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ABSTRACT: Carboxyl ester lipase (CEL; EC 3.1.1.13) hydrolyzes cholesteryl esters and retinyl esters in
vitro. In vivo, pancreatic CEL is thought to liberate cholesterol and retinol from their esters prior to
absorption in the intestine. CEL is also a major lipase in the breast milk of many mammals, including
humans and mice, and is thought to participate in the processing of triglycerides to provide energy for
growth and development while the pancreas of the neonate matures. Other suggested roles for CEL include
the direct facilitation of the intestinal absorption of free cholesterol and the modification of plasma
lipoproteins. Mice with different CEL genotypes [wild type (WT), knockout (CELKO), heterozygote]
were generated to study the functions of CEL in a physiological system. Mice grew and developed normally,
independent of the CEL genotype of the pup or nursing mother. Consistent with this was the normal
absorption of triglyceride in CELKO mice. The absorption of free cholesterol was also not significantly
different between CELKO (8% 26%, meant SD) and WT littermates (76 10%). Compared to WT

mice, however, CELKO mice absorbed only about 50% of the cholesterol provided as cholesteryl ester
(CE). There was no evidence for the direct intestinal uptake of CE or for intestinal bacterial enzymes that
hydrolyze it, suggesting that another enzyme besides CEL can hydrolyze dietary CE in mice. Surprisingly,
CELKO and WT mice absorbed similar amounts of retinol provided as retinyl ester (RE). RE hydrolysis,
however, was required for absorption, implying that CEL was not the responsible enzyme. The changes
in plasma lipid and lipoprotein levels to diets with increasing lipid content were similar in mice of all
three CEL genotypes. Overall, the data indicate that in the mouse, other enzymes besides CEL participate
in the hydrolysis of dietary cholesteryl esters, retinyl esters, and triglycerides.

Carboxyl ester lipase (CELEC 3.1.1.13), also called bile  found in breast milk 2), blood plasma3—6), liver (7—9),
salt-stimulated lipase or cholesteryl ester hydrolase, is aand aorta, 10, 11).

multiple function lipolytic enzymeX). In vitro, it hydrolyzes The primary role of CEL secreted by the pancreas has
cholesteryl ester (CE), retinyl ester (RE), triglycerides, and peen thought to be the liberation of cholesterol (i.e.,
lysophospholipids, with the activity against the first three nonesterified or “free cholesterol”) and retinol from their

substrates maximal in the presence of millimolar concentra- esters prior to their absorption in the intestine. In the
tions of trihydroxy bile salts. In many mammals, including geveloping neonate, breast milk CEL is also thought to aid
humans, it is a major product of the pancreas and is alsojn the digestion of triglycerides, and thereby provide energy
for early growth and development while the neonatal
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AS A E 5 B A s targeting vector and has the sequenc€ATACCACTCT-
| | Lk | GACTGATGGCTCTCC-3 Primer Neol is located in the
5'-promoter region of the neo gene cassette and has the
sequence '5sTGCGAGGCCAGAGGCCACTTGTGTAGC-
E 3'. Homologous recombination was confirmed by Southern
| | blotting analysis.
Four correctly targeted ES cell lines were microinjected
into C57BL/6J and BALB/cJ host blastocysts. These pro-
probe duced 10 chimeric male mice, 5 of which gave germ line
AS A E 5 AS S transmission of the disrupted CEL gene.
|| Genotyping of Mice by PCRCEL genotype analysis was
4567 8 9 done by PCR analysis of tail-tip-derived DNA samples. Each
10kb PCR reaction (5@L) contained 4uL of genomic DNA, 200
FicURe 1: Strategy to disrupt the mouse CEL gene. (A) ;r; mouse ni each primer, 202M each deoxynucleotide triphosphate,
CEL locus. Exor?syare indigated by the blackgmarks with numbers 1.5 mM MgCt, anq 1 umt of AmpliTag ponmoerase (Pe_rkln-
underneath. (B) The gene targeting construct with neomycin EIMer). The reaction mixture was heated to°@9for 7 min
resistance cassette (neo) replacing the promoter and exebis 1  before the polymerase was added, and then subjected to 35
(C) The mouse CEL locus after homologous recombination. A, cycles of amplification consisting of 30 s at 96, 30 s at
Aurll; B, BarHl, S, Sad. 57 °C, and 30 s at 72C. Samples were analyzed on a 1%
i agarose gel.
areas where there has been consistent agreement among o upstream and one downstream primers were synthe-
different studies, such as the repeated demonstration of retinylsi» o4 to differentiate wild-type, heterozygous, and homozy-
ester hydrolysis in vitro by CEL1(7—20), there is little or gous knockout mice. The upstream primer A (in exon 2),
no information establishing the existence or importance of 5_cTCAGTCTCTTGGGTGGTG ACTCTG*3and the down-
the assumed function in the intact animal. To overcome thesegiaam primer B (in exon 4)! &GCGATCTCCTCCCCGT-
limitations, we have inactivated the mouse CEL gene by CATA-3', amplify a 680-bp fragment of the wild-type CEL
homologous recombination and have bred a colony of mice gene. The upstream primer C (in the neo gen€), 5

containing all three CEL genotypes [wild type (WT), GCCTACCCGCTTCCATTGCTC3and the downstream
heterozygote, knockout (CELKO)]. In this report, we have primer B amplify a 665-bp fragment of the disrupted CEL
compared mice with these different gene dosages of CEL in gene. A positive result (i.e., a band of the expected size)
regard to growth/development, intestinal lipid absorption, and it only primer sets A and B was scored as a wild type
plasma lipoprotein metabolism. A major result is that CEL (WT). A positive result with only primer sets C and B was
is not required for the hydrolysis of dietary RE in the mouse. gcqred as disruption of both CEL alleles (CELKO). Positive
This novel finding implies the existence of at least one other  oqits from both sets of primers indicated a heterozygote.
enzyme that can hydrolyze RE, and additional evidence for  petermination of CEL Actity. Pancreases were obtained
such an enzyme in the mouse pancreas will be presented i,y Nembutol-anesthetized mice and immediately frozen
the following paperZ1) as part of extensive studies on the liquid nitrogen. Tissue was homogenized in 10 mM
cellular uptake and processing of RE. sodium phosphate (pH 6.2) containing 0.1 M NaCl, 1 mM
METHODS EDTA, 0.02% sodium azide, 1.5% glycerol, and 0.02%
soybean trypsin inhibitor. Breast milk samples were ex-
Construction of Targeting Vector and Generation of pressed manually from lactating mice. Plasma samples were
CELKO Mice.The mouse CEL gene was cloned from a obtained from blood collected from anesthetized mice
BALB/c lambda phage genomic library (Stratagene) using through the orbital sinus with heparin as the anticoagulant.
a PCR-amplified probe containing a rat CEL DNA sequence In preliminary studies, delipidation of plasma samples had
that included exons 24. Two overlapping clones were no significant effect on the measurement of CEL activity,
obtained, which contained 22 kb of mouse DNA extending so untreated samples were used in subsequent determinations.
from 9 kb 5 to 4 kb 3 of the CEL gene. Part of the wild- The CEL activity in each sample was determined radio-
type allele is shown in Figure 1, row A. The targeting vector metrically, based on procedures previously described using
was constructed by inserting a 1.2 Abrll —BanH| mouse cholesteryl ester as the substré&8)( Typically, the reaction
CEL DNA fragment (which included exon 4) and an 8 kb mixture (0.2 mL final volume) contained 50 mM Tris maleate
Sad—EcdRI fragment located '5to the gene into vector (pH 7.0), 10 mM (for pancreatic and milk samples) or 50
pPNT (a gift from Dr. Mario Capecchi, University of Utah) mM (for plasma samples) sodium cholate, and an ap-
(Figure 1, row B). This strategy effectively replaces the propriately diluted enzyme source. The reactions were
promoter region and exons—B with an intact neo gene initiated by addition of 1Q:L of ethanol containing 2 nmol
(Figure 1, row C). of cholesteryl [1}*Cloleate (Amersham, 56 mCi/mmol) with
Ten micrograms of targeting vector was linearized\ojl a specific activity of 25«Ci/umol and incubated at 37C
and then transfected by electroporation of J1 embryonic stemfor 30 min. The released'{CJoleate was extracted as
cells 22). After selection in G418, surviving colonies were described previously4] and quantified by scintillation
expanded, and PCR analysis was performed to identify clonescounting. Results are expressed in units of 1 nmol fatty acid
that had undergone homologous recombination. PCR wasreleased ht (ug of protein)* (for pancreatic and breast milk
done using primer pairs CE8 and Neol. Primer CE8 is samples) or 1 nmol of fatty acid released'h(mL of
located in exon 6 directly outside the short arm of the plasma)? (for plasma samples). Protein concentrations of
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pancreatic and breast-milk samples were determined by the(VLDL-cholesterol and LDL-cholesterol) was calculated as

Bradford method Z4). the difference between total cholesterol and HDL-C.
Absorption Studiesintestinal absorption of cholesterol, Plasma concentrations of phosphatidylcholine (PC) and

CE, cholesteryl ether, RE, retinyl ether, or triglyceride was lysophosphatidylcholine (lysoPC) were determined by meth-

determined as follows: ods modified from Switzer and Edes,(29). Briefly, plasma

The percentage absorption of a test dose of cholesterol orlipids were extracted with 21 volumes of chloroform/
CE was measured by the Zilversmit double-isotope method methanol (2:1, v/v) and washed with 4 volumes of distilled
(25). Briefly, each animal received 5Ci of [1a, 2a(N)- water as described by Folch et a30f. The phospholipids
3H]cholesterol (46 Ci/mmol, Amersham) intravenously and Were separated by thin-layer chromatography (TLC) on silica

5 uCi of [“C]cholesterol or F'C]cholesteryl oleate in skim ~ gel G (500uM as Uniplate, Analtech) with two solvent
milk as an intragastric bolus. The ratios é4G]- to [*H]- systems used in the same dimension: chloroform/methanol/

cholesterol in plasma were measured at 24, 42, 52, 65, andvater, 65:35:6; and chloroform/acetone/methanol/acetic acid/
78 h after administration and were used to calculate the water, 6:8:2:2:1. Palmitoyl-PC and lysoPC (Sigma) were
percentage of cholesterol or cholesteryl oleate absorbed. Inapplied to TLC plates as standards. After visualization with
additional CE absorption studies, half of the experimental iodine vapor, PC and lysoPC bands were scraped from the
mice were pretreated with antibiotics to eliminate intestinal Plates and assayed for inorganic phosphorus content accord-
bacteria £6). Bacitracin, neomycin sulfate, and streptomycin ing to the method of Rouse8{). The ratio of lysoPC to PC
sulfate, each at approximately 10 mg per day per mouse,Was calculated for each sample.

were administered in drinking water for 5 days before the  Plasma lipoprotein total cholesterol profiles were analyzed
absorption test. A lack of bacterial growth from fecal cultures by FPLC using two Superose 6 columns in serigg).(

of antibiotic-treated mice was confirmed at the end of the Plasma samples (206L) pooled from mice in the same
5-day pretreatment by microbiological examinations. The experimental group were analyzed. Lipoproteins were eluted
mice were kept on antibiotic treatment during the absorption at a constant flow rate of 0.3 mL/min with 0.15 M NaCl

study. containing 1 mM EDTA. Total cholesterol in the eluted
For cholesteryl ether absorption studiesy.[2a(N)-3H]- fractions was determined enzymatically.
cholesteryl oleoyl ether (18Ci) in skim milk was admin- Statistical AnalysisUnless otherwise indicated, data are

istered by gavage. The appearanceddfin plasma was  expressed as mean valugsstandard deviation (SD) and
measured by scintillation counting at 1, 3,dai h after were analyzed by Studentigest for statistical comparison.
gavaging. P values=<0.05 were considered significant.

For the RE absorption studyHretinyl palmitate RESULTS
(2 000 000 dpm in 10@L of peanut oil with 100 000 dpm

of [**C]cholesterol) was given to each mouse as an intra-  General Characteristics of CELKO Mic€ELKO mice
gastric bolus. The appearance®fand*C in plasma was  \yere generated by inactivating the CEL gene in mouse stem
determined by scintillation counting at 1, 2, 4, and 10 h after ce||s through homologous recombination. Crosses between
gavaging. Similarly, {'CJretinyl hexadecyl ether (250 000 heterozygote mice yielded progeny with the expected 1:2:1
dpm in 100uL of peanut oil) was given to mice to determine  ratio of CELKO:heterozygote:WT genotypes (43:86:45).
its intestinal absorption. Both of these radiolabeled com- Both CELKO and heterozygote mice grew normally and
pounds were synthesized as described previodsy ( appeared healthy. Pancreatic, breast milk, and plasma CEL

Triglyceride absorption was determined as described activities were undetectable in CELKO mice, indicating a
previously @8). Briefly, mice were fasted overnight and complete disruption of the CEL genes. The CEL activities
treated with Triton WR 1339 (500 mg/kg body weight i.v.) in the pancreas and breast milk of heterozygote mice were
to block lipolysis. After 15 min, mice were given an approximately half that of WT mice (data not shown). CEL
intragastric bolus of glyceroPH]trioleate (50xCi) in corn activities in plasma were low, and no difference was found
oil (100 uL). Blood samples were drawn 0.5, 1, 1.5, and 8 between WT (2.3+ 2 [nmol of fatty acid h' (mL of
h later, and the radioactivity was quantified by scintillation plasma)! mean+ SD, n = 6]) and heterozygote mice (2.3
counting. + 2,n=6).

Analysis of Plasma Lipids and Lipoprotein®&lood Because CEL has been thought to play an important role
samples were obtained from mice fed the following sequencein the digestion of milk fat in newborns, thereby providing
of diets: normal Purina mouse chow diet for 8 weeks; the energy for early growth and development, the body weight
Western-typeZ2) high-fat diet (TD 88137, Teklad, 21% final  gain was measured every other day after birth. The growth
fat content/0.15% cholesterol; w/w) for 2 weeks; and, finally, rate before weaning of mice born to CELKO parents was
the atherogenic diet (TD 90221, Teklad, Purina mouse chow the same as that of mice born to heterozygote parents (whose
5015, 15.75% final fat content, containing 7.5% cocoa butter, litters contained pups of all three genotypes). The average
1.25% cholesterol, and 0.5% cholic acid) for 2 weeks. Plasmabody weights of mice after weaning and on the chow,
samples from fed mice were obtained in the morning and Western-type, and atherogenic diets were the same among
from fasted mice in the evening (after food had been CELKO, heterozygote, and WT littermates (data not shown).
withdrawn for 8 h). Cholesterol AbsorptiorThe majority of dietary cholesterol

Plasma total cholesterol and triglyceride were determined is in its free (i.e., nonesterified) form. The role of CEL in
enzymatically using commercial kits (Boehringer Mann- free cholesterol absorption has been controversial, with some
heim). HDL cholesterol (HDL-C) was isolated and quantified in vitro studies showing that CEL either facilitates it (e.g.,
from plasma by the Sigma HDL-reagent kit. Non-HDL-C 14) or does not (e.g.33). We measured the intestinal
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absorption of free cholesterol in five mice of each genotype 1800
by using the Zilversmit double-isotope method (Methods). 1600] ——WT
Plasma isotope ratio%'C:3H) were determined at time points 1400 ] —*—+-
up to 78 h after the initial dosing. As previously reported by 1200] ——KO
Howles et al. 84), there were no significant differences 1000]
among CELKO, heterozygote, and WT mice in free choles-

3H-Retinyl palmitate
(dpm/30, 1)

800 ]
terol absorption (averaging84%). Independent of their CEL 600.]
genotypes, male mice tenddel £ 0.06) to absorb less free 400]
cholesterol (78t 12%,n = 9) than females (94 20%, n 200.]
= 6), which was also previously observesi). o1 ¥~ -
Since CEL hydrolyzes CE in vitro to cholesterol and fatty 012 3 456 7 8 9101112
acids in the presence of millimolar concentrations of cholate, Time (h)

it has been assumed that CEL is responsible in vivo for . . . .

. . . . . Ficure 2: Effect of CEL expression on retinyl ester absorption.
Ilberatlng chplesterol f_rom its este( form prior to absorpt_lon [*H]retinyl palmitate (2000000 dpm) was administered as an
by the intestine. Intestinal absorption of cholesterol derived intragastric bolus in 10@L of peanut oil to five mice of each CEL
from CE was tested as above, excefd€C]cholesterol was  genotype. At intervals up to 10 h blood samples were taken, and

replaced by fC]cholesteryl oleate. For convenience, we will Plasma radioactivity was determined as described under Methods.

. . Data are displayed as meanSD. Abbreviations: WT (wild type);
g]‘ze;l;(;otrhpeiigr:)sorptlon of cholesterol derived from CE as +~ (heterozygote): and KO (CEL knockout).

The results showed that intestinal CE absorption in retinyl hexadecyl ether was tested in W £ 4, female)
CELKO mice did occur (3&: 3%, n = 7), but it was  and CELKO a =5, female) mice. There was no appearance
decreased significantlyP(< 0.0001) compared with that of  of 14C in the plasma of any mouse of either genotype,
WT littermate controls (83t 7%, n = 6). To exclude the indicating that retinyl hexadecyl ether was not directly
possibility that CE might be taken up directly by the intestinal absorbed. These data strongly suggest that there is another

epithelial cells without hydrolysis, the absorption of a enzyme or other enzyme(s) responsible for hydrolyzing RE
nonhydrolyzable radiolabeled analogui#j]gholesteryl ole- in the intestine of the mouse.

oyl ether, was tested. There was no detectable absorption

by CELKO or WT mice, indicating that in addition to CEL, Triglyceride AbsorptionDietary lipids are 97% triglyc

. eride, which are partially or completely hydrolyzed in the
gnoth_er enzyme or other enzymes hydrolyzed a fraction of intestine before absorption. CEL can hydrolyze triglycerides
intestinal CE. in vitro and is thought to be required for their complete
Sterol-metabolizing enzymes of bacterial origin in the digestion in the neonatal periodZ 13). To test whether
intestine may contribute to the hydrolysis of dietary GB)(  the disruption of the CEL gene has any effect on intestinal
and conceivably could have contributed to the absorption of triglyceride absorption, mice were treated by an intravenous
CE-derived cholesterol. To test this hypothesis, groups of injection of Triton WR 1339 [to block the lipolysis and
WT and CELKO mice were given antibiotics in drinking clearance of p|asma |ip0proteinga] and then given an
water before and during the CE absorption study to eliminate jntragastric bolus ofH-labeled triolein in corn oil (Methods).
the intestinal microflora (Methods). The CE absorption from The rate of appearance W in p|asma was determined. No
mice treated with antibiotics (CELKO: 3% 1%, n = 8; significant difference was found between WT and CELKO
WT: 84 + 11%,n = 7) was essentially the same as the mice (Figure 3A). Interestingly, independent of their CEL
results obtained from untreated mice with the CorreSponding genotypeS, male mice tended to absorb less trig|yceride than

genotypes (see above), suggesting that intestinal bacteriatemales (Figure 3B), as with the absorption of cholesterol
enzymes were not involved in intestinal processing of dietary or CE (see above).

CE. Effects of Diets on Plasma Lipid and Lipoprotein Profiles.
Retinyl Ester AbsorptiorA major source of vitamin Ain - Groups of mice with different CEL genotypes were sequen-
animals consuming mixed diets is RE. As for CE, experi- t|a||y fed chow (8 Weeks), Western (2 Weeks), and athero-
mental data indicate that RE must be hydrolyzed prior to genic (2 weeks) diets (Methods). The FPElpoprotein
intestinal absorption, and CEL has been thought to be cholesterol profiles were determined in the fed and fasted
responsible for this hydrolysis (e.g36). To test this  states at the end of each of the three dietary periods. After
hypothesis, H]retinyl palmitate was given to WT, heterozy- 3 given diet, the FPLC profiles were similar between the
gote, and CELKO mice as an intragastric bolus witiC]- plasma samples obtained from WT and CELKO mice (data
cholesterol as an internal control for absorption (Methods). not shown). The plasma samples were also used to quantify
The radioactivities (botfH and'‘C) were measured in the  the |evels of cholesterol (total, HDL, non-HDL) and tri-
plasma at subsequent time points. Surprisingly, no significant glycerides in plasma samples obtained in the fasted and fed
differences were found in the appearance and disappearanceiates from mice of each genotype. These results are
of °H in the plasma among these groups of different presented in Table 1. As expectedl), both the Western
genotypes (Figure 2). HPLC analysis confirmed that the and atherogenic diets increased plasma total cholesterol
plasma®H was in the form of RE (data not shown). concentrations measured in mice of each genotype sampled
The appearance and disappearance of pladémmllowed in either the fasted or the fed stat (< 0.01 for any
the same pattern @l. To exclude the possibility that RE  comparison to the corresponding chow value). In Western
might be taken up directly (i.e., without hydrolysis) by diet-fed mice, both HDL-C and non-HDL-C increased,
intestinal epithelial cells, the absorption of nonhydrolyzable compared to that of chow-fed micE & 0.01); in atherogenic
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Table 1: Plasma Lipid and Lipoprotein Concentrations (mg/dL) of Mice on Different Diets

fed fasted
diet genotype h TC HDL-C non-HDL-C TG TC HDL-C non-HDL-C TG
chow +/+ 5 115+ 25 93+ 13 35+ 7 170+ 58 1204+ 22 79+ 18 41.0+9 115+ 18
+/— 9 103+ 15 72+ 21 46+ 15 151+ 27 109+ 15 73+ 12 35+ 3 106+ 27
—/—= 7 103+ 29 70+ 21 33+ 8 151+ 29 1174+ 24 744+ 16 37+ 11 99+ 21
Western +/+ 5 213+ 58 128+ 31 85+ 27 1574+ 63 213+ 58 129+ 40 84+ 20 84+ 27
+/—= 9  240+48 149+ 33 91+ 21 198+ 69 227+39 148+ 33 79+ 15 102+ 21
—/= 7 219+ 53 133+ 34 86+ 21 195+90 202+ 34 130+ 21 72+ 19 97+ 16
atherogenic +/+ 5 286+ 45 83+ 29 203+ 29 138+ 20 359+ 65 90+ 34 285+ 125 1274+ 29
+/—= 9 294+ 66 86+ 27 208+ 68 137+ 42 317+ 99 84+ 24 234+ 102 146+ 45
o 7 333+ 74 77+ 40 252+ 63 130+ 19 333+ 50 80+ 37 261+ 48 110+ 21

aData are given as meah SD. TC (total cholesterol), HDL-C, and TG (triglyceride) were determined enzymatically by using commercial kits
as described under Methods. Non-HDL-C (VLDL-cholesterol and LDL-cholesterol) was calculated as the difference between total cholesterol and
HDL-C. ® There were 2 male and 3 female mice for thet (wild type) genotype, 5 male and 4 female mice fet— (heterozygote), and 2 male
and 5 female mice for-/— (knockout).

200 A —WT Table 2: Plasma Ratios of Nonesterified Cholesterol (FC) to Total

Cholesterol (TG

—a— +/-
——KO genotype n (male+ female) FC/TC

©

(=}

-

]

= +/+ 5(3+2) 0.19+ 0.04
Q100 +/- 9(3+6) 0.164+0.03
£

[=%

z

-
(4.
o
1

—/- 4(3+1) 0.18+ 0.04

50 aPlasma samples were obtained from chow-fed mice of each
genotype. Total cholesterol (TC; nonesterifieel esterified) and
nonesterified cholesterol (FC) were determined as described under

T Methods. Data are given as me&nSD.

3H-Triglycerides

0 T T T
0 2 4 6

00

Time (h) (WT, 0.46; heterozygote, 0.50; CELKO, 0.44; ratios deter-
mined in duplicate from plasma samples pooled from six

——male mice of each CEL genotype).

—=—female

150 DISCUSSION

In this report we have addressed the potential of CEL to
influence a number of metabolic processes that fall into three
x major groups: the absorption of dietary lipids, neonatal
growth and development, and plasma lipoprotein metabolism.
Role of CEL in the Absorption of Dietary LipidSince
T CEL exhibits hydrolytic activity in vitro for CE, RE, and

triglyceride, it has been hypothesized that this enzyme plays

Time (h) important roles in the intestinal processing of these dietary

FiGURE 3: Effect of CEL expression and gender on triglyceride components X, 36). The present studies have tested this

absorption. Panel A: Intestinal triglyceride absorption was assessedhypothesis for each lipid by measuring in WT and CELKO

in 4 wild-type (WT), 2 heterozygotet(—), and 6 CEL knockout ~ mjce the absorption of free and esterified cholesterol, RE,
(KO) mice as described under Methods. Mice were initially treated and triglyceride

with Triton WR 1339 (to block lipolysis) and then given an .
intragastric bolus of glycerobH]trioleate (50«Ci) in corn oil (100 (A) Free and Esterified CholesterdData from rat and
ul). At intervals of 8 h, blood samples were taken, and plasma human studies have suggested that pancreatic secretions

radioactivity was determined as described under Methods. Panelcontain a factor (or factors) that facilitates intestinal absorp-
B: Comparison of triglyceride absorption in 6 male and 6 female {ion of nonesterified cholesteroB§, 39). CEL has been
mice independent of their CEL genotypes. Data are displayed as. . .
mean+ SD. Asterisk: differs aP < 0.05. implicated as one such factor, although results from studies
in vitro or in vivo have been contradictory (e.g., skk 15,
diet-fed mice, however, the increase in total cholesterol was 33, 38, 40—44). Using CELKO and littermate heterozygote
largely due to the increase in non-HDL-€ < 0.005). and WT mice, our results demonstrated that the absorption
Although mice have low CEL plasma activity, we tested of cholesterol administered in the nonesterified, or free, form
whether lipoprotein composition varied among the genotypes. was indistinguishable among the genotypes. In contrast,
Ratios of free to total cholesterol in plasma were measuredcompared to WT mice, in CELKO mice there was a 60%
in chow-fed mice, and no significant differences were decrease in the absorption of cholesterol derived from CE.
observed among the three genotypes (Table 2). Because These data are consistent with those of Howles e84}, (
lysoPC is an abundant plasma lipid species and CEL hasand both sets of results raise the question of what regulates,
lysophospholipase activity, ratios of lysoPC to PC in the inthe absence of CEL, the absorption of a substantial fraction
plasma of chow-fed mice were also determined. There wereof CE-derived cholesterol. In the present studies, we have
comparable ratios among the three different CEL genotypeseliminated the possibilities of direct absorption of CE without

w
*

3H-Triglycerides

0 T T T
0 2 4 6

o0
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hydrolysis and hydrolysis mediated by bacterial enzymes. immature pancreas develogd @7, 48). A positive effect
Overall, the data suggest that in mice CEL does not play aof CEL in neonatal growth and development has been
direct role in the absorption of nonesterified cholesterol, but proposed based on, for example, the addition of CEL to a
it does hydrolyze a fraction of dietary CE, thereby releasing formula diet for kittens leading to faster growti3].
cholesterol that can be absorbed. Additionally, in human studies, increased CEL activity was

(B) Retinyl Ester AbsorptionThe role of CEL in the associated with better fat absorption in infants (49), whereas
absorption of retinol provided by RE has been recently decreased activity was found in the breast milk of under-
reviewed 86). It has been assumed that CEL is the only nourished nursing mothers and thought to compromise lipid
retinyl ester hydrolase secreted by the pancreas and that idigestion and the nutritional status of their infard$)(

has a critical role in the absorption of the approximately 50%  Nonetheless, in agreement with Howles et 84)( we
of the dietary vitamin A in the typical American dietingested  found the growth rates of CELKO mice and their littermates
in the form of RE. Thus, it was quite surprising that the (heterozygote and WT) to be similar, independent of the
absorption of retinol (derived from retinyl palmitate) was genotypes of either the pup or the nursing mothers. These
comparable between the CELKO and WT mice (Figure 2). data suggest, therefore, that CEL played, at most, a minor
Similar to the cholesteryl ether experiments, the lack of role in the growth and development of the neonatal mouse.
absorption of retinyl ether implied that hydrolysis was Role of CEL in the Metabolism of Plasma Lipoproteins.
necessary for absorption and that it occurred in the absenceye ©6) and others 16, 50) have shown that CEL can
_of CEL activity. The simplest explanation.for these results jrculate in the plasma of many mammals, including humans,
is that a non-CEL enzyme(s) catalyzed retinyl ester hydroly- onq can modify in vitro the CE and lysoPC that are carried
sis. Evidence for this in the CELKO mouse is given in the 5 normal and oxidized lipoproteins. Besides affecting the
companion paper [van Bennekum et @1 properties of lipoproteins by direct modifications, there is
~Some potential non-CEL activities that may hydrolyze 454 the possibility that CEL, which like lipoprotein lipase
dietary RE in the intestine include the following: Emulsified 55 g heparin-binding sit&1), could serve as a structural
retinyl palmitate can be hydrolyzed in vitro by pancreatic pyigge between lipoproteins and cell-surface heparin sulfate
lipase, but its activity in vivo as a retinyl esterase would be proteoglycans and thereby affect the clearance and plasma
severely inhibited by the millimolar concentrations of bile |oyels of lipoproteins. Nonetheless, despite the use of
acids usually present in the intestib). Ong and colleagues  itferent diets to alter plasma lipid and lipoprotein levels
(20) have found two kinds of retinyl esterase activities on (Table 1), there were no differences in the results that were
the brush border membrane of rat small intestine. One wasq|ated to the CEL status of the mice. In addition despite
derived from the pancreas and preferentially hydrolyzed jis activity as a cholesteryl ester hydrolase and lysophos-
short-chain (i.e., not palmitate) retinyl esters in the presenceppolipase $2), the fraction of total cholesterol that was
of trihydroxy bile acids; it was presumed to be CE20}.  ponesterified and the plasma levels of lysoPC were compa-
The other activity was intrinsic to the brush border membrane 5pe among the animal groups (Table 2 and Results). One
and preferentially hydrolyzed long-chain retinyl esters, and jyhortant possibility to explain these results is that wild-
its activity was stimulated by trihydroxy andnlike CEL, type mice, in contrast to many other mammals, appear to
dihydroxy bile salts 46). , . have naturally low plasma levels of CEL activity (Results);
Whether thg hydrolysis of RE and CE in thg CELKO mice compared to rat plasmal) they are<5%. Thus, further
was accomplished by one of these candidates or otherpeqction of the plasma CEL activity in the KO mouse would
activities remains to b(_e determined; the data in this report 1ot pe not likely to result in perceptible consequences, which
clearly support the existence of non-CEL enzyme(s) that js \yhat we observed. Overall, our data suggest that in the

hydrolyze(s) dietary RE in mice. At least one of these \yjid-type mouse, CEL has no significant effects on plasma
activities may be of pancreatic origin, as will be presented |ipoprotein levels or composition.

in the companion paper [van Bennekum et aM)J.

(C) Triglyceride AbsorptionAnother in vitro hydrolytic
activity of CEL is the bile salt-stimulated hydrolysis of
triglyceride. It has been hypothesized that CEL can have a
significant role in the processing in vivo of dietary triglyc-
eride (). In a number of mammalian species, including
humans, the high content of CEL in breast milk is thought
to supplement the relatively low level of triglyceride lipase
activity in the secretions of the immature pancreas of the
neonate 12, 13). Nonetheless, there was no evidence for an
important role of CEL in dietary triglyceride processing, as
judged by the comparable absorption of triglyceride (Figure

3) and weight gain in the CELKO and WT mice. The latter mouse, however, implies the existence of additional digestive

finding indicates that there was no fat malabsorption in the L . .
. . o nzym that can function in rol reviously attributed t
neonatal period, despite a lack of CEL in either the breast © E/ e(s) that can functio oles previously attributed to

milk of CELKO mothers or the pancreatic secretions of
CELKO neonates. ACKNOWLEDGMENT
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