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Abstract Carboxyl ester lipase (CEL), previously named
cholesterol esterase or bile salt-stimulated (or dependent)
lipase, is a lipolytic enzyme capable of hydrolyzing choles-
teryl esters, tri-, di-, and mono-acylglycerols, phospholipids,
lysophospholipids, and ceramide. The active site catalytic
triad of serine-histidine-aspartate is centrally located within
the enzyme structure and is partially covered by a surface
loop. The carboxyl terminus of the protein regulates enzy-
matic activity by forming hydrogen bonds with the surface
loop to partially shield the active site. Bile salt binding to
the loop domain frees the active site for accessibility by wa-
ter-insoluble substrates. CEL is synthesized primarily in the
pancreas and lactating mammary gland, but the enzyme is
also expressed in liver, macrophages, and in the vessel wall.
In the gastrointestinal tract, CEL serves as a compensatory
protein to other lipolytic enzymes for complete digestion
and absorption of lipid nutrients. Importantly, CEL also
participates in chylomicron assembly and secretion, in a
mechanism mediated through its ceramide hydrolytic activ-
ity. Cell culture studies suggest a role for CEL in lipoprotein
metabolism and oxidized LDL-induced atherosclerosis.fl
Thus, this enzyme, which has a wide substrate reactivity and
diffuse anatomic distribution, may have multiple functions
in lipid and lipoprotein metabolism, and atherosclerosis.—
Hui, D. Y,, and P. N. Howles. Carboxyl ester lipase: struc-
ture-function relationship and physiological role in lipopro-
tein metabolism and atherosclerosis. J. Lipid Res. 2002. 43:
2017-2030.
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Carboxyl ester lipase (CEL), previously named pancre-
atic cholesterol esterase and also known as bile salt-stimu-
lated (or -dependent) lipase, is a nonspecific lipolytic en-
zyme capable of hydrolyzing cholesteryl esters, tri-, di-,
and mono-acylglycerols, phospholipids, lysophospholip-
ids, and ceramide (1-3). The hydrolysis of water-insoluble
carboxyl esters with long chain fatty acyl groups by CEL
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requires its activation by bile salt. However, CEL hydrolysis
of water-soluble substrates such as carboxyl esters with
short chain fatty acids or lysophospholipids does not have
an absolute dependence on bile salt activation. The CEL
protein is synthesized primarily in the pancreatic acinar
cells and lactating mammary glands of higher mammals.
Small amounts of CEL are found in other tissues, particu-
larly the liver, macrophages, endothelial cells, and eosino-
phils (4-10). Extensive research has been performed in
recent years on the structure-function relationship of this
protein as well as its physiological role in lipid metabo-
lism. A significant body of work has also been devoted to
studying CEL processing and transport in pancreatic aci-
nar cells. The latter topic was reviewed recently (11) and
will be discussed only briefly in this article when appropri-
ate. This article will present an updated review on the
structure-function studies of CEL as well as an in-depth
discussion on the current understanding of its role in
lipid metabolism.

PROTEIN STRUCTURE-FUNCTION RELATIONSHIP

Active site

The nucleotide sequence of CEL from various species
shows that it is a highly conserved protein belonging to
the o/ hydrolase family. The carboxyl ester hydrolytic ac-
tivity is conferred through a catalytic triad with Ser-His-
Asp, forming a charge relay network for substrate hydroly-
sis. The serine residue at position 194 is responsible for
initiating nucleophilic attack on the substrate carboxyl es-
ter bond (12), with histidine-435 participating in an acid-
base catalysis reaction on the substrate carbonyl to form
an acyl-enzyme intermediate (13-15). The aspartic acid

Abbreviations: CEL, carboxyl ester lipase; lysoPC, lysophosphati-
dylcholine; PTL, pancreatic triglyceride lipase.
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at position 320 constitutes the third component of the
catalytic triad and provides a better acid-base reaction
through modulation of the reaction pK, (15, 16). The
CEL protein is also capable of hydrolyzing lipoamides
(17) and releasing fatty acid from ceramide (18, 19). In-
terestingly, the lipoamidase activity of CEL is dependent
on a functional serine-194, but not histidine-435 (17).
Thus, the precise mechanism by which CEL hydrolyzes
ceramide and other lipid amides remains to be deter-
mined.

X-ray crystal structure

Recent X-ray crystallography data have provided addi-
tional insights into the protein structure of CEL. A trun-
cated bovine CEL lacking the proline-rich repeating units
at the carboxy-terminus was shown at 0.28 nm resolution
to be a protein with 13 B-strands and 14 o-helices (20).
However, a full-length bovine CEL structure resolved at
0.16 nm resolution indicated a protein with 11 B-strands
and 15 o-helices (21). The X-ray crystal structure of a
truncated human CEL showed that this protein is built
around a core comprised of strongly twisted 11-stranded
B-sheets, with a smaller three-stranded B-sheet found at
the amino-terminus (22). All crystal structure data showed
that the active site triad of CEL is centrally located within
the enzyme, similar to that observed in other lipases and
esterases. The difference between CEL and other serine
esterases is restricted to the polypeptide segments con-
necting the conserved B-strands of the structural scaffold
(22). The CEL protein has an apparent insertion at posi-
tions 115-126, acts as a surface loop that sits on top of the
opening to the catalytic triad. This active site loop is dis-
tinctly different from the lid structure that covers the ac-
tive sites of other lipases. The lid structure of these latter
enzymes protects the hydrophobic surface surrounding
the active site from the aqueous environment, and its dis-
placement is required for maximal enzyme activity at the
water-lipid interface (23). In contrast, the surface loop of
the truncated CEL is mobile and assumes an open confor-
mation even in the absence of a lipid phase (22). Accord-
ingly, the active site of truncated CEL is in a predomi-
nantly open and solvent-exposed conformation, allowing
direct access to water-soluble substrates. However, full-
length glycosylated forms of CEL may have the loop in a
closed conformation that restricts substrate access through
this pocket. Another hydrophobic patch that is exposed to
solvent includes tryptophan-103, tyrosine-105, leucine-
124, tryptophan-227, leucine-282, valine-285, isoleucine-
323, phenylalanine-324, leucine-392, phenylalanine-393,
isoleucine-439, and phenylalanine-443 (22). This region
may allow access to the active site by water-soluble sub-
strates.

Bile salt binding

The hydrolysis of water-insoluble substrates by CEL re-
quires bile salt containing 3a,7a-hydroxy groups (e.g.,
cholate or chenodeoxycholate and their conjugates) (24).
Chemical modification studies showed that arginine resi-
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dues in CEL are important for its interaction with bile salt
(25, 26). However, the x-ray crystal structure of bovine
CEL-taurocholate complex demonstrated CEL-bile salt in-
teraction but failed to identify the arginine residues in-
volved (20). Interestingly, X-ray crystallography of trun-
cated human CEL in the presence of the bile salt analog
CHAPS failed to detect CEL-bile salt interaction (22). The
latter result suggests that deletion of the proline-rich re-
peats may compromise the ability of CEL to interact with
bile salt.

In an effort to identify the bile salt interacting site in
CEL, our laboratory utilized a mutagenesis approach to
explore whether arginine-63 and arginine-423 participate
in this process. These amino acid residues were high-
lighted previously as possible bile salt binding sites by
computer modeling analysis of the CEL structure (27).
Our results showed that mutagenesis of arginine-63 and
arginine-423 to alanine and glycine, respectively, signifi-
cantly reduced the bile salt stimulated cholesteryl ester hy-
drolytic activity of CEL (28). Importantly, these mutations
did not affect the bile saltindependent lysophospholipid
hydrolytic activity of CEL (28). Therefore, although argi-
nine-63 and arginine-423 are not directly involved with
the catalytic site of CEL, these residues are important for
modulating bile salt activation of CEL. Moreover, the
R63A and R423G mutant forms of CEL were similar to na-
tive CEL in monomeric bile saltinduced changes in circular
dichroism spectra (28, 29). Thus, arginine-63 and arginine-
423 residues are not involved with CEL interaction with
monomeric bile salt. It is likely that the decreased hydro-
Iytic activity of the arginine-63 and arginine-423 mutants is
due to alterations in the positive-charged domains neces-
sary for CEL interaction with negatively charged micelles
carrying the cholesteryl ester substrate. This hypothesis is
consistent with the crystal structure data of the bovine
CEL (20), which shows that arginine-63 and arginine-423
are key residues forming the two parallel rows of posi-
tively-charged residues near the active site domain of CEL.

One interesting observation made during characteriza-
tion of the arginine-63 and arginine-423 mutants is that
they have increased hydrolytic activity against water-solu-
ble substrates over the native enzyme (28). As discussed
above, the surface loop in full length CEL may serve as a
partial lid in limiting substrate accessibility to the active
site. Thus, one potential explanation for the increased li-
polytic activity of the arginine mutants is that the muta-
tions resulted in subtle changes in protein conformation,
favoring increased accessibility of the active site to water-
soluble substrates. This hypothesis is supported by the
crystal structure of the bovine CEL; in the absence of bile
salt, the carboxy-terminus is lodged in the active site of the
enzyme (21). Computer modeling of the domain struc-
ture surrounding the loop and the partial lid domains of
CEL showed that arginine-63 is hydrogen-bonded to
serine-121 (lysine in the rat sequence), which holds the
loop/lid in place and forces the neighboring methionine-
111 to form a hydrogen bond with the carboxy-terminus,
lodging it within the active site (28). The binding of micel-
lar bile salt to the loop domain of CEL would disrupt the
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hydrogen bonding between arginine-63 and serine-121,
causing the loop to peel back and the carboxy-terminus to
be freed from the active site. This allows for substrate ac-
cess to the hydrophobic pocket. Mutation in arginine-63
abolishes micellar bile salt binding, resulting in an en-
zyme that is not activated by bile salt. However, arginine-
63 mutation also disrupts hydrogen bonding between resi-
dues 63 and 121, partially freeing the carboxy terminus
from the active site domain and producing an enzyme
with increased bile salt-independent activity. Arginine-423,
which is located in close proximity to the active site
groove, may serve a similar purpose. Its mutation to a neu-
tral amino acid residue is also expected to abolish hydro-
gen bonding patterns resulting in peeling back of the
loop domain and freeing the C-terminus from the active
site domain (28). A ribbon diagram depicting the CEL
structure in the absence or presence of bile salt is shown
in Fig. 1. The crystal structure of the human enzyme,
which identifies a residue in close proximity to arginine-
423 (lysine-429), near the edge of a large concave surface
opposite the active site domain (22) is consistent with this
model.

Proline-rich repeats

The recent data demonstrating the participation of the
carboxyl terminal domain of CEL in modulating its enzy-
matic activity is potentially of importance considering that
this is the least conserved domain among CEL from vari-
ous species (3). The human enzyme is the largest in the
group, and is highly polymorphic with molecular weights
ranging from 120- to 140-kDa. The rat, mouse, bovine,
and rabbit CEL are considerably smaller with an approxi-
mate molecular weight of 74 kDa. The difference in size
among the various CEL can be attributed to the different
number of proline-rich repeating units at the carboxyl ter-
minus of the protein. The prototype human CEL contains
16 repeating units with the consensus sequence of PVP-
PPTDDSQ (30). The rat, mouse, bovine, and rabbit en-
zymes contain four, three, and two such repeating se-
quences. Importantly, variant forms of human CEL with 3,
6, 16, and 28 proline-rich repeating units have been re-
ported (31, 32). The variant CELs are not rare mutations
but the polymorphisms are widely distributed among the
population (31, 32). In one study of 295 healthy subjects,
only 44% of the subjects were found to be homozygous for
the CEL gene with 16 proline rich repeats, and 56% of the
individuals carry at least one polymorphic form of the
CEL (32). Whether the number of proline-rich repeating
units can dictate CEL activity, particularly against water-
soluble substrates, has not been determined. Interestingly,
these proline-rich repeats are the site of O-glycosylation
and are important for maintaining protein stability (33).
Thus, the number of proline-rich repeats in CEL may also
be important for intracellular processing of the enzyme
prior to its secretion, as well as in determining its stability
after its secretion into an aqueous environment. Accord-
ingly, polymorphisms in the number of proline-rich re-
peating units may also dictate the amount of protein be-
ing produced. Considering the increasing evidence for

the presence of CEL in anatomic sites with minimal bile
salt (see below for discussion), the physiological signifi-
cance of the CEL polymorphism needs to be addressed.

CARBOXYL ESTER LIPASE GENE STRUCTURE
AND EXPRESSION

Gene structure

Structural organization of the human, rat, and mouse
carboxyl ester lipase gene is well conserved with 11 exons
interrupted by 10 introns (3). Each exon delineates a key
structural and/or functional domain of the carboxyl ester
lipase protein. For example, exon 1 encodes the signal
peptide sequence of the protein. Exon 3 contains the first
intramolecular cysteine crosslink, whereas the second in-
tramolecular cysteine crosslink is encoded in exon 7 of
the carboxyl ester lipase gene. The active site triad of
serine-194, histidine-435, and aspartic acid-320 are en-
coded within exons 5, 8, and 10, respectively. The surface
loop that partially covers the active site groove is encoded
by sequence within exon 4. The least conserved exon
among the carboxyl ester lipase genes of various species is
exon 11, which encodes the O-glycosylation domain and
the proline-rich repeating units at the carboxy-terminus of
the protein. The major difference among nucleotide se-
quences in exon 11 is the number of proline-rich repeat-
ing units. As discussed previously, the rat and mouse car-
boxyl ester lipase genes encode proteins with four and
three proline-rich repeating units, respectively. In con-
trast, the human gene is highly polymorphic, with the
most common allele encoding a protein with 16 proline-
rich repeats. The high frequency of polymorphism is due
to the presence of a hypervariable region in the 3’-end of
the gene (34). The 5’-flanking sequence of the CEL gene
contains the classical TATA and CCAAT elements impli-
cated in tissue-specific expression of the gene (35). The
upstream sequence also contains consensus sequence for
AP1, AP2, and SP1 binding sites. In addition, putative ste-
rol, glucocorticoid, and acute phase response elements
can also be identified in the regulatory region of the CEL
gene (35). However, whether these cis acting elements
function in regulation of CEL gene expression has yet to
be determined. Thus, additional studies aimed at deter-
mining the functional significance of these regulatory do-
mains are warranted. Results from these studies will shed
additional light into the role of CEL in physiology and
pathophysiology.

Gene expression

The major tissue for CEL biosynthesis is the pancreas.
Its expression is low in immature animals and increases
during the maturation of the pancreas (36). The CEL
gene is also expressed at high level in lactating mammary
glands (37-40). The mammary-derived CEL is found in
abundance in milk and is postulated to substitute for the
pancreatic enzyme in aiding nutrient digestion and ab-
sorption in newborns prior to the maturation of the pan-
creas (see below). The expression of the CEL gene in exo-
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Fig. 1. Ribbon diagram of the carboxyl ester lipase (CEL) model in the absence (A) or presence (B) of taurocholate. The magenta color
denotes the hairpin loop; cyan highlights the Arg® residue, orange highlights the Arg*?® residue; Met!!! is highlighted in blue; red color
outlines the C-terminal residues; and yellow color depicts a taurocholate molecule. (Reproduced from Reference 28, and used by permis-
sion of the American Society for Biochemistry and Molecular Biology.)

crine pancreas of rodents is dependent on pancreatic
transcription factor 1 (PTF-1) interaction with specific
PTF-1 binding site in the 5'-promoter region of the CEL
gene (40, 41). The effect of PTF-1 binding to this site on
rodent CEL gene expression is further augmented by
PTF-1 binding to a more distal PTF-1 binding site and by a
factor that binds to the mouse distal promoter element
mDPE (41). The human CEL gene also contains the es-
sential PTF-1 binding element located at a position cor-
responding to the essential PTF-1 site in the mouse
promoter. However, PTF-1 does not interact with this pro-
moter sequence in the human CEL gene (41). The differ-
ence is due to the presence of an overlapping CCAAT/
enhancer-binding protein (C/EBP)-like binding motif in
the human gene sequence that interferes with PTF-1
binding to the same site (41). High-level expression of
the human CEL gene in the pancreas is achieved by an-
other pancreasspecific enhancer element found in the 5'-
upstream sequence of the CEL gene (42).

Regulatory elements responsible for CEL expression in
other tissues are less well characterized. As discussed pre-
viously, CEL is highly expressed in lactating mammary
glands of most species, except cows and rats. A tissue-spe-
cific mammary gland factor recognition sequence has
been identified in the 5’-upstream region of the human
gene (43). In addition, an 11-bp sequence that is present
in the promoter region of other milk protein genes is also
present in the regulatory region of the human CEL gene
(43-45). Whether these consensus sequences play a role
in CEL expression in lactating mammary glands remains
to be determined.

The CEL gene is also expressed at low levels in liver and
in human macrophages. Experiments with reporter gene
constructs transfected into HepG2 cells showed that 5'-
flanking sequence spanning nucleotides —10 to -930 is
required for hepatic CEL expression (35). Human macro-
phage expression of the CEL gene requires the interac-
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tion of upstream stimulatory factors (USF) 1 and 2 with an
E-box domain located at —47 to —52 of the human CEL
gene (46). However, while the E-box motif is necessary
for transcriptional activity in human monocyte/macro-
phages, this motif cannot independently induce CEL
gene transcription and an additional nuclear receptor
binding site at —60 to —66 is required (46). Interestingly,
the E-box sequence is apparently also important for CEL
expression in pancreas and in mammary glands (46), al-
though additional tissue specific elements are also required
for CEL expression in these tissues. The macrophage-
specific transcription factor that works with E-box binding
proteins in promoting CEL expression in this cell type has
yet to be identified.

DIETARY LIPID ABSORPTION

The role of CEL in dietary fat and cholesterol absorption
has been an enigma for nearly four decades. While cell cul-
ture and other in vitro studies have thoroughly defined the
potential functions of CEL in the digestion and intestinal
absorption of cholesteryl ester, phospholipid, and triglycer-
ide (47-49), only its cholesteryl ester hydrolytic activity is
unique to this enzyme in the digestive tract. Phospholipid
hydrolysis in the intestinal lumen can also be accomplished
by group 1B phospholipase Ay secreted by the pancreas,
and triglyceride hydrolysis is usually attributed to pancre-
atic triglyceride lipase (PTL). Thus, it is difficult to know if
CEL or these other enzymes plays the primary role in each
digestive process or if CEL provides only supplemental or
compensatory lipolytic capacity in the digestive tract.
Mackay et al. have suggested that CEL works with phospho-
lipase Ay in promoting optimal intestinal cholesterol ab-
sorption from vesicular substrates (50). However, demon-
strating the physiological significance of CEL in the
absorption of any of these lipid nutrients is a difficult task.
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Animal models have been utilized to explore the function
of CEL in the digestive tract. Unfortunately, each model
also has its unique set of advantages and limitations. The
fact that the jury is still out on this issue despite years of re-
search, which continues today, underscores the difficulties
as well as the importance of such experiments. In this sec-
tion, we begin with a brief overview of lipid digestion and
absorption and chylomicron production. Thereafter, we
present the evidence for and against a role for CEL in the
absorption of each class of dietary lipids and end with our
most recent findings and current understanding of how
CEL may influence dietary lipid metabolism.

Overview

Lipid digestion begins in the stomach where the action
of preduodenal lipase hydrolyzes up to 30% of ingested
triglycerides into diglycerides and free fatty acids before
delivery to the duodenum (51, 52). In the duodenum,
partially digested lipid mixes with pancreatic and biliary
secretions, which are essential to its further digestion and
absorption. The pancreas produces an abundance of vari-
ous lipases, including CEL, that together are capable of
hydrolyzing all the dietary lipids to free fatty acids and
glycerol, cholesterol, and glycerophosphocholine. The de-
tergent properties of bile acids provide micelles for the
solubilization of these lipids and their digestive products.
The various digestive products transported in bile salt mi-
celles are readily absorbed by enterocytes. The extent to
which absorption is facilitated by specific transporters or
occurs by diffusion is an ongoing debate. Discussion of
this latter topic is beyond the scope of the current review.

In the enterocytes, triglycerides are resynthesized from
fatty acids and monoglycerides or glycerol in the smooth
endoplasmic reticulum (53, 54). Chylomicron assembly be-
gins in the rough endoplasmic reticulum with the synthesis
and initial lipidation of apolipoprotein B (apoB) (55). This
process requires the participation of microsomal triglyc-
eride transfer protein (56, 57). The core of these initial
particles is enlarged by the addition of triglycerides and
cholesteryl esters in the smooth endoplasmic reticulum. Pre-
chylomicron particles are then transported from the endo-
plasmic reticulum to the c¢isGolgi by an energy dependent
mechanism that is not yet well understood (54). In the
Golgi complex, the neutral lipid core is enlarged with addi-
tional triglyceride and cholesteryl esters. ApoA-IV, apoC-II,
and apoA-I are also added to the surface as the particle en-
larges. Secretory vesicles containing from one to several
mature chylomicrons bud from the transGolgi and migrate
to the basolateral regions of the enterocyte where they fuse
with plasma membrane and release their contents into in-
testinal lacteals. Chylomicrons are transported by the intes-
tinal lymph into the thoracic duct, which finally empties
into the right subclavian vein. During circulation, core tri-
glycerides are hydrolyzed by lipoprotein lipase in various
tissues and the liberated fatty acids are used for immediate
energy needs or are stored as triglycerides in adipose tissue.
The chylomicron remnant particles acquire apokE in the cir-
culation and are removed from the plasma by receptors on
hepatocytes that recognize apoE (58).

The role of CEL in lipid digestion and absorption is im-
plicated by its abundance in the gastrointestinal tract.
This enzyme constitutes up to 5% of the protein in pan-
creatic juice (1, 2). The abundance of CEL along the in-
testinal tract decreases in a proximal to distal gradient
with very small amount of CEL present in the terminal il-
eum (59, 60). The CEL present in the intestinal lumen is
attached to the brush border of enterocytes via its heparin
binding domain (61). There is a growing body of data in-
dicating that pancreatic CEL may also be taken up by en-
terocytes as an intact protein. The latter observation was
made originally by Gallo et al. (62) based on immunocy-
tochemistry of rat intestine. These results have now been
corroborated by others in later studies (63, 64). The CEL
found intracellularly in intestine is most likely derived
from pancreas since CEL is not expressed in the intestine
(65, 66). A recent report suggested that the pancreatic
CEL is taken up by enterocytes in association with the
chaperone protein Grp94 through an endocytic pathway
(66). In differentiated Int407 cells, the endocytosed CEL
passed through the Golgi complex and was secreted as an
intact protein through the basolateral membrane (64).
Whether CEL is transcytosed through the basolateral side
of the intestine and carried by the lymph into circulation
has not been examined. Nevertheless, the location of CEL
in the gastrointestinal tract is consistent with its participa-
tion in dietary lipid digestion and absorption, and poten-
tially also in the intracellular processing of the digested
lipids during chylomicron assembly and secretion. The ev-
idence for and against each of these possible functions is
discussed below.

Triglyceride absorption

The one function of CEL that is not disputed is that of
milk-fat digestion in infants. As discussed previously, CEL
is synthesized and secreted in abundance by lactating
mammary glands of most mammalian species. In this re-
gard, the CEL present in milk is probably more important
than the CEL secreted by the pancreas in milk-fat diges-
tion. It has been shown previously that CEL is not in-
activated during passage through the stomach in the
neonates (67-70), suggesting that this enzyme may be
functional in the intestinal lumen and participates in lipid
digestion prior to the maturation of the pancreas. Evi-
dence in support of this hypothesis comes from both hu-
man and animal studies. In low birth-weight human
infants, fat absorption increased up to 40% with concomi-
tant increased weight gain when they were fed raw breast
milk or formula supplemented with breast milk contain-
ing CEL as opposed to boiled milk or formula without
breast milk supplementation (71, 72). Fat excretion also
decreased by 50% in low birth-weight infants when fed the
diets containing CEL. Kittens were also found to gain 50%
less weight when fed a formula without CEL instead of
nursed littermates or littermates fed CEL-supplemented
formula (73). In our studies with CEL-null mice, we found
that pups nursed by CEL-null dams contained large
amounts of tri-, di-, and mono-glycerides in their colon
contents while none was detectable in pups nursed by
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control dams (74). Moreover, the lack of CEL in the diges-
tive tract not only led to nutritional deficit in neonates,
but evidence suggests that the undigested lipid is injurious
to the intestinal epithelium of these mice, especially in the
ileum (75-79). Taken together, these results suggest the
importance of CEL in caring for premature and low birth-
weight infants, who typically have poor gastrointestinal
function and are prone to inflammatory diseases of the
bowel (80-83). The physiological significance for the lack
of CEL in rat and cow milk has not been determined.

A role for CEL in triglyceride digestion and absorption
in the adults is less clear. Although CEL is an abundant
enzyme in the pancreatic juice of adults, PTL is believed
to play the primary role in this process (84). Current stud-
ies with CEL-null mice suggested that CEL plays only a
compensatory or supplementary role in triglyceride diges-
tion (unpublished observations). It is important to note,
however, that CEL may be important for digesting glycero-
lipids containing long chain polyenoic fatty acids. A num-
ber of laboratories have demonstrated that PTL has lim-
ited capacity to hydrolyze these lipids while CEL readily
digests them to free fatty acids and glycerol (85-88). A
direct test of the relative importance of CEL and PTL in
digestion of specific glycerolipids as well as general triglyc-
eride digestion and absorption awaits comparison of CEL-
and PTL-knockout mice with respect to these functions.

An often ignored CEL activity is its ability to hydrolyze
monoacylglycerols. While current dogma holds that mono-
acylglycerols are absorbed directly by the mucosa via pas-
sive diffusion, this tenet is based at least partly on the ob-
servation that PTL digests triglycerides only to fatty acids
and 2-monoacylglycerol. CEL is required for the complete
digestion of the glycerol lipids to fatty acids and glycerol
(85-88). For adults, the physiological significance of this
activity is unclear, but it is worth noting that approxi-
mately 40% of 2-monoacylglycerols are reduced to fatty
acid plus glycerol prior to their absorption by the intestine
(89). In neonates, digestion of the monoglycerols may be
relatively important for absorption since pups nursed by
CEL-null dams have significant amounts of monoacylglyc-
erol in their fecal material (74). How the absence of this
activity affects the rate of lipid absorption or the process
of chylomicron assembly and secretion in adults remains
to be determined.

Cholesterol absorption

The role of CEL in intestinal cholesterol absorption has
been debated for nearly 40 years. Its importance in the di-
gestion and absorption of cholesteryl esters was directly
demonstrated several years ago by analysis of CEL knock-
out mice, which showed that intestinal absorption of di-
etary cholesteryl oleate was reduced by >60% in the ab-
sence of CEL (90). These results were later confirmed by
another laboratory using independently generated CEL
knockout mice (91). Both of these studies revealed that
the lack of CEL has no influence on intestinal absorption
of unesterified cholesterol from a single bolus meal (90,
91). Since both dietary cholesterol and cholesterol in the
bile are predominantly unesterified, the importance of
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CEL in intestinal cholesterol absorption is not obvious. In
a follow-up study, we used a lymph fistula model to com-
pare the rate of cholesterol absorption between wild type
and CEL-null mice. Results from these studies showed
that the lack of CEL also had no influence on the rate of
transport from the intestinal lumen to the lymph (19).
Taken together, these results suggest that CEL in the di-
gestive tract is not involved in regulating the amount or
the rate of cholesterol absorbed by the intestine.

One must be circumspect, however, before casting aside
a body of evidence that suggest a functional role of CEL
with respect to cholesterol absorption. Were there differ-
ences in experimental conditions that can account for
conflicting results? Is it also possible that the different
conditions used in each experiment reflect different phys-
iological states, thus yielding different information re-
garding the role of CEL in cholesterol absorption? In pre-
vious studies, cholesterol absorption was shown to be
reduced by 80% when pancreas and bile diverted rats
were supplied with bile and pancreatic juice from which
CEL had been removed, in comparison to rats given bile
and pancreatic juice containing normal amounts of the
enzyme (92). These results were supported by studies in
which the CEL-specific inhibitors WAY-121,751 and WAY-
121,898 were shown to inhibit cholesterol absorption in
both rats and dogs (93) and reduced serum cholesterol
level in cholesterol-fed rats (94). In contrast to these re-
sults, Watt and Simmonds showed that intestinal choles-
terol absorption has no requirement for pancreatic juice
(95). It is possible that the CEL may be retained on the
microvillus of intestine after pancreatic diversion and this
may account for the difference between the latter studies
with results of Gallo and her colleagues (92).

The in vitro cell culture studies also yielded controver-
sial results regarding the role of CEL in cholesterol trans-
port in intestinal cells. We have previously shown that CEL
has direct cholesterol binding and transfer activities (96).
This observation together with the well-documented hep-
arin binding properties of CEL has led to the hypothesis
that CEL may directly facilitate cholesterol uptake by cells
at the cell surface (61). This hypothesis is consistent with
results reported by Lopez-Candales et al. (48) showing a
4-fold increase in cholesterol uptake by Caco-2 cells when
CEL was included in the incubation medium. However,
our laboratory did not detect any effect of CEL on Caco-2
uptake of unesterified cholesterol, and our results showed
that CEL only facilitated cellular uptake of esterified cho-
lesterol (47). The results obtained by Shamir and col-
leagues were similar to those made in our laboratory (49).

The discrepancy between results of these studies were
partially resolved by recent experiments examining the
role of CEL in combination with phospholipase Ay in in-
testinal cholesterol absorption. In these studies, absorp-
tion of micellar cholesterol by Caco-2 cells was inhibited
by incorporation of phospholipid in the micelles (50, 97).
The Ikeda study also showed that CEL facilitated choles-
terol absorption in bile and pancreatic juice-diverted rats
when the substrate was presented in a phospholipid-rich
vesicle (97). A careful comparison of both the in vivo and
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in vitro data suggested that the amount and physical state
(lipid emulsion versus micelles versus vesicles) of the in-
fused cholesterol significantly impacts the apparent con-
tribution of CEL in cholesterol absorption. The sum of all
the available data to date indicates that CEL has no direct
role in absorption of unesterified cholesterol under nor-
mal conditions. However, this enzyme serves an important
compensatory or supplementary role in providing suffi-
cient lipolytic enzyme activities for complete triglyceride
and phospholipid hydrolysis, which are required for opti-
mal absorption of cholesterol (50, 98).

Phospholipid digestion and absorption

Phospholipid hydrolysis in the intestinal lumen is
thought to be mediated primarily by the group 1B phos-
pholipase Ay secreted by the pancreas (84). Since CEL
also has avid phospholipase activity (1), this enzyme may
also participate in phospholipid digestion in the intestinal
lumen. As discussed above, Ikeda et al. (97) showed that
CEL facilitated cholesterol absorption in bile and pancre-
atic juice-diverted rats when the substrate was presented
in a phospholipid-rich vesicle. Their study revealed that
the mechanism is related to CEL-catalyzed phospholipid
hydrolysis. An important clue demonstrating the presence
of alternative enzyme(s), other than the group 1B phos-
pholipase Ay, capable of phospholipid digestion in the in-
testinal lumen was obtained by comparing dietary phos-
pholipid hydrolysis and absorption between wild type and
phospholipase Ay knockout mice. These studies revealed
that phospholipid digestion and intestinal absorption was
similar between animals with or without a functional
group 1B phospholipase Ay gene (99). Whereas other in-
testinal phospholipases, particularly the intestinal phos-
pholipase B (100-102), may account for the intestinal
phospholipase activity in the absence of the pancreatic
phospholipase Ay, expression of the phospholipase B en-
zyme is limited to the distal small intestine and one would
expect a delayed phospholipid absorption if this is the
compensatory enzyme for phospholipid hydrolysis. The
fact that no delay in phospholipid absorption was ob-
served in the phospholipase Ay-knockout mice is consis-
tent with the hypothesis that the phospholipase activity of
CEL, which is present in the proximal intestine, is suffi-
cient to facilitate phospholipid digestion and absorption
in the absence of phospholipase Ay.

In addition to a possible role for CEL as a compensa-
tory enzyme for phospholipase Ay in intestinal phospho-
lipid digestion, the lysophospholipase activity of CEL may
also be important in limiting the concentration of this
phospholipid digestive product in the intestinal lumen. It
is interesting to note that the activity of phospholipase Ay
is usually elevated in the intestinal epithelia of patients
with inflammatory bowel disease. Importantly, the in-
creased bacterial translocation and decreased transepithe-
lial electrical resistance in the intestine of these patients
are attributed to elevated concentration of lysophospho-
lipids (103). Since CEL is the only enzyme secreted by the
pancreas that is capable of lysophospholipid hydrolysis in
the intestinal lumen (1), this protein may function to pro-

tect the intestinal epithelia through hydrolysis of lysophos-
pholipids. Additional studies are warranted to test this hy-
pothesis.

Vitamin absorption

The importance of CEL in facilitating intestinal absorp-
tion of fatsoluble vitamins, especially vitamins A and E,
has also been debated. Most dietary vitamin E is in the
form of tocopherol that does not require any lipolytic pro-
cessing before absorption. Vitamin A, however, is often es-
terified in natural diets and in dietary supplements as reti-
nyl palmitate and retinyl acetate, respectively, and must be
hydrolyzed to fatty acid and retinol prior to absorption.
For nursing infants, the primary source of vitamin A is the
retinyl palmitate in breast milk. Since CEL is the major li-
pase in neonates (see discussion above), this enzyme
serves a primary role in neonatal vitamin absorption. As
shown in mouse pups nursed by CEL-null dams, hepatic
stores of vitamin A were reduced by ~50% in the absence
of milk CEL as compared to pups nursed by control dams
(104). This deficit persisted into the second week of life
until the pancreas begins to secrete sufficient amounts of
endogenous lipase for digestion of milkfat and the associ-
ated retinyl ester.

The role of CEL in vitamin absorption in adults is less
clear. The possible importance of CEL was first suggested
by Fernandez and Borgstrom (105), who showed that tet-
rahydrolipstatin dramatically reduced retinyl ester absorp-
tion in adult rats even when the vitamin was supplied in
mixed micelles with bile salts, free fatty acids, and mono-
acylglycerol. Since tetrahydrolipstatin inhibits PTL as well
as CEL, these results did not conclusively demonstrate the
participation of CEL in vitamin absorption. In fact, earlier
studies suggested that the PTL has retinyl ester hydrolytic
activity (106). A third enzyme with the potential to con-
tribute to vitamin A ester digestion and absorption is the
intestinal phospholipase B. Rigtrup and Ong demon-
strated that both CEL and phospholipase B are potent ret-
inyl ester hydrolases and can be distinguished by their
location either proximally or distally in the intestine, re-
spectively (59, 60). Our own studies with CEL knockout
mice indicated that CEL contributes ~50% of the retinyl
ester hydrolytic activity in pancreatic extracts (104). Thus,
any one of these three enzymes can potentially facilitate
sufficient vitamin A absorption to maintain normal circu-
lating levels and hepatic stores. One study with CEL
knockout mice showed no difference in retinyl palmitate
absorption between control and CEL-null mice (91),
whereas another study showed that CEL-null mice ab-
sorbed 40% less retinyl palmitate than their control coun-
terparts (104). Thus, as with digestion and absorption of
other lipid nutrients, it is likely that CEL provides supple-
mentary or compensatory activity in vitamin absorption in
adults.

Chylomicron assembly and secretion

Aside from serving a compensatory or supplementary
role to other lipolytic enzymes in the digestive tract, the
physiological importance of CEL in lipid absorption re-
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Fig. 2. Size distribution of lymph lipoproteins from control and CEL-null mice. Lymph was collected from
CEL*/* (Aand C) and CEL™/~ (B and D) lymph fistula mice 4 h after the onset of duodenal lipid infusion.
The samples were adhered to 300-mesh formvar grids, and stained with either 1% phosphotungstic acid, pH
6.9 (A), or dual stained with 4% osmium tetroxide and 1% phosphotungstic acid in 0.1% sucrose (B). Mag-
nification = 40,000X with the bars indicating 200 nm in length. Approximately 300-400 particles were
counted from representative micrographs and collective results are shown for lipoprotein particle size in
CEL*/* (C) and CEL™/~ (D) mice. (Reproduced from Reference 19, and used by permission of the Ameri-

can Society for Biochemistry and Molecular Biology.)

mains poorly understood. Accordingly, our laboratories
have recently focused on another enzymatic property of
CEL, i.e., its lipoamidase activity and its ability to hydro-
lysis ceramide (17). This CEL activity is unique among
proteins secreted by the pancreas and found in the intes-
tinal lumen. Thus, the ceramide hydrolytic activity of
CEL may play a significant role in lipid nutrient trans-
port. To examine this possibility, we have compared chy-
lomicron production and secretion in wild-type and CEL
knockout mice. Consistent with results observed previ-
ously, neither the amount nor the rate of cholesterol and
triglyceride absorption was affected by the presence or
absence of CEL in the digestive tract. However, when the
lipoproteins secreted into lymph of control and CEL-
null mice were examined, a dramatic difference in lipo-
protein particle sizes was observed (19). Whereas the
majority of the lipoproteins secreted by control mice af-
ter lipid infusion are the size of chylomicron particles
(>80 nm in diameter), the majority of lipoprotein parti-
cles in the intestinal lymph of CEL knockout mice were
of the size of VLDL, ranging between 30-80 nm in diam-
eter (Fig. 2). The decrease in lipoprotein particle size
was related to decreased ceramidase activity in the proxi-
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mal intestine of CEL-null mice in comparison to wild
type control animals (19).

A direct relationship between the ceramidase activity of
CEL and its ability to modulate intestinal lipoprotein bio-
synthesis was demonstrated in vitro with Caco-2 cells.
When differentiated Caco-2 cells were cultured on tran-
swell membranes and cholesterol transport from micellar
substrates in the apical compartment to lipoproteins se-
creted into the basolateral compartment was measured,
the inclusion of CEL in the apical medium increased cho-
lesterol secretion associated with chylomicron-sized parti-
cles in the basolateral compartment (19). The incubation
of sphingomyelinase, which produces ceramide, instead of
CEL, which hydrolyzes ceramide, resulted in inhibition of
chylomicron assembly and secretion. The latter results
were consistent with those reported previously (107, 108).
Interestingly, the inclusion of CEL in the incubation me-
dium along with sphingomyelinase resulted in optimal
production of chylomicron-sized lipoproteins by the Caco-2
cells (19). Thus, these results provided additional support
to the hypothesis that the ceramidase activity of CEL plays
an important role in intestinal lipoprotein assembly and
transport. However, whether CEL acts intracellularly after
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Fig. 3. Schematic diagram depicting the proposed participation of SMase and CEL in cholesterol transport
in enterocytes. This diagram shows that the initial step of cholesterol absorption is the intercalation of the
micellar cholesterol from the lumen to the apical membrane of enterocytes. The second step of cholesterol
transport from the plasma membrane to the cell interior requires the hydrolysis of the sphingomyelin by
SMase present in the intestinal lumen or in the cell interior. Ceramide generated as a result of sphingomy-
elin hydrolysis can then be hydrolyzed by CEL present in either the lumen (or membrane bound) or CEL
endocytosed into the cells. Lack of ceramide hydrolysis will result in blockage of large lipoprotein assembly
and secretion by the intestinal cells. (Reproduced from Reference 19, and used by permission of the Ameri-

can Society for Biochemistry and Molecular Biology.)

its endocytosis into the intracellular compartment or acts
by mediating lipid transport in the brush border mem-
branes remains unaddressed.

Our current view of how CEL affects chylomicron as-
sembly and secretion is shown schematically in Fig. 3. Dur-
ing lipid absorption, micellar cholesterol intercalates into
the apical membrane of enterocytes (109-111). The mem-
brane-bound cholesterol is subsequently imported into
the cell interior where lipoprotein assembly occurs. How-
ever, this second step of cholesterol uptake requires the
hydrolysis of membrane sphingomyelin by sphingomy-
elinase (112, 113), which in turn generates free fatty acid
and ceramide. Naturally occurring long chain ceramides
generated through sphingomyelin hydrolysis are potential
promoters of Golgi disassembly and are capable of dis-
rupting protein trafficking through intracellular secretory
pathways (114, 115). Thus in the absence of CEL, the ac-
cumulation of ceramide in the enterocytes may disrupt
normal lipid and protein trafficking pathways and result
in abnormal smallersized lipoproteins being produced.
The role of CEL in ceramide hydrolysis may be important
to relieve ceramide disruption of intracellular trafficking
pathways, thereby promoting proper delivery of the exog-
enous lipids to intracellular locations where normal chylo-
micron assembly can occur. Additional supportive data
are necessary to confirm this hypothesis.

LIPOPROTEIN METABOLISM
AND ATHEROSCLEROSIS

One area of investigation that has not been explored
extensively is the possible role of CEL in plasma lipopro-
tein metabolism and atherosclerosis. In addition to its
presence in the digestive tract, CEL is synthesized in liver
(4, 7, 65), macrophages (9, 46), endothelial cells (10),
and heart (116). CEL protein and enzyme activity are also
found in the circulation (117-119). However, its function
in these settings has not been studied extensively in terms
of its role in lipoprotein metabolism and cardiovascular
disease. Since bile salt is required for enzyme activation, it
has long been thought that this enzyme has minimal activ-
ity outside the digestive tract where bile salt concentration
is low. However, it must be noted that fasting serum bile
salt concentration is approximately 10 uM and increases
by 3-fold postprandially (120, 121). Bile acid concentra-
tions are also typically 6-fold higher in portal blood than
in peripheral circulation and may reach as high as 100 uM
(122). Since the K for bile salt binding to CEL is approxi-
mately 20 wM and enzyme activation can easily be accom-
plished at 10-uM cholate (1), circulating bile acid and bile
acid in portal blood is sufficient for CEL activation. Thus,
CEL may have systemic functions that have not been ap-
preciated previously. This section summarizes the current

Hui and Howles Carboxyl ester lipase 2025

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

information available on possible function of this enzyme
in lipoprotein metabolism.

Hepatic lipoprotein metabolism

There are at least two neutral cholesteryl ester hydro-
lases in the liver. One of these enzymes is primarily cyto-
solic and is immunologically and biochemically distinct
from CEL (123-126). The identity of a second cytosolic
cholesterol esterase as being CEL was first established by
Camulli et al. (6), who purified the protein from rat liver
and showed that it was identical to the pancreatic enzyme
based on immunoreactivity with CEL-specific antibodies,
bile salt activation, and N-terminal amino acid sequenc-
ing. These results were subsequently confirmed by RNA
analysis (4, 7, 65). The hepatic CEL was found to be
present in specific endosomal compartments of hepato-
cytes (127). In a separate study, Winkler et al. (128)
showed that the hepatic-derived CEL can be secreted di-
rectly by liver cells. Thus, the CEL found in the endoso-
mal compartment of the liver may be recaptured enzyme
secreted by hepatic cells. Hepatic secretion of CEL and its
presence on liver cell surface and in endosomal compart-
ments suggest that this enzyme may play a role in the he-
patic secretion-capture pathway by which lipoproteins are
metabolized (58).

A role for CEL in hepatic lipoprotein metabolism was
suggested earlier by our observation that inclusion of CEL
in the incubation medium facilitated the selective uptake of
cholesteryl esters in HDL by liver cells (129). The increase
in selective uptake of HDL-derived cholesteryl esters in-
duced by CEL is specific for this enzyme as the presence of
antibodies against CEL resulted in inhibition of the selec-
tive uptake process (129). Recently, in addition to its pres-
ence in endosomal compartments (127), CEL was also
shown to be present in lipid rafts and to co-fractionate with
the HDL receptor, SR-BI, in liver cells (130). These results
suggest that CEL participates directly in the selective up-
take of HDIL-cholesteryl esters. Since cholesterol from the
selective uptake process is thought to be shunted primarily
to the bile, CEL may contribute to cholesterol homeostasis
in the liver and the balance of biliary cholesterol and bile
acids. Analysis of CEL knockout mice with respect to these
parameters is underway to test this possibility.

Lipid metabolism in the vasculature

Carboxyl ester lipase is also present in the vessel wall
(10, 119, 131, 132). This vascular enzyme mostly origi-
nates in endothelial cells (10). The CEL is also synthe-
sized in human macrophages in a manner that is in-
ducible by oxidized LDL (9). This latter observation
suggested that CEL in the vessel wall participates in the
atherosclerotic process. Whether CEL protects or contrib-
utes to atherosclerosis has not been studied to date. Al-
though the precise function of CEL in the vessel wall re-
mains speculative, some aspects of atherogenesis suggest a
possible protective role for CEL. It is important to note
that one recognized major contributor for atherosclerosis
plaque development is oxidized LDL (133, 134). In addi-
tion to its role in macrophage foam cell formation, oxi-
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dized LDL also contributes directly to other aspects of
atherogenesis. These include the induction of endothelial
cell damage, increased adhesion of monocytes, and prolif-
eration of macrophages and smooth muscle cells. Al-
though the precise mechanisms leading to these athero-
sclerotic events are not fully understood at the present
time, current data suggest that lysophosphatidylcholine
(lysoPC), a by-product of phospholipid hydrolysis gener-
ated during LDL oxidation, may play a key role. For exam-
ple, the level of lysoPC in atherosclerotic lesions was re-
ported to be elevated 800% in comparison with lesion-free
areas of the aorta (135). In in vitro cell culture experiments,
lysoPC has been shown to impair endothelium-dependent
arterial relaxation (136) to act as a chemoattractant for
monocytes (137), to induce monocyte adhesion to arterial
endothelial cells (138), and to promote macrophage cell
proliferation (139). The production of lysoPC in athero-
sclerotic plaque areas was attributed to the activation of
intrinsic phospholipase Ay activity in LDL during oxida-
tion (140). In addition, induction of Type II phospholi-
pase Ag secretion by arterial cells during the inflammatory
process may also be responsible for the increased lysoPC
content in the lesion areas (141-143). A role of phospho-
lipase Ay and its hydrolytic products in promotion of
atherogenesis is further supported by recent observations
of increased fatty streak lesions in the aorta of phospholi-
pase Ag-transgenic mice (144, 145). Taken together, these
observations suggest that the expression and presence of
CEL in the vessel wall may be a protective mechanism
against atherosclerosis by reducing lysoPC level in the vas-
culature.

Another class of lipid signaling molecules important for
the modulation of vascular cell functions is the sphin-
golipids, including sphingosine 1-phosphate and ceramide.
Lipoproteins retained in the extracellular matrix of the
arterial wall may be hydrolyzed by sphingomyelinase, re-
sulting in LDL aggregation and retention (146). The hy-
drolysis of sphingolipids in LDL also resulted in the accu-
mulation of 10-50-fold excess amounts of ceramide in the
vessel wall (146). Ceramide is another atherogenic lipid
signaling molecule present in oxidized LDL that has pre-
viously been shown to promote vascular smooth muscle
cell proliferation (147, 148). A direct contributory role of
ceramide in vascular occlusive disease was also supported
by experiments showing that oxidative stress-induced vas-
cular changes are related to redox stress-induced prolifer-
ation of smooth muscle cells through ceramide-induction
of the mitogen activated protein kinase pathway (149).
Additionally, lactosylceramide has been shown to mediate
tumor necrosis factor induced nuclear factor-kB expres-
sion and expression of ICAM-1 in vascular endothelial
cells (150). Lactosylceramide also stimulates the expres-
sion of adhesion molecules such as CD11/CDS8 in neutro-
phils. Taken together, these results suggest that ceramide
and its homologs contribute to the initiation and the pro-
gression of atherosclerosis. Accordingly, the expression
and presence of CEL in the vessel wall may be a protective
mechanism to reduce the level of these atherogenic lipid
signaling molecules.
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The potential role of vascular CEL in protection against
oxidized LDL induced atherosclerosis has not been tested
vigorously in animal models because, unlike in humans,
neither mouse macrophages nor endothelial cells pro-
duce CEL (9, 10). However, CEL decreased the lysoPC
content in oxidized LDL (119) as well as decreased the cy-
totoxic effects of lysoPC in cell culture experiments (10).
Direct demonstration of the vascular protective role of
CEL awaits the generation of vascular-specific CEL trans-
genic mice and the determination of their susceptibility to
atherosclerosis.

CEL in circulation

The presence of low amounts of CEL in the circulation
is well documented in the literature (117-119). This en-
zyme may be derived from the liver, circulating monocytes
and eosinophils, or the pancreas after its transcytosis
through the intestine. The physiological function of the
CEL circulating in plasma is also not clear. However, there
is increasing evidence that the circulating CEL may also
participate in lipoprotein metabolism and atherosclerosis.
As discussed previously, CEL reduces the atherogenic po-
tential of oxidized LDL by hydrolyzing the excessive IsoPC
generated during the lipoprotein oxidation process. We
have also reported a positive correlation between plasma
CEL level and LDL cholesterol (117), suggesting that CEL
may play a role in LDL metabolism in humans. In support
of this hypothesis was the observation that CEL facilitates
the conversion of the larger and less atherogenic LDL to
smaller LDL particles in vitro (117). In this regard, the
CEL in circulation may be pro-atherogenic. In contrast,
CEL has also been shown to promote selective uptake of
HDL-associated cholesteryl esters by liver cells (129). In
this regard, CEL may be anti-atherogenic by facilitating re-
verse cholesterol transport and reducing cholesterol accu-
mulation in peripheral tissues. Thus, additional studies
are warranted to definitively identify the role of circulat-
ing CEL in lipoprotein metabolism. Information obtained
from such studies may provide additional insights and al-
ternative strategies for treatment of hyperlipidemia to re-
duce the incidence of hyperlipidemia-related diseases.fil§
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