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Abstract

This study evaluated the contributions of carboxyl ester lipase (CEL) and pancreatic triglyceride
lipase (PTL) in lipid nutrient absorption. Results showed PTL deficiency has minimal effect on
triacylglycerol (TAG) absorption under low fat dietary conditions. Interestingly, PTL™/~ mice
displayed significantly reduced TAG absorption compared with wild type mice under high fat/high
cholesterol dietary conditions (80.1 £ 3.7 versus 91.5 £ 0.7%, p < 0.05). Net TAG absorption was
reduced further to 61.1 + 3.8% in mice lacking both PTL and CEL. Cholesterol absorption was 41%
lower in PTL™~ mice compared with control mice (p < 0.05), but this difference was not exaggerated
in PTL™~,CEL ™~ mice. Retinyl palmitate absorption was reduced by 45 and 60% in PTL™~ mice
(p < 0.05) and PTL™/~,CEL™~ mice (p < 0.01), respectively. After 15 weeks of feeding, the high fat/
high cholesterol diet, wild type, and CEL™'~ mice gained ~24 g of body weight. However, body
weight gain was 6.2 and 8.6 g less (p < 0.01) in PTL~~and PTL~~,CEL ™/~ mice, respectively, despite
their consumption of comparable amounts of the high fat/high cholesterol diet. The decrease body
weight gain in PTL™~ and PTL™~,CEL ™~ mice was attributed to their absorption of fewer calories
from the high fat/high cholesterol diet, thereby resulting in less fat mass accumulation than that
observed in wild type and CEL ™~ mice. Thus, this study documents that PTL and CEL serve
complementary functions, working together to mediate the absorption of a major portion of dietary
fat and fat-soluble vitamin esters. The reduced lipid absorption efficiency due to PTL and CEL
inactivation also resulted in protection against diet-induced obesity.

Despite the fundamental importance that digestion, absorption, and subsequent trafficking of
dietary fat, fat soluble vitamins, and cholesterol play in health and disease, details of the
molecular events involved in these processes remain poorly described. Dietary lipids, such as
triacylglycerol (TAG),% phospholipids, cholesteryl esters, and retinyl esters must be cleaved
by intestinal hydrolases before absorption. Thus, lipid hydrolases derived from the pancreas
are central in the digestion and absorption of these dietary components. The most abundant
lipolytic enzymes secreted by the pancreas include pancreatic triglyceride lipase (PTL) and
carboxyl ester lipase (CEL, formerly named cholesterol esterase). The principal enzyme
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involved in the hydrolysis of dietary TAG, thereby mediating its absorption, has generally been
accepted as PTL. In contrast, the major role of CEL in the digestive tract is generally ascribed
to digestion of cholesteryl esters and retinyl esters before their absorption.

Recent studies with genetically modified mouse models designed to critically examine the role
of pancreatic lipolytic enzymes in lipid digestion and transport revealed some unexpected
findings. First, TAG absorption was altered very little, but free cholesterol absorption was
reduced substantially in PTL™~mice (1). Second, whereas CEL~/~ mice displayed dramatically
reduced cholesteryl ester hydrolysis and absorption as expected (2), retinyl ester digestion and
absorption were similar between CEL™/~ and CEL™/~ mice (3). The decrease in cholesterol
absorption observed in the PTL™/~ mice was attributed to PTL deficiency delaying dietary fat
absorption to the distal small intestine (ileum) where intestinal cholesterol uptake is less
efficient (4,5). However, the nearly normal absorption of TAG and retinyl esters in PTL™/~ and
CEL™~ mice suggested that more than one enzyme participates in the digestion of these lipids
in vivo.

In vitro studies examining lipolytic activities in pancreatic extracts from PTL™~ and CEL™/~
mice provided insights to the identity of enzymes responsible for TAG and retinyl ester
hydrolysis. In these studies pancreatic extracts from PTL™/~ mice were shown to contain robust
TAG hydrolytic activity, albeit at lower levels than those observed in pancreatic extracts from
wild type mice. Importantly, the TAG hydrolytic activity in PTL™~ pancreas was dependent
on the presence of taurocholate, whereas taurodeoxycholate was found to be ineffective (1).
This selectivity of trihydroxylated bile salt for TAG hydrolytic activity in PTL™~ pancreas is
consistent with the trihdroxy- but not dinydroxy-bile salt dependence of CEL (6), thus implying
that CEL may have a previously unrecognized role as a supplementary enzyme for TAG
digestion in vivo. Likewise, significant colipase-dependent retinyl ester hydrolytic activity was
demonstrated in pancreatic extracts from both CEL** and CEL™'~ mice (7). This colipase
dependence suggests that PTL may also serve as a retinyl ester hydrolase in the digestive tract.

In the current study we crossed PTL™/~ mice with CEL™/~ mice to obtain mice lacking both
enzymes to test the hypothesis that PTL and CEL serve a mutually compensatory role in
assuring that sufficient lipolytic enzymes are available to catalyze absorption of dietary lipid
nutrients. We also took advantage of the availability of mice lacking one or both of these
lipolytic enzymes in the digestive tract to assess their importance in dictating susceptibility to
diet-induced obesity.

EXPERIMENTAL PROCEDURES

Animals and Diets

—Wild type C57BL/6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME).
The PTL™~ mice and CEL™~ mice in homogenous C57BL/6 background were generated in
our laboratory as described previously (1,2). The PTL™/~,CEL ™/~ mice were produced by cross-
breeding PTL™~ mice with CEL™'~ mice. The double knock-out mice were fertile and did not
display any obvious abnormalities. The genotype of all genetically modified mice was
confirmed by polymerase chain reaction amplification of tail DNA as described (1,2). All
animals were maintained in a temperature and humidity-controlled room with a 12-h light/dark
cycle. The mice were maintained on two types of diet obtained from Harlan Teklad (Madison,
WI1). The low fat control diet was a rodent chow (LM-485), whereas the high fat/high
cholesterol Western-type diet (TD88137) contained 21% fat, 0.15% cholesterol and 48.5%
carbohydrate by weight. The Western-type diet was introduced at 8—9 weeks of age and
continued for the duration of experiments as indicated. All animal protocols used in this study
were approved by the Institutional Animal Care and Use Committee at the University of
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Cincinnati. Only male mice were used to generate data in this study to avoid estrous cycle
variations that may introduce confounding factors in data interpretation.

Determination of Net Lipid Absorption in Mice

—Triacylglycerol absorption in mice was assessed using sucrose polybehenate as a
nonabsorbable marker as described previously (8). Briefly, a diet mimicking the Harlan Teklad
Western-type diet was prepared. The composition of the diet included 42.2% nonfat dry milk,
36.6% sucrose, and 21.2% fat (wt/wt). The fat component consisted of 94.25% anhydrous milk
fat, 0.75% cholesterol, and 5% sucrose polybehenate (wt/wt). Mice were fed this powdered
preparation for 4 days, and fecal samples were collected daily. Individual fecal samples of
~10 mg as well as the original powdered diet were dried and analyzed. Esterified fatty acids
were chemically hydrolyzed by the addition of 0.5 » NaOH in methanol followed by heating
to 80 °C in a water bath for 5 min. Derivatization of the fatty acids to their respective methyl
esters was accomplished by addition of boron trifluo-ride in methanol and reheating to 80 °C.
Finally, hexane and a saturated solution of NaCl were added followed by rigorous vortexing.
The aqueous and organic phases were allowed to separate, and the organic fraction was
transferred to a vial containing sodium sulfate to dry the sample. Analysis of the fatty acid
methyl esters was accomplished by gas chromatography. Fat absorption was calculated based
on the ratio of fatty acids to behenic acid in the diet versus that in the feces.

Net cholesterol absorption was determined in mice consuming the Western-type diet for 4
weeks using the dual isotope procedure described previously (2). Mice were housed
individually and fed ad libitum before receiving a bolus of 100 plof olive oil containing 2 uCi
of [1C]cholesterol (GE Healthcare), 0.2 mg of cholesterol (Sigma), and 0.5 uCi of [3H]
sitostanol (American Radiolabeled Chemicals, St. Louis, MO) by stomach gavage. Mice
continued to have free access to food and water. Feces were collected after 24 and 48 h. The
feces were homogenized in water and then extracted with twice the volume of chloroform/
methanol (2:1, v/v). An aliquot of the organic phase from each sample was used for scintillation
counting to determine the amount of radioactive sterols present. Recovery of nonabsorbed
cholesterol in feces was corrected based on the amount of [3H]sitostanol measured in each
sample. Absorption of [1#C]cholesterol was determined as a percentage of the administered
dose as described (2).

Determination of Lipid Nutrient Absorption Rates

—The rates of TAG and retinyl palmitate absorption were determined based on methods
described previously (1,3). Briefly, wild type, PTL™~, CEL™~, and PTL™~,CEL ™~ mice fed
the Western-type diet for 31 weeks were fasted for 14 h with access to water. The mice were
then administered Poloxamer 407 (Pluronic F-127 from BASF Corporation, Parsippany, NJ)
at a dose of 1 g/kg of body weight by intraperitoneal injection to block lipolysis and clearance
of postprandial triacylglycerol-rich lipoproteins (9). A test meal containing 1 uCi of [3H]retinyl
palmitate and 1.5 uCi of [14C]tripalmitin (American Radiolabeled Chemicals) in 100 pl of
olive oil was administered by stomach gavage 15 min after Poloxamer 407 injection. In selected
experiments 1 pCi of [®H]retinyl palmitate and 1.5 uCi of [1#C]cholesteryl oleate (American
Radiolabeled Chemicals) were introduced into each mouse in phospholipid vesicles prepared
by sonicating the radiolabeled lipids in water containing 35 pug/ml of phosphatidylcholine (2).
Plasma samples were obtained from the animals via tail bleeding at 0, 1, 3, 6, and 9 h after
delivery of the test meal. The appearance of 3H and 14C in plasma was measured via scintillation
counting and used to determine the rate of absorption of retinyl palmitate and TAG or
cholesteryl esters, respectively.
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—Muice consuming the high fat/high cholesterol Western-type diet were housed individually.
A weighed amount of food was presented to mice in the manner that it is normally supplied,

and the food hoppers were weighed every 2 days for 8 consecutive days. Mice were returned
to their usual housing environment including cohabitating with their cohorts for 1 month. The
procedure was then repeated, and the average daily food intake was determined for each mouse
from these 16 days of analysis.

Body Composition Assessment

—Body composition was analyzed by quantitative nuclear magnetic resonance (NMR) (10)
using an EcoMRI apparatus (Echo Medical Systems, Houston, TX), which allows the
determination of fat and lean mass of live mice. Analysis was applied to 11-, 16-, and 25-week-
old mice consuming the low fat chow diet or 16- and 25-week old mice fed the high fat/high
cholesterol diet beginning at 9 weeks of age.

Lipid, Glucose, and Insulin Determinations

—Muice consuming chow or the Western-type diet for ~40 weeks were fasted for 14 h. Glucose
levels were determined using an Accu-Check Glucometer (Roche Diagnostics) from a drop of
blood obtained through the tail vein. Plasma triglyceride and cholesterol levels were measured
with commercially available colorimetric assay kits made by ThermoElectron Corp. (Fisher).
Lipids were also extracted from the liver by adding 4 ml of chloroform/methanol (2:1, v/v) to
100 mg of liver homogenates in 2 ml of phosphate-buffered saline containing a protease

inhibitor mixture (Roche Diagnostics) and 0.02 uCi of [®H]triolein. After phase separation, 1
ml of the organic phase was removed, dried under nitrogen, and resuspended in ethanol.

Triglyceride and cholesterol contents were determined by colorimetric assay kits as described
above. The efficiency of lipid extraction was normalized based on recovery of the radiolabel.

Fasting plasma insulin levels were determined from age-matched mice consuming either the
chow or the Western-type diet for 11 weeks. Plasma was collected via tail bleeding after an
overnight fast. Insulin in the plasma was measured using a fluorescence-based enzyme-linked
immunosorbent assay from Linco Research (Millipore, Billerica, MA) according to the
manufacturer's protocol.

Pancreatic Expression of PTL-related Protein-2 (PTLRP2)

— Pancreati were removed from mice promptly after exsanguination. Approximately 50 mg
of pancreas was placed in RNA-Later® (Ambion, Austin, TX). Total RNA was isolated using
TR1 Reagent (Molecular Research Center, Cincinnati, OH), and 0.5 pg was used for reverse
transcriptase-PCR amplification using the iScript One-Step reverse transcription-PCR kit (Bio-
Rad). Relative levels of PTLRP2 were quantified via real time PCR using cyclophilin as a
reference gene and SYBR green for detection on a Bio-Rad iCycler apparatus. The forward
primer for PTLRP2 is5'-GGATGATTCAGCGGCCTTCG-3', and the reverse primer sequence
is 5-TCTCTGGGCTGTACCCCATC-3'. The primers used for amplification of cyclophilin
were designed as described (11).

Statistical Analysis

—Data were evaluated using 2-tailed Student's t test of independent groups with the assumption
of unequal variances. Results are presented as the mean + S.E. unless indicated otherwise in
the figure legend. Results from genetically modified mice were compared with wild type mice,
with statistical significant difference recognized at p < 0.05.
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RESULTS

Triacylglycerol and Cholesterol Absorption in Mice

—We have previously reported a reduced rate of TAG absorption in PTL™/~ mice, but overall
fat absorption efficiency was similar between PTL** and PTL™'~ mice when they were
maintained on a low fat chow diet (1). Likewise, dietary fat absorption was similar between
chow-fed CEL*"* and CEL™'~ mice (3,12). The current study examined TAG absorption in
PTL™/~,CEL™", and PTL™/~,CEL™/~ double knock-out mice when the animals were maintained
under high fat/high cholesterol dietary conditions utilizing the nonabsorbable lipid-based tracer
sucrose polybehenate as a marker of nonabsorbed lipid excreted in feces (8). Results showed
no difference in the amount of TAG absorbed from a test diet between wild type and CEL ™~
mice even under high fat/high cholesterol dietary conditions (Fig. 1). However, in contrast to
previous results using fecal fat content assessment to show no difference in TAG absorption
between wild type and PTL™~ mice (1), use of the more sensitive tracer fat recovery method
in the current study revealed a modest but statistically significant reduction in TAG absorption
in PTL™/~ mice when the animals were maintained on this Western-type diet (91.5 + 0.7% for
wild type versus 80.1 + 3.6% for PTL™~ mice). Intriguingly, the lack of both PTL and CEL
resulted in a dramatic reduction in fat absorption (61.1 + 3.8%, p < 0.001 versus wild type
mice). Analysis of individual fatty acids in the feces by gas chromatography indicated that
saturation and chain length were not factors affecting the decreased absorption in the double
knock-out mice, as the absorption was reduced regardless of the fatty acid species measured.
As reported previously (1,2), cholesterol absorption was significantly reduced in PTL™~ mice
but not in CEL™~ mice when they were maintained on the high fat/high cholesterol diet (Fig.
2). Inactivation of the CEL gene did not cause additional reduction of cholesterol absorption
in PTL™~ mice as cholesterol absorption was similar between PTL™/~ and PTL™/~,CEL ™~ mice

(Fig. 2).

Rate of Lipid Nutrient Absorption in Mice

—The rates of dietary TAG, long chain retinyl ester, and cholesteryl ester absorption by wild
type, PTL™=, CEL™", and PTL™/~,CEL™/~ mice were compared by determining the
accumulation of radiolabeled lipids in plasma after Poloxamer 407 injection followed by oral
administration of radiolabeled lipids by gavage. As shown in Fig. 3A, the rate of appearance
of radioactivity in plasma after [14C]tripalmitin administration was much slower in PTL™~
mice than in wild type mice, with 47% less 14C radioactivity detected in the circulation of
PTL™"~ mice after 9 h (Fig. 3A). A small but significantly more pronounced decrease in the
rate of [14C]tripalmitin absorption was observed in the [PTL™/~, CEL™/~ mice (Fig. 3A). At the
9-h time point, 52% less [14C]tripalmitin absorption occurred in the double knock-out mice
compared with that in wild type mice (Fig. 3A).

The rate of retinyl ester absorption was assessed initially by feeding [3H]retinyl palmitate
mixed in olive oil to mice fed the high fat/high cholesterol diet. Results of these experiments
showed the rate of retinyl ester absorption was similar between wild type and CEL™~ mice
(Fig. 3B). In contrast, the rate and amount of retinyl ester absorption over a 9-h period were
significantly reduced in PTL™~ mice (Fig. 3B). The rate and amount of retinyl ester absorption
were further decreased in PTL™/~,CEL™~ mice (Fig. 3B). Interestingly, the differences in rate
and efficiency of retinyl ester absorption between wild type, PTL™~, CEL™~, and
PTL™~,CEL™~ mice paralleled their differences in rate and efficiency of TAG absorption (Fig.
3A), suggesting that TAG digestion may be required for efficient retinyl ester absorption.
Alternatively, their difference in retinyl ester absorption may be directly related to the
effectiveness of PTL and CEL in retinyl ester hydrolysis before the absorption of the [3H]
retinol by enterocytes in the brush border. These possibilities were explored by using
phospholipid vesicles instead of olive oil as the vehicle to deliver [3H]retinyl palmitate to mice.
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The latter study was also carried out in mice maintained on a low fat chow diet to avoid the
confounding variable of differences in digestion of dietary TAG altering retinyl ester digestion
and absorption rates. The delivery of [3H]retinyl palmitate in this manner resulted in greater
than 30% of the radiolabel appearing in plasma after9hin wild type mice (Fig. 3C) compared
with ~5% when olive oil was used as the vehicle to deliver retinyl ester to high fat/high
cholesterol-fed mice (Fig. 3B). Importantly, the trends in rate and amount of retinyl ester
absorption between wild type, PTL™~, CEL™~, and PTL™~,CEL™"~ mice remained the same,
with wild type and CEL ™"~ mice being the most efficient and the PTL~~,CEL ™/~ mice the least
efficient regardless of the vehicle used for retinyl ester delivery (Fig. 3C). Taken together, these
results indicated that whereas the presence of TAG in the digestive tract is one variable that
dictates retinyl ester absorption, PTL is the major enzyme in the intestinal lumen responsible
for retinyl ester digestion and absorption in vivo and that CEL may also participate in this
process especially under conditions where PTL is limiting.

The decreased retinyl ester absorption observed in PTL™~

mice is consistent with the in vitro data demonstrating the ability of PTL to hydrolyze retinyl
esters in addition to its well established role in TAG hydrolysis (7). In view of numerous studies
using dietary retinyl esters as tracers for cholesteryl ester metabolism in vivo (13,14), we also
tested the ability of PTL™~ mice to absorb cholesteryl ester. Results depicted in Fig. 3D show
similar levels of [14C]cholesteryl oleate absorption by wild type and PTL™~ mice. In contrast,
[14C]cholesteryl oleate absorption was dramatically reduced in the CEL™~ mice as expected.
Because cholesteryl ester absorption was nearly eliminated in CEL™~ mice, no further
reduction of [14C]cholesteryl oleate absorption was observed in the PTL™~,CEL™~ mice (Fig.
3D).

Diet-induced Hypercholesterolemia and Insulin Resistance in Mice

—The difference in dietary lipid absorption efficiency between wild type mice and mice with
various lipolytic enzyme deficiencies resulted in their differences in sensitivity to chronic
feeding of a high fat/high cholesterol diet. Whereas wild type, PTL™~, CEL™~, and
PTL™/~,CEL™"~ mice displayed similar fasting plasma TAG, cholesterol, and glucose levels
when fed the low fat chow diet and these values were increased when fed a Western-type high
fat/high cholesterol diet regardless of their lipolytic enzyme genotypes, plasma cholesterol
levels were 36 and 45% less in PTL™/~ and PTL™"~,CEL ™~ mice than those observed in wild
type and CEL ™~ mice after feeding the Western-type diet for 40 weeks (Table 1). Consumption
of the Western-type diet did not alter fasting plasma TAG levels in these animals regardless
of their genotypes. The normal TAG levels observed in these animals after feeding the Western-
type diet is consistent with rapid clearance of dietary TAG from circulation after absorption
through the intestine. These data also indicated that PTL and CEL participate only in the lipid
absorption process in the digestive tract, and these enzymes are not involved in plasma TAG
metabolism. The reduced severity of hypercholesterolemia and liver weight gain in response
to Western diet feeding in PTL™/~ and PTL™~,CEL™/~ mice compared with wild type and
CEL~"~ mice is also consistent with the reduced lipid absorption in these animals (Table 1).

In addition to differences in their severity of hypercholesterolemia, the PTL™~ and
PTL~~,CEL™~ mice also displayed significantly lower fasting insulin levels than wild type
and CEL ™"~ mice upon feeding the Western-type diet for 11 weeks (Table 1). The elevated
insulin levels in wild type and CEL ™~ mice required to maintain similar fasting glucose levels
as PTL™~ and PTL™~,CEL™~ mice suggested that the latter two strains are more insulin-
sensitive.
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Diet-induced Obesity in Mice

—The difference in nutrient absorption efficiency and sensitivity to diet-induced insulin
resistance between wild type mice and mice with various lipolytic enzyme deficiencies
suggested potential differences in their susceptibility to diet-induced obesity. Accordingly, we
monitored the body weight of mice of each genotype used in this study starting at 9 weeks of
age. The body weights of mice consuming a chow diet were not different over a 17-week period
of study (data not shown). The similarity in body weight gain may reflect the low fat content
of chow, and thus, equal amounts of calories were absorbed by these animals. Therefore,
another cohort of mice was challenged with a high fat/high cholesterol diet beginning at 9
weeks of age. Although the body weights of the gene-disrupted mice were similar to those of
wild type mice at the initiation of the feeding study, the body weight of the PTL~/~,CEL™/~
mice consuming high fat/high cholesterol diet was found to be significantly less than that
observed for wild type mice fed the same diet after only 0.5 weeks (Fig. 4A). After consuming
the high fat/high cholesterol diet for 10.5 weeks, PTL™/~ mice also weighed significantly less
than wild type mice, and their weight remained lower for the duration of the 16-week study
period. The differences in body weight between high fat/high cholesterol-fed wild type,
PTL™/~,CEL™", and PTL™/~,CEL™/~ mice was due to their differences in rate of body weight
gain in response to the high fat diet (Fig. 4B). The differences cannot be attributed to variation
in the amount of food consumed by these animals (Table 2), thus strongly suggesting that
differences in calories absorbed is responsible for their differences in weight gain. Consistent
with this hypothesis is the observation that total body weight and weight gain in response to
the high fat/high cholesterol diet were similar between wild type and CEL™/~ mice (Fig. 4A),
which displayed comparable TAG absorption efficiency (Fig. 1).

Additional studies were also carried out using a quantitative NMR method to assess body
composition of wild type, PTL™~, CEL™~, and PTL™/~,CEL ™~ mice consuming either chow
or Western-type diets. The body composition of all 4 groups of animals, as determined by
percent of fat and lean body mass, was similar at 11, 16, and 25 weeks of age when consuming
the low fat chow diet. In general, the chow-fed mice carried <15% fat mass and >85% lean
body mass from 9 to 25 weeks of age (data not shown). When challenged with the high fat/
high cholesterol diet, there were dramatic alterations in body composition compared with mice
consuming the low fat chow diet. The alteration in body composition reflected changes in body
weight in response to the high fat/high cholesterol diet. At 16.5 weeks of age, at which time
the mice had been consuming the high fat/high cholesterol diet for 7.5 weeks, wild type mice
carried 31.2% of their body mass as fat compared with 8.5% fat mass in age-matched chow-
fed wild type mice (Fig. 5). At 25 weeks of age, when the animals had been consuming the
high fat/high cholesterol diet for 16 weeks, body composition measurements showed that
~40% of the body mass in wild type mice was attributed to fat mass (Fig. 5). In contrast, only
10.5% of body mass was due to fat mass in age-matched chow-fed wild type mice.

Consistent with results obtained from body weight determinations, resistance to diet-induced
acquisition of fat mass was readily apparent in the PTL™/~,CEL ™~ mice at 16.5 weeks of age
(Fig. 5). Fat mass in the double knock-out mice was 15.5% less (p < 0.001), and lean body
mass was 15.7% more (p < 0.001) than that observed in similarly fed age-matched wild type
mice (Fig. 5). At 25 weeks of age, the PTL™/~ mice on the high fat/ high cholesterol diet
displayed 6.5% less fat mass (p <0.01) and 6.7% more lean body mass (p <0.001) than similarly
fed age-matched wild type mice. The difference in diet-induced gain of fat mass was further
exaggerated in the double knock-out mice lacking in both PTL and CEL, with 12.5% less fat
mass (p < 0.01) and 12.3% more lean body mass (p < 0.01) than wild type mice.
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DISCUSSION

Digestion and absorption of long-chain TAG are highly efficient processes with >90% of
dietary TAG from each meal being hydrolyzed and absorbed by the intestine. Because of the
fundamental importance of efficient dietary lipid absorption, redundancy exists in the
repertoire of enzymes capable of hydrolyzing lipids in the gut, thereby ensuring availability of
these nutrients. The purpose of this study was to determine how PTL and CEL contribute to
dietary lipid absorption in vivo. Results showed that PTL and CEL both participate in lipid
absorption and may serve a mutually compensatory role. Importantly, inactivation of either the
PTL or CEL gene alone had minimal effects on TAG absorption, whereas disruption of both
genes resulted in significant reduction of TAG absorption. Likewise, both PTL and CEL appear
to participate in dietary retinyl ester hydrolysis and absorption. The decrease in retinyl palmitate
absorption observed in PTL™~ mice but not in CEL™~ mice may imply a more prominent role
for PTL in retinyl ester digestion. Nevertheless, CEL is also capable of catalyzing retinyl ester
hydrolysis and mediating retinol absorption, as mice with both PTL and CEL deficiency
absorbed significantly less retinyl ester than PTL-deficient mice. The difference in retinyl ester
absorption efficiency between PTL™~ and PTL™/~,CEL ™~ mice indicates a more avid retinyl
ester hydrolytic activity of PTL than CEL in vivo, which was not previously appreciated from
in vitro enzyme assays. Alternatively, this difference may reflect the abundance of PTL in the
digestive tract compared with CEL and that total PTL deficiency results in insufficient enzyme
activity in the intestinal lumen for retinyl ester hydrolysis.

An important observation made in the current study is that although PTL and CEL deficiency
dramatically reduced dietary TAG and retinyl ester absorption, a substantial amount (~50 —
60%) of these lipids was still absorbed in PTL™~,CEL™/~ mice. Therefore, at least one other
lipolytic enzyme must be present in the intestinal lumen to catalyze TAG and retinyl ester
hydrolysis in the absence of PTL and CEL. A likely candidate is PTLRP2, another enzyme
secreted by the pancreas with avid in vitro TAG hydrolytic activity (15). The pancreas
expresses PTLRP2 before birth, and its expression level persists at a lower level into adulthood
(16). In contrast, the pancreas does not express PTL until near the suckling/weaning transition
period (17). It is noteworthy that suckling PTLRP2—/— mice have steatorrhea and fat
malabsorption with major increases of undigested and partially digested TAG in the feces
(18). In addition, weight gain of suckling PTLRP2—/— mice is reduced compared with that of
wild type mice, which is consistent with their diminished ability to acquire calories from dietary
fat. Those data clearly documented that in the absence of PTL, PTLRP2 is capable of catalyzing
TAG digestion and mediating fat absorption in vivo. In the current study we showed no
significant difference in the expression level of PTLRP2 between wild type, PTL—/—, CEL-/
—, and PTL—/—,CEL—/— mice (Table 1). Thus, the low level of PTLRP2 expression in the
digestive tract may be responsible for the luminal lipolytic activity that facilitates TAG
digestion and absorption in the PTL—/—,CEL—/— mice. The results showing dramatic decrease
of fat absorption efficiency in colipase knock-out mice (19) but marginal decrease observed
in PTL—/— mice together with the requirement of colipase for both PTL and PTLRP2 activity
are supportive of this possibility. Mice with defective expression of PTL, CEL, and PTLRP2
are now being generated to test this hypothesis. Additionally, a phospholipase B residing in
brush border membranes was also shown to hydrolyze retinyl esters in vitro (20). Thus, this
enzyme may also participate in retinyl ester hydrolysis and absorption, particularly in the [PTL
—/—, CEL—/-] mice.

Our previous study showing that PTL deficiency reduces cholesterol absorption efficiency was
confirmed and extended in the current study, with results showing additional reduction of
cholesterol absorption efficiency in mice lacking both PTL and CEL. The reduced cholesterol
absorption efficiency observed in these animals is consistent with our previous hypothesis that
efficient TAG digestion in the proximal intestine is necessary for cholesterol partitioning to
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micelles for subsequent absorption by enterocytes. The deficiency in PTL alone or in
combination with CEL delays TAG hydrolysis to the distal intestine (1) where the cholesterol
is less efficiently taken up (4,5). The lower fasting cholesterol levels observed in PTL—/—and
PTL—/—,CEL—/— mice consuming the Western-type diet (Table 1) is consistent with the reduced
cholesterol absorption efficiency in these animals.

In contrast to the digestion and absorption of TAG, retinyl ester, and unesterified cholesterol,
intestinal absorption of cholesteryl esters was dramatically reduced in CEL—/— mice but was
unaffected in PTL—/— mice. Thus, PTL failed to compensate for the lack of CEL in cholesteryl
ester digestion in the intestinal lumen. Inactivation of the PTL gene in CEL-deficient mice also
did not cause additional inhibition of cholesteryl ester absorption compared with that observed
in CEL—/— mice. Taken together these results indicated that CEL is the only enzyme in the
digestive tract responsible for cholesteryl ester hydrolysis. The difference between cholesteryl
ester and retinyl ester absorption in these mouse models illustrated their unique metabolic fate,
suggesting that studies monitoring dietary retinyl ester metabolism as a surrogate for
cholesteryl ester metabolism should take into consideration whether they are substrates for
these and possibly other lipolytic enzymes.

Finally, the results of this study also revealed that the reduction of dietary TAG absorption due
to PTL and CEL inactivation significantly reduced susceptibility to high fat/ high cholesterol
diet-induced obesity. This observation has direct clinical implications. Currently, the only
strategy to reduce obesity through inhibition of dietary lipid absorption is via tetrahydrolipstatin
(Orlistat) therapy (21). Tetrahydrolipstatin inhibits all lipolytic enzyme activities in the
digestive tract (22,23); therefore, its use needs to be titrated carefully to avoid the unpleasant
adverse effects of fecal spotting (24,25). In this study we showed that inactivation of both PTL
and CEL without the inhibition of other lipolytic enzymes in the digestive tract is sufficient to
provide resistance to diet-induced obesity. Thus, the development of pharmacological
strategies aimed at specific inhibition of PTL and CEL may be warranted to suppress diet-
induced obesity without the adverse consequences of fat-soluble vitamin deficiency or
steatorrhea that culminate upon inhibition of all lipolytic enzymes in the digestive tract.
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FIGURE 1. Fat absorption efficiency in mice consuming a high fat/high cholesterol Western-type
diet

Mice maintained on a high fat/high cholesterol diet were fed a similar high fat/high cholesterol
diet for 4 days that also contained the non-absorbable marker sucrose polybehenate as 5% of
the dietary fat. Fecal samples were collected daily. Fatty acids present in the original diet as
well as the feces were derivatized to their respective methyl esters and quantified by gas
chromatography. Fat absorption was calculated from the ratios of behenic acid to other fatty
acids in the diet versus the feces. Two experiments were averaged for n = 6 wild type (WT),
n=7PTL7,n=8CEL’ andn=7PTL”/",CEL”" mice and shown as the means + S.E. for
each genotype. *, p < 0.05; ***, p < 0.001 (differences from wild type mice).
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FIGURE 2. Cholesterol absorption efficiency in mice consuming a high fat/high cholesterol diet
Mice maintained on the high fat/high cholesterol diet for 4 weeks received 2 pCi of [14C]
cholesterol, 0.2 mg of cholesterol, and 0.5 uCi of [3H]sitostanol in 100 pl of olive oil by stomach
gavage. Fecal matter was collected after 24 and 48 h, homogenized in water, and then extracted
with chloroform/methanol (2:1, v/v). Scintillation counting was used to determine the amount
of radioactive sterols present in the organic phase. Recovery of nonabsorbed cholesterol in
feces was corrected based on the amount of [3H]sitostanol in each sample. Absorption of
cholesterol is presented as a percentage of the administered dose and is representative of two
experiments. Shown is the means + S.E. for n = 9 wild type (WT), n=7 PTL™, n = 10
CEL™~,and n=9 PTL™",CEL™ mice. *, p < 0.05; **, p < 0.01 (differences from wild type
mice).
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FIGURE 3. Rate of lipid absorption in mice

Mice consuming a high fat/ high cholesterol diet were fasted for 14 h, then given Poloxamer
407 via intraperitoneal injection (1 g/kg of body weight). After 15 min mice were given [14C]
triolein and [3H]retinyl palmitate in olive oil (A and B) or [**C]cholesteryl oleate and [3H]
retinyl palmitate in phospholipid vesicles (C and D). The appearance of radiolabel derived
from triacylglycerol (A), retinyl ester (B and C), or cholesteryl ester (D) in the circulation at
the indicated times after delivery of the bolus meal was determined by scintillation counting.
The data are shown as the means + S.E. for n = 8 wild type (¢), 7 PTL™~ (o), 11 CEL~(V ),
and 8 PTL—/—,CEL—/— (v) mice for A and B, and n = 9 wild type (+), 7 PTL~(0), 7 CEL(-/
=) (V¥ ),and 9 PTL~,CEL™~ (V) mice for C and D.*, p < 0.05; **, p < 0.01; *** p < 0.001
(differences from wild type mice).
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FIGURE 4. Body weight and weight gain in response to high fat/high cholesterol diet in mice
Male mice consuming a chow diet were transferred to a high fat/high cholesterol diet at 9 weeks
of age. Body weight was monitored twice per week. Total body weight (A) as well as the rate
of body weight gain (B) is plotted as the means + S.E. from n = 10 wild type (+), 10 PTL™/~
(o), 9CEL™"~ (¥), and 9 PTL™-,CEL™/~ (v) mice. The body weight of PTL~~ mice was
statistically different from wild type counterparts at 3—4.5, 9.5, and 10.5-13.5 weeks at p <
0.05and 14-15.5 weeks at p < 0.01. The body weight of CEL ™~ mice was statistically different
from wild type counterparts at 0, 1.5, 2, and 4 weeks at p < 0.05 and 0.5—1 week at p < 0.01.
The body weight of PTL™~,CEL ™~ mice was statistically different from wild type counterparts
at 0.5-3.5,5-6.5, and 14.5 weeks at p < 0.05 and 4, 4.5, 7-14, and 15-15.5 weeks at p < 0.01.
The body weight gain of PTL™~ mice was statistically different from wild type counterparts
at1.5-2.5, 4,5-9.5, 10.5, and 13.5 weeks at p < 0.05 and 3, 3.5, 4.5, 11-13, and 14-14.5
weeks at p < 0.01. The body weight gain of PTL™~,CEL™~ mice was statistically different
from wild type counterparts at 1-2, 5-6.5, 10, and 14.5 weeks at p < 0.05 and 2.5-3, 4, 4.5, 7
—9.5, and 10.5-14 weeks at p < 0.01. The body weight gain of CEL ™/~ mice was not different
from wild type controls for the duration of this study.
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FIGURE 5. Assessment of body composition by NMR

Quantitative nuclear magnetic resonance was used to measure fat and lean body mass of live
mice that had been consuming chow or a Western-type diet. The method was applied to mice
that were 16 and 25 weeks old and consuming the Western-type diet beginning at 9 weeks of
age. Data shown are the means + S.E. from n = 10 wild type (black bars), 10 PTL—/— (white

bars), 9 CEL—/— (gray bars), and 9 PTL—/—,CEL—/— mice (hatched bars). **, p < 0.01; ***,

p < 0.001 (differences from wild type mice analyzed at the same time point and consuming the
same diet).
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TABLE 2
Daily food consumption in mice
Mice consuming a high fat/high cholesterol Western-type diet for 17 weeks were housed individually. Food
hoppers were weighed every second day for 8 days. Mice were returned to their normal housing situations
involving cohabitation with littermates for 1 month, and then the procedure for monitoring food intake was
repeated. Data from 16 days of monitoring was averaged for n = 6 wild type, n =6 PTL™~, n=7 CEL™", and

n=6PTL™", CEL™" mice and shown as the mean + S.D. for each genotype. No statistically relevant differences
in food intake between mice with various genotypes were detected.

Genotype wild type PTL™ CEL™" PTL™"",CEL™"

Food intake per day (g) 3.10+0.42 3.60+0.35 3.29+0.47 3.60 +0.53
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