significant.

RESULTS
Expression of the four pancreatic lipases (BSSL, PL, PLRP2, and PLA2) was followed in
mice and rats by real-time quantitative PCR and Western blots from postnatal d 1 into
adulthood. Although mRNA encoding BSSL was detected from d 1 in both species, a clear
difference in the pattern of expression was found during the first weeks postpartum (Fig.
1A). In mice, the level of BSSL mRNA increased significantly from d 4 to peak around d 7
(d 1–3 versus d 5–12, p < 0.05); thereafter, it declined successively reaching adult levels
during the suckling-weaning transition around d 16 –20. In contrast, rat pancreatic BSSL
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mRNA was expressed at relatively constant level from d 1 until adulthood (no significant
difference between d 1–180).

The patterns of early BSSL expression in the pancreas of mice and rats were confirmed by
Western blots (Fig. 1B). For both species, the BSSL protein was clearly detectable by d 1. In
accord with the recorded mRNA levels, the amount of BSSL protein in mouse pancreas
increased during the first week, peaked between d 7 and 14, and subsequently declined at the
time of weaning. In rats, the amount of BSSL protein present in pancreas at d 1 appeared to
be higher compared with mice and did not vary over time from birth to after weaning. Note
that the positive control used for BSSL in Figure 1B was isolated from human milk. The
molecular weight of BSSL differ between species and the human enzyme is significantly
larger compared with BSSL found in the mouse and the rat (approximately 110 kD
compared with 70 kD).

Similar to BSSL, pronounced expression of PLRP2 was detected in the pancreas of both
mice and rats already at d 1 (Fig. 1A). In mice, mRNA levels were found at a constant level
during the first 1.5 wk of life, but decreased at the time the animals start to taste chow diet,
i.e., at approximately d 12. In rats, the initial high levels of PLRP2 mRNA decreased at
approximately d 2 or 3 postpartum to a level that remained approximately constant until
adulthood. In both mice and rats, the amount of PLRP2 protein present in pancreas was
found to be highest on postpartum d 1, after which it rapidly decreased to a lower,
approximately constant level (Fig. 1B).

In contrast to BSSL and PLRP2, no significant expression of PL was detected during the
first 2 wk of life in either mice or rats (Fig. 1A). Significant levels of PL mRNA were first
detected at d 16 –20 and reached adult levels approximately 1 wk later at d 28 –32. In
agreement with mRNA data, the PL protein was not detected in pancreatic homogenates
obtained before d 21 (Fig. 1B).

Similar to PL, no significant expression of PLA2 was detected during the first period of life
in either mice or rats. However, the time at onset of PLA2 expression in pancreas differed
between species. In mice, PLA2 mRNA started to increase by the time of weaning (d 16 –
20) and reached adult levels between d 28 and 32 (Fig. 1A). Mice PLA2 protein was not
detected in pancreatic homogenates before d 28 (Fig. 1B). In rats, expression of pancreatic
PLA2 started to increase approximately 2 wk earlier (d 5–7; Fig. 1), and the protein was
detected already at d 7 (Fig. 1B).

DISCUSSION
In species expressing BSSL in the lactating mammary glands, the milk-borne enzyme is a
prerequisite for efficient digestion of milk fat during the suckling period (21,25). Therefore,
we hypothesized that expression of endogenous pancreatic lipases during early infancy
differ between species having BSSL supplied with the milk and species that do not and
tested this hypothesis by comparing ontogeny of pancreatic lipases in one species that has
BSSL supplied with the milk (the mouse) and one that does not (the rat).

BSSL mRNA and protein was detected in the pancreas of mice and rats from postnatal d 1.
However, the temporal pattern of expression differed between the two species. In mice,
expression increased significantly after the first 4 d of life. Both mRNA and protein levels
reached a peak value at approximately d 7; thereafter, it declined to adult level around
weaning. In contrast, BSSL in rats was constitutively expressed from birth into adulthood. It
is tempting to speculate that the BSSL expression in the mouse (but not in rat) is insufficient
at birth and during the first postnatal days, but that the milk-borne BSSL is able to
compensate for the slower ontogeny of pancreatic BSSL expression in suckling mouse pups.
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This hypothesis is supported by a previous study suggesting a developmental window during
the first week of life when the supply of milk BSSL is most critical (21). BSSL
heterozygous pups nursed by BSSL-deficient dams developed disruption of the epithelium
due to massive accumulation of undigested lipids in the distal part of the small intestine.
This problem was most prominent before postnatal d 5, which, according to our present data,
coincides with ontogeny of pancreatic BSSL.

The gradual induction of BSSL mRNA in mouse pancreas during the first week of life may
be a response to the onset of feeding. A similar increase of mRNA expression immediately
after birth was previously reported for PLRP1, PLRP2, and colipase in rat pancreas (5). Our
present study confirms that PLRP2 mRNA and protein levels are higher at d 1–7 compared
with later in life, although we did not observe any additional induction after birth. Exactly
what triggers the response to onset of feeding is not known, but expression of pancreatic
lipases, including BSSL, PLRP2, and PL, are all regulated by the amount and/or type of
dietary fat (26 –29). However, the response to dietary fat differs between genes encoding the
different pancreatic lipases. In suckling rats, PL and PLRP2 transcription was shown to be
anticoordinately regulated by amount of dietary polyunsaturated fatty acids (PUFAs). High
levels of PUFAs significantly down-regulated the PLRP2 mRNA expression during the
preweaning phase (28). The BSSL gene expression is not regulated by dietary triglycerides,
but by high cholesterol levels in the diet (29).

Leptin, a hormone involved in regulation of food intake and energy metabolism, was
recently shown to decrease PL and PLRP1 transcription and to increase PLRP2 transcription
in the exocrine pancreatic cell line AR42J (30). Because leptin is present in human milk
(31), serum concentration is higher in breast-fed than in formula-fed infants (32) and lower
in colostrum compared with mature milk, in which it decreases with time of lactation (33), it
is tempting to speculate that a high concentration of milk leptin during the initial period of
suckling (except the first days) increases serum leptin levels and induces PLRP2 and
suppresses PL transcription. However, further studies are needed to explore the effect of
leptin on pancreatic lipases in vivo and whether leptin affects BSSL expression.

It is an intriguing question why BSSL and PLRP2, two nonspecific lipases with broad
substrate specificities, seem to be the key players in fat digestion as long as milk is the main
food. During infancy, the intraluminal level of bile salt is low compared with later in life (4),
and we know from earlier studies that milk fat globules are a poor substrate for PL even in
the presence of colipase and bile salts (34,35). Conversely, the triglyceride activity of human
PLRP2 is inhibited by bile salts and addition of colipase does not completely restore the
activity (10). Due to the comparatively low bile salt concentration, this may be of less
relevance in the newborn. It is tempting to speculate that the concerted action of gastric
lipase, PLRP2, and BSSL are ideally suited to efficiently digest human milk fat globules
under the intraluminal conditions of infancy. As the digestive system matures and
expression of PL and PLA2 increases, the role of BSSL and PLRP2 may change. After
weaning, BSSL and PLRP2 may function as complementary lipases to increase the
efficiency of dietary fat hydrolysis and absorption. This hypothesis is supported by previous
studies on genetically modified mice, in which BSSL and/or PLRP2 were suggested to
compensate for the lack of PL and PLA2 activity in catalyzing triglyceride and phospholipid
digestion, respectively (36,37). BSSL and PLRP2 could also have more specific functions
after weaning. For example, the main physiologic function of PLRP2 has been suggested to
be to hydrolyze galactolipids (10,11), a substrate also hydrolyzed by BSSL. BSSL has been
shown to play a primary role in absorption of cholesterol esters (38,39). Compared with
infant formula, human milk is rich in cholesterol and the endogenous cholesterol synthesis
rate is lower in breast-fed than in formula-fed infants (40). When infants are fed an
experimental formula supplemented with cholesterol to meet the concentration of human
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milk, the synthesis rate is reduced but not to the level of breast-fed infants (41). This
suggests that factors other than the cholesterol concentration in milk affect cholesterol
metabolism in breast-fed infants. Duration of breast-feeding is negatively associated to
serum cholesterol levels later in life, and a programming effect on later cholesterol
metabolism has been proposed (42). It is possible that milk-borne BSSL could affect the
cholesterol metabolism and influence the mechanism underlying the programming effect
(39).

To our knowledge, this is the first report showing the temporal, developmental pattern of
BSSL expression in the pancreas of mice and rats. We also confirmed and extended previous
studies in rodents and humans showing a divergent temporal expression of PL and PLRP2
during the suckling period (5–7). Our data clearly support and add to previous findings that
it is BSSL together with PLRP2 that are the dominating pancreatic lipases during the first
weeks of life. It is not until weaning (at approximately d 16–20) that significant expression
of classic PL and PLA2 are induced. Further studies will focus on the concerted action of
lipolytic enzymes under conditions resembling those in vivo of preterm infants. The
developmental pattern of expression described in this study may have important
consequences for nutritional therapy of preterm infants and newborns.
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BSSL bile salt-stimulated lipase (EC 3.1.1.3)

PL pancreatic triglyceride lipase (EC 3.1.1.3)

PLA2 phospholipase A2 (EC 3.1.1.4)

PLRP2 pancreatic lipase-related protein 2 (EC 3.1.1.3)
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Figure 1.
mRNA and protein expression of the pancreatic lipases BSSL, PLRP2, PL, and PLA2 in
mouse and rat at different postnatal ages. (A) Relative amount of pancreatic lipase mRNA
levels. Bars represent the average values ± SEM from the analysis of at least three animals at
each time point. For each sample, the results were normalized to endogenous 18S ribosomal
RNA and the adult value for each lipase was set to 1.0. Mouse (□), rat (■). (B) Immunoblot.
Extracts of total pancreatic protein (30 μg/lane; for PLA2, 50 μg/lane) was separated by
SDS-PAGE, transferred to PVDF membranes and blotted with antibodies directed against
pancreatic lipases as noted. C, positive control.
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Table 1

Primers and probes used for quantitative PCR

Gene Mouse Rat

BSSL Forward: 5′-TGCGTGTCTGAAGATCACAGA-3′ Forward: 5′-ATCCCCGAGCCTTGACACT-3′

Reverse: 5′-GGATCATCGGGAATGAAGTC-3′ Reverse: 5′-GACAGGGATGAAGGCCAGGT-3′

Probe: 5′-AGTGCACAACAGGGTACTCCTGCTTTTT-3′ Probe: 5′-AAAAGCCAGGAGTACCCCATTGTGCAC-3′

PLRP2 Forward: 5′-TGCCAGCAGCATCCTCAAC-3′ Forward: 5′-CTATGAGAAGTTCCAGCAGAATGACT-3′

Reverse: 5′-TTTTGGGACACCCTTGTTCTG-3′ Reverse: 5′-CCCCTCAAATTGATCAGCATAGT-3′

Probe: 5′-AAGTTCCAGCACAATGACTGCTTCCCTTC-3′ Probe: 5′-CCATTTTGGGACACCCTTCTTCTGGACA-3′

PL Forward: 5′-ATCCGCCACGATGCTAATG-3′ Forward: 5′-GGCAGGAAAGAGGACATTCG-3′

Reverse: 5′-ACTGAAGCAGCCGAGTTTGTC-3′ Reverse: 5′-GTGCCCTGGAAGTAAGGTTCAG-3′

Probe: 5′-AAACTTCCCTTCCAGCTACTGCTCCCA-3′ Probe: 5′-CGTCCAACCCTGTGATCCTCCCA-3′

PLA2 Forward: 5′-GCACCCCAGTGGACGACTT-3′ Forward: 5′-GCACCCCAGTGGACGACTT-3′

Reverse: 5′-TCCAGCTTCTTGGCCTGACT-3′ Reverse: 5′-TTTCCAGCTTCTTGGCCTGAT-3′

Probe: 5′-ACAGGTGCTGCCAGACTCATGACCA-3′ Probe: 5′-ACAGGTGCTGCCAGACTCATGACCA-3′
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