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Pancreatic lipase (PL) and its related protein 1 (PLRP1) are
regulated by the amount of dietary fat through an apparent
transcriptional mechanism. Regulation of PL and PLRP1 by type
of fat (chain length and degree of saturation) is less well under-
stood. The aim of this study was to determine whether medium-
chain triglycerides regulate PL and PLRP1. For 7 d, weanling
(21-d-old) Sprague Dawley male rats were fed diets low (11% of
energy), moderate (40% of energy), or high (67% of energy) in
trioctanoate/tridecanoate (MCT) or safflower (low fat only) oils.
Food consumption decreased as dietary MCT increased, and the
consumption of MCT diets was lower than that of the low-
safflower (control) diet. Final body weight was similar among
rats fed the low- or moderate-MCT or control diets, but was
significantly reduced (17%) in those fed the high-MCT diets. PL
activity was significantly elevated 53–60% (p � 0.002) in rats
fed low and moderate MCT diets, respectively, compared with

that of rats fed high-MCT or control diets. PL and PLRP1 mRNA
levels were not significantly different among diets, suggesting
that chain length regulates PL and PLRP1 translationally or
posttranslationally. The �-hydroxybutyrate plasma concentration
was significantly (p � 0.02) higher (85%) in rats consuming
low-MCT diet compared with those of rats fed the control diet.
MCT at low levels, but not high levels, increase PL activity
without changing its mRNA levels. (Pediatr Res 55: 921–926,
2004)

Abbreviations
MCT, medium-chain triglycerides
PL, pancreatic lipase
PLRP1, pancreatic lipase related protein 1
PLRP2, pancreatic lipase related protein 2
LCT, long-chain triglycerides

Pancreatic lipase (PL) is the main enzyme responsible for
digestion of dietary triglycerides. PL catalyzes the hydrolysis
of 56% of the fatty acids of dietary triglycerides, and gastric
lipase, an additional 10% (1). PL and its related protein
PLRP1, a homologous protein of unknown function (2), are
secreted by the pancreas and regulated by dietary fat (3–5).
Considerable amount of work has been reported about the
dietary regulation of PL by triglycerides, but many of the
studies before 1994 used a cDNA probe initially believed to be
PL and subsequently shown to be PLRP1 (2). PL was initially
cloned by Lowe and co-workers (6) and referred to as rat PL3
by Wicker-Planquart and Puigserver (7). PL demonstrates the
classical dependence on colipase for its lipolytic activity.
PLRP1 (known before 1994 as pancreatic lipase 1/2) is highly
homologous to PL (65%) (2, 8), but to date no known lipolytic

activity of PLRP1 has been reported. Site-directed mutagenesis
of two amino acids in PLRP1 to those seen in PL restores full
colipase-dependent lipolytic activity of PLRP1, suggesting that
PLRP1 may be a nonfunctional homologue of PL (9). Another
homologue, pancreatic lipase related protein 2 (PLRP2) has
65% identity to PL and hydrolyzes triglycerides, phospholip-
ids, and galactolipids. PLRP2 has low colipase dependence and
does not exhibit bile salt inhibition as PL does (2, 8, 10, 11). It
is unknown whether PLRP2 is regulated by dietary fat.

The pancreas normally produces and secretes 3- to 10-fold
excess lipase; therefore, the physiologic importance of regu-
lating PL has been questioned. However, the dietary regulation
of PL mediates the response of cholecystokinin (CCK) to
dietary fat by increasing the efficiency of triacylglyceride
digestion in the proximal small intestine (12). The enhanced
release of fatty acids in the proximal intestine increases the
responsiveness of CCK and causes a “feed forward” effect that
coordinates the digestion of dietary triglycerides (12). Simi-
larly, humans who consume a fat meal with orlistat (a lipase
inhibitor) have accelerated gastric emptying and reduced CCK
release and output of lipase, trypsin, and bilirubin (13). Thus,
PL plays an important role in the regulation of gastric emptying
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and pancreatic and biliary secretion after ingestion of fat in
humans.

The amount of fat in the diet regulates PL and PLRP1
expression (3, 14–16). When a high-fat diet is introduced to
rats, PL protein synthesis and content and PLRP1 mRNA
levels increase within 24 h (36%, 20%, and 412%, respec-
tively) (14). After 5 d, PL content and synthesis and PLRP1
mRNA levels reach steady-state maximal levels (191%, 217%,
and 650%, respectively) (14). The regulation of PLRP1 by the
amount of dietary fat is transcriptional, as demonstrated by
increased nuclear transcript run-on assay (15). The parallel
changes in PL mRNA levels (16) and synthetic rates (14)
suggest that the regulation of PL is pretranslational and likely
to be transcriptional. However, such transcriptional regulation
has yet to be conclusively documented.

The regulation of PL and PLRP1 by the type of fat (chain
length and degree of saturation) is controversial. Deschodt-
Lanckman and co-workers (17) report a higher increase in PL
activity by diets high in unsaturated triglycerides compared
with those high in MCT (tricaprylin). Saraux et al. (18) report
that MCT (C:8–C:10) do not increase PL activity and total
content compared with longer chain triglycerides. Sabb and
co-workers (19) report that PL activity is regulated similarly by
different types of fat above a threshold of 49% of energy.
Below that threshold level, only the highly unsaturated saf-
flower oil and coconut oil, which is rich in MCT, stimulate PL
activity. Ricketts and Brannon (16) report that the amount of
fat, independent of its degree of saturation, regulates PL pre-
translationally, as increasing either saturated or polyunsatu-
rated dietary fat results in parallel changes in PL and PLRP1
mRNA levels. However, the degree of saturation of dietary fat
regulates PL at other levels as well. Translational or posttrans-
lational regulation is suggested because the increase in PL
mRNA in rats fed the moderate lard diet does not result in a
greater PL activity. Thus, the regulation of PL and its related
proteins by dietary fat has multiple mechanisms. Further, the
amount of fat regulates PL independently from the degree of
saturation of the fat.

The effects of chain length, particularly in the range of 8–10
carbon chain, on PL regulation remain controversial. MCT are
used in some premature and newborn formulas because of their
reported faster digestion and absorption (20–22). MCT are also
used as a source of fat in processed foods and in nutrition
therapy in medical conditions such as pancreatic insufficiency,
malabsorption, parenteral nutrition, and weight loss (20–22).
The mechanisms whereby MCT regulate PL and PLRP1 are
unknown. The aim of this study was to investigate the regula-
tion of PL mRNA and content by different amounts of dietary
MCT in weanling rats.

MATERIALS AND METHODS

Experimental protocol. Twenty male weanling Sprague
Dawley rats (Charles River Laboratories, Wilmington, MA)
were housed individually in hanging cages in a temperature-
controlled (24°C) environment with a 12:12-h light-dark cycle.
Weanling rats were selected as a model of normal fat digestion
in the postnatal period. The protocol was approved by the

University of Maryland Animal Care and Use Committee, and
the National Research Council’s Guide for Care and Use of
Laboratory Animals was followed. Rats were weight matched
into four groups (n � 5 per group) so that the average initial
weight was comparable: 46.8, 47.0, 46.6, 47.2 (g) for low-,
moderate-, and high-MCT and low-safflower diet, respectively.
The rats were fed for 7 d ad libitum purified low- (LF; 11% of
energy), moderate- (MF; 40% of energy) and high- (HF; 67%
of energy) fat diets with MCT (trioctanoate/tridecanoate,
Neobee 1053, Stepan, Maywood, NJ) or low-fat (11% of
energy) diet with safflower oil (control). The period of 7 d was
selected because maximal adaptation and new steady-state
levels are seen in PL content, synthesis, and mRNA levels after
5 d (14). The composition of the diets is shown in Table 1.
These diets were isonitrogenous (either by percentage of
weight or percentage of energy) and isoenergetic, but varied in
content of cellulose, which has been shown not to affect the
exocrine pancreas (23). Food consumption was measured
daily, and body weights were measured on the first and last day
of the experiment. On d 7, the rats were euthanized by CO2

inhalation. Blood was drawn and frozen at �80°C for �-hy-
droxybutyrate analysis. Pancreata were removed, and a portion
was frozen immediately on dry ice and stored at �80°C for
enzyme analysis. The remainder of the pancreas was used
immediately for RNA isolation as described below.

Pancreatic enzyme analysis. Pancreatic fragments were ho-
mogenized in nine volumes of PBS (PBS; 0.15 M NaCl, 5 Mm
PO4, pH 7.4) with a Polytron homogenizer (Brinkmann Instru-
ments, Westbury, NY, U.S.A.). Homogenates were centrifuged
at 14,000 g at 4°C for 30 min. The supernatant was removed
and soybean trypsin inhibitor was added (final concentration
0.01%). Lipase activity of the supernatant was assayed by a
titrimetric method (19) with 20 mM NaOH using a gum
arabic–stabilized emulsion of neutralized triolein with excess
crude colipase. Lipase activity was expressed as units (micro-
moles FA released) per milligrams protein. Protein content of
the supernatant was determined by the method of Lowry et al.
(24), using bovine albumin as a standard.

Table 1. Dietary composition*

Diet

Low fat Moderate fat High fat

Fat (% energy) 11 40 67
Carbohydrate (% energy) 67 39 11
Protein (% energy) 21 21 21
Component Percentage of diet (by weight)

Casein 20 20 20
DL-methionine 0.3 0.3 0.3
AIN-76 mineral mix 3.5 3.5 3.5
AIN-93 vitamin mix 1 1 1
Choline bitartrate 0.2 0.2
Cellulose 5 19.2 32
Fat† 5 18 31.6
Cornstarch 65 37.8 11.3

* Sabb et al. (19).
† Low-fat diet was either safflower oil or triotanoate/tridecanote oil. Mod-

erate- and high-fat diets were triotanoate/tridecanote oil.

922 BIRK AND BRANNON



�-hydroxybutyrate plasma levels. �-hydroxybutyrate levels
were measured using Sigma Chemical kit 310-A (Sigma
Chemical Co., St. Louis, MO, U.S.A.) (25).

RNA extraction and hybridization studies. RNA was iso-
lated as described by Chomczynski and Sacchi (26). This
method is a single extraction with an acid guanidinium thio-
cyanate-phenol-chloroform mixture. Freshly isolated pancre-
atic fragments were immediately homogenized with a Polytron
homogenizer (titanium probe) for 2 � 20 s in ice-cold 4 M
guanidinium thiocyanate, 26 mM sodium citrate, pH 7, 0.5%
sarcosyl, and 0.7% 2-mercaptoethanol. Sequentially, the RNA
was extracted by adding 0.2 M sodium acetate (pH 4) and
phenol and chloroform-isoamyl alcohol mixture (49:1). RNA
was precipitated with isopropanol, reprecipitated with 75%
ethanol, and dissolved in sterile diethyl pyrocarbonate
(DEPC)-treated water. RNA was quantitated by UV absorption
at 260 nm. The integrity of RNA was checked by 0.8% agarose
gel electrophoresis for the presence of intact 18S and 28S
ribosomal RNA.

Recombinant plasmids used in these studies were the gen-
erous gifts of Dr. H.F. Kern, University of Marburg, Germany
(PLRP1 cDNA; 0.82-Kb insert in Pst I site of pUC9) (27); Dr.
J. Williams, University of Michigan (PL cDNA; 1.5-Kb insert
in EcoR I site of pUC18) (28); D. Soprano, Temple University,
Philadelphia (28S cDNA probe); and Dr. P. Howells (PLRP2
cDNA; 1.3-Kb insert in XdaI and KpNI site in pKSII) (29).
Previously, we reported negligible cross-hybridization of LPL
and PLRP1 (30). We also examined the specificity of the
homologous and heterologous hybridization of random prime-
labeled PL, PLRP1, and PLRP2 cDNA inserts with 0.2 �g of
linearized plasmid DNA containing PLRP2 insert. Hybridiza-
tion and washing conditions were identical to those described
here. The PLRP2 cDNA cross-hybridization to PL and
PLRP1 plasmid averaged 0 and 0.1%, respectively, of its
hybridization to the homologous PLRP2 plasmid. These re-
sults demonstrate the specificity of the hybridization of each
PL probe under the highly stringent conditions used in this
study. We have previously shown that rPL and PLRP1 do not
cross-hybridize (�3%) (29). Specific mRNAs were quantitated
by dot-blot hybridization within the range of linear hybridiza-
tion (30).

Total RNA was diluted in DEPC-treated water to the appro-
priate concentration verified by absorbance at 260 nm. For
denaturation, the samples were mixed with 6.15 M formalde-
hyde in 0.75 M NaCl and 0.075 M trisodium citrate (5� SSC;
1� SSC is 0.15 M NaCl and 0.015 M sodium citrate, pH 7) and
heated for 15 min at 65°C. A within-filter control sample was
spotted on each filter. The denatured samples were spotted onto
a nitrocellulose filter using a Schleicher & Schuell (Keene, NH,
U.S.A.) dot-blot apparatus. The filters were cross-linked by UV
radiation with optimal dosage (120 mJ/cm2) and prehybridized
at 42°C for 2 h in a solution containing 50% formamide 5�
SSC, 5� Denhardt’s solution, 0.1% SDS, and 100 mg tRNA.
Hybridization was performed at 42°C for 16–18 h after adding
32P-labeled cDNA probe. Plasmids containing cDNA inserts
were labeled by nick translation for 28S and by random
priming for PL and PLRP-1 (Promega labeling kits Prime-a-
Gene and Nick translation; Promega, Madison, WI, U.S.A.).

After hybridization, filters were washed under increasingly
stringent conditions (2� SSC with 1% SDS to 0.2� SSC with
1% SDS). The films were autoradiographed overnight at
�80°C. Autoradiographic films were quantitated by an area
laser densitometer (Bio-Rad, Hercules, CA, U.S.A.) and vol-
ume integration. The data were expressed as relative absor-
bance units of each sample relative to the absorbance of 28S
RNA.

Data analysis. All data, expressed as mean � SE, were
analyzed by one-way ANOVA and least significant difference
(LSD) (31). Results were considered significantly different if p
� 0.05.

RESULTS

Food consumption and body weight. Food consumption
was lower (p � 0.002) in rats fed HF-MCT diet (Table 2)
compared with those fed LF-MCT (24%) and MF-MCT (20%)
or LF-safflower (29%) groups. Food consumption was compa-
rable in the LF-safflower and LF-MCT groups and also in the
LF-and MF-MCT groups. Body weight was comparable
among the LF-safflower and MCT and the MF-MCT groups
(Table 2), but was significantly reduced (p � 0.02) in the
HF-MCT group compared with the rats fed LF-safflower,
LF-MCT, and MF-MCT diets (13–17%).

PL activity. PL activity (U/mg protein) was significantly
elevated (p � 0.002) in rats fed LF- and MF-MCT diets
compared with those fed LF-safflower diet (153% and 160%,
respectively). However, rats fed HF-MCT diet had comparable
PL activity to those fed LF-safflower diet (Fig. 1). Pancreatic
weights were not different among the experimental groups.
Average pancreatic weights were: 0.42 � 0.05, 0.39 � 0.04,
0.42 � 0.03, and 0.42 � 0.048 (g) for LF-, MF-, and HF-MCT
and LF-safflower–fed rats, respectively.

mRNA levels. PL mRNA levels were comparable in rats fed
LF-safflower or LF-, MF-, and HF-MCT diets (Fig. 2). PLRP1
mRNA levels were also comparable between rats fed LF-
safflower or LF-, MF-, and HF-MCT diets (Fig. 2). PLRP1
mRNA levels were lower than PL mRNA levels, as has been
reported before (2) because of the anti-coordinate developmen-
tal pattern of PL and its related proteins in the rat. The mRNA
levels of PLRP-1 and PLRP-2 are low throughout weaning and
adulthood, whereas PL expression is high at weaning and
adulthood (2). PLRP2 mRNA levels were not detectable in any
of the total RNA samples from LF-safflower or LF-, MF-, and
HF-MCT–fed rats (data not shown).

Table 2. Effect of MCT on food and total fat consumption and final
body weight

Diet
Food consumed

(g/d)
Total fat consumed

(g/d)
Final body weight

(g)

LF safflower 12.1 � 0.7* 0.6 94.6 � 9.6*
LF-MCT 11.3 � 1.2*† 0.6 94.6 � 5.9*
MF-MCT 10.8 � 1.0† 2.0 90.0 � 9.4*
HF-MCT 8.0 � 0.6‡ 2.7 78.4 � 5.6‡

*†‡ Values (mean � SE; n � 5 per group) for a given parameter not sharing
a superscript differ significantly by ANOVA and LSD. There was a significant
difference (p � 0.002) for food consumption. There was a significant difference
(p � 0.02) for body weight.
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�-hydroxybutyrate plasma levels. The �-hydroxybutyrate
plasma concentration (mg/dL) was significantly higher (85%, p
� 0.02) in LF-MCT–fed rats compared with those in rats fed
LF-safflower or HF-MCT. The �-hydroxybutyrate plasma con-
centration in rats fed MF-MCT was intermediate between its
concentration in rats fed LF-MCT and LF-safflower (Fig. 3).

DISCUSSION

In this study, we describe significantly lower food consump-
tion and final body weight in the rats consuming HF-MCT diet
compared with those consuming LF- or MF-MCT and LF-
safflower diets. Sabb et al. (19) found the same trend of
decreased food consumption in rats consuming high-fat diets
regardless of fat type. This trend in lower body weights
(expressed as grams of weight gain per 100 Kcal intake per
day) with high MCT was noted in premature babies fed
formula containing 40% of the fat in the diet as MCT, who had
higher weight gain than those fed formula containing 80% of
the fat in the diet as MCT (32). Elevated levels of MCT in the
diet are proposed to alter body composition, resulting in more
lean tissue and less fat. Epididymal fat pads of rats fed high-
MCT diets are smaller compared with those in rats fed long-
chain triacylglycerides. Although the mechanism is not known,
it is attributed to higher oxidation and enhancement of ther-
mogenesis (22, 33). Despite the lower food intake by the
HF-MCT group, the total fat consumed per day was increased
in this group (2.7 g/d) compared with the LF-MCT and control
groups (0.6 g/d; see Table 2).

In the present study, MCT at LF and MF levels elevated PL
activity whereas MCT at HF levels did not affect PL activity.
No previous study reports induction of PL activity by low
levels of MCT, as this was not examined. High MCT (67% of
energy) did not induce PL activity in our study in contrast to
high long-chain fatty acids (67% of energy), which did induce
PL activity in our previous study (19). However, increasing
long chain fatty acids to 75% of energy in the diet diminishes

the PL activity compared with that seen with 67% long-chain
fatty acids (19). Further, a dietary ketone precursor, butanediol,
also exhibited a biphasic effect on PL activity with increased
PL activity by 7.5% and 14% butanediol but no change in PL
activity by 28% (34). The biphasic response to MCT is con-
gruent with the biphasic response to LCT and dietary ketones.
Why such a biphasic response by PL occurs is unknown, but
such a response may result from biphasic effects on the hor-
monal or metabolic mediators of this dietary regulation. Alter-
natively, another explanation of this biphasic response may be
that MCT have a higher formation rate of emulsion particles
and thereby enhanced hydrolysis by PL (35). The released

Figure 1. Effect of MCT on PL activity (U/mg protein). Weanling Sprague
Dawley rats were fed for 7 d diets with LF- (11% of energy), MF- (40% of
energy), or HF-MCT (67% of energy) or low-fat safflower (control) diets.
Results are expressed as mean � SE (n � 5 per group). *Values with
superscript differed significantly from values without superscript (p � 0.002)
by ANOVA and LSD.

Figure 2. (A) PL mRNA/28S RNA ratio. (B) PLRP1 mRNA/28S ratio.
Weanling Sprague Dawley rats were fed for 7 d diets with LF- (11% of
energy), MF- (40% of energy), or HF-MCT (67% of energy) or low-fat
safflower (control) diets. Results are expressed as mean � SE (n � 5 per
group). There was no significant difference among the groups, for either PL
mRNA or PLRP1 mRNA.
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medium-chain fatty acids (MCFA) may exert less allosteric
inhibition on PL, and medium-chain 2-monoglycerides may
isomerize more rapidly than those of long-chain length,
thereby facilitating rapid hydrolysis (33). Such rapid hydroly-
sis might affect the regulation of PL through effects on either
the release of secretin or gastric inhibitory polypeptide, pro-
posed mediators of the dietary regulation of PL (36, 37), or the
generation of ketones, another proposed mediator (38). MCT
are known to be oxidized more readily than LCT and may
generate greater amounts of ketone at lower levels. The gen-
eration of ketones from MCT could be further enhanced by a
more rapid hydrolysis and uptake of MCFA. Plasma concen-
tration of �-hydroxybutyrate was also significantly higher in
rats fed LF-MCT compared with rats fed LF-safflower in this
study, whereas �-hydroxybutyrate plasma concentration of rats
fed MF-MCT was intermediate. This parallel pattern of �-hy-
droxybutyrate plasma concentration and PL activity supports
the proposed role of ketones in mediating the dietary regulation
of PL and may explain the more robust response of PL to low
amounts of MCT. In contrast, lipolysis of emulsified LCT may
be inhibited by the soaps formed during the reaction and by
their poor diffusion to the aqueous phase (39), which might
result in less stimulation of the proposed mediators at lower
dietary levels.

The lack of effect of high levels of MCT on PL has been
reported by others. Saraux et al. (18) found that MCT did not
increase PL content to the same extent as other fats, although
they used only one high level of MCT in the diet (45% by
weight). Furthermore, PL activity in their study was 67.3 U/mg
of protein, which is very similar to the level we found at high
dietary fat levels (31.6% by weight) of MCT (57.7 U/mg
protein) in our study. Deschodt-Lanckman et al. (17) demon-
strated a similar “poor induction” of PL in adult rats by 50%
(by weight) of tricapric oil in the diet, but PL activity reached
the same levels as we found in high levels of MCT diet (50

U/mg protein). Sabb et al. (19) demonstrated that increased
dietary fat does not influence PL activity in a linear way;
rather, PL activity response occurs past a threshold level of
dietary fat and decreases beyond maximal levels (67% for corn
oil). This decrease in PL activity occurs at a lower threshold
when MCT is used as a fat source in the diet as described in
this study.

The mechanism whereby MCT regulates PL appears to be
translational or posttranslational, as PL and PLRP1 mRNA
levels do not parallel the changes in PL activity. Our previous
study (16) suggests that the degree of saturation of dietary fat
regulates PL translationally or posttranslationally, because
long-chain saturated and polyunsaturated triglycerides induced
nonparallel changes in PL mRNA level and activity. The
results of the present study also suggest that the amount of
MCT also regulates PL translationally or posttranslationally
because of the nonparallel changes in activity and mRNA
levels. Further studies are needed to examine the effects of
MCT on the synthesis, secretion, and degradation of PL.

Some studies emphasize the importance and advantages of
using MCT in infant formulas: 1) higher rate of absorption,
more rapid transport, and more efficient oxidation compared
with LCT; 2) improved LCT absorption when combined with
MCT; and 3) improved nitrogen and calcium absorption (32,
40–43). However, the use of MCT in formulas of premature
infants and newborns has been questioned by others (44). High
levels of MCT in the diet are not recommended because they
may elevate the levels of circulating dicarboxylic acids and
ketones (40). In previous studies, MCT-containing formulas
were absorbed at a similar rate to LCT-containing formula
when 50% of energy was MCT or LCT. Furthermore, the
activity of gastric lipase is higher in formulas containing LCT
compared with MCT (43, 45).

The present study demonstrates that MCT in the diet at low
or moderate levels (11% and 40% of energy) elevates PL
activity significantly in the weanling rat. This regulation of PL
by MCT could be important for optimizing dietary triglyceride
absorption by adjusting the MCT/LCT ratio to stimulate max-
imal PL activity and its “feed forward” coordination of fat
digestion and avoid adverse effects of high levels of MCT in
the diet.

The results of the present study strengthen the concern
regarding the use of high levels of MCT in infant’s formula.
Considering that LCT induces higher gastric lipase activity and
that our results show higher levels of PL activity at low and
moderate levels of MCT, it seems that lowering the ratio of
MCT/LCT may be advisable.
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