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Abstract

The major human lipases include the gastric, pancreatic and bile-salt-stimulated lipase that aid in the digestion and assim-
ilation of dietary fats, and the hepatic, lipoprotein and endothelial lipase that function in the metabolism of lipoproteins. The
triacylglycerol and phopholipase activities of these enzymes enable these varied functions. The lipase enzymes exhibit a high
degree of sequence homology not only within but also across species. This and the diverse chromosomal location of their
genes point to a multigenic family of enzymes involved in absorption and transport of lipids. Inactivation of lipolytic activity
of microorganisms to control infection, inhibition of digestive lipase to control obesity, stimulation of metabolic lipase to
reduce hyperlipidemia or procoagulant state, or use of pancreatic lipase supplement in the management of cystic fibrosis are
examples of how lipase activity modulation can impact human health.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction extra-duodenal pancreatic, hepatic, lipoprotein and
the recently described endothelial lipage4]. The
Lipases are fat-digesting enzymes that include aim of this communication is to present a short, ba-
triacylglycerol- and phospholipases. Triacylglycerol sic review of human digestive and metabolic lipases
lipase catalyzes the hydrolysis of triacylglycerol to (Fig. 1), and describe the implications of inhibition
free fatty acid, mono- and diacylglycerol. Phospholi- or stimulation of lipase activity on human health.
pase catalyzes the hydrolysis of phospholipids. Phos-
pholipase A catalyzes the hydrolysis of phospholipids
to free fatty acid and lysophospholipid; phospholi- 2. Pre-duodenal lipase
pases A and A attack ester bonds in positions 1
and 2 of the phospholipid respectively. Phospholi-  Gastric lipase (EC 3.1.1.3) is the predominant
pase B catalyzes the generation of free fatty acid and pre-duodenal lipase in humans; lingual lipase is
glycerylphospholipid, and phospholipase C catalyzes present in trace amounts. In rodents, lingual lipase is
the generation of diacylglycerol and a phosphoryl predominan{5]. Gastric lipase is secreted in the gas-
base. Free fatty acids are utilized for energy produc- tric juice by the chief cells of fundic mucosa in the
tion in the muscle or are re-esterified for storage in stomach. The serous von Ebner glands of the tongue
the adipose tissufl,2]. The human lipases include secrete lingual lipase in the sali{@,7]. Human gas-
the pre-duodenal lingual and gastric lipase and the tric and rat lingual lipase share a high degree of
sequence homology and have identical gene organi-
* Fax: +-91-22-2380-5898. zations suggesting that rat lingual lipase is the equiv-
E-mail address: chh@bom?7.vsnl.net.in (M. Mukherjee). alent of human gastric lipag8]. The gene encoding
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Fig. 1. A schematic outline of lipase function in digestion and transport of lipids. GL: gastric lipase; PL: pancreatic lipase; BSSL:
bile-salt-stimulated lipase; LPL: lipoprotein lipase; HL: hepatic lipase; TG: triglyceride; APO: apolipoproteins; CHO: cholesterol; CE:
cholesteryl ester; CETP: cholesteryl ester transfer protein; LCAT: lecithin cholesterol acyl transferase.

human gastric lipase has been localized on chromo- somal localization of the genes encoding these lipases
some 100g23.29,10]. The lingual and gastric lipases and their tissue of origin has been describ&ab(e ).
have lower molecular weights and greater pH stability

than enzymes of the lipase superfamily. 3.1. Pancreatic lipase

Pancreatic lipase (EC 3.1.1.3) produced by the pan-
3. Human lipase superfamily creatic acinar cells, is one of the exocrine enzymes of
pancreatic juice that is essential for digestion of di-
The pancreatic, hepatic, lipoprotein and endothelial etary fats in the intestinal lumen. Hydrolysis of dietary
lipase are members of the lipase gene family. These en-triacylglycerols by both gastric and pancreatic lipase
zymes share a high degree of primary sequence homol-is essential for their absorption by enterocytes, to fa-
ogy[11] and similar tertiary structure as suggested by cilitate assimilation of dietary fat in the body. The sub-

mostly conserved disulfide bonds2]. The chromo- strate of pancreatic lipase is not a single molecule but
Table 1

Human lipase gene family

Lipase Chromosomal localization of gene Tissue of origin References
Pancreatic lipase 10926.1 Pancreas [13,14]

Hepatic lipase 15921-923 Liver [15,16]
Lipoprotein lipase 8p22 Adipose, heart, skeletal muscle [17]

Endothelial lipase 18g21.1 Endothelial cells, liver, lung, kidney, placenta  [18,19]
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a non-aqueous phase of aggregated lipids made up of[30,31] This catalytic triad characteristic also of ser-
aggregates of ester molecules, micelles or monolayersine proteinases, is common for lipase enzymes across
interfacing with an aqueous mediyi20,21]. Pancre- species. The other functional domains of lipoprotein
atic lipase requires colipase—a pancreatic protein—as lipase include the dimer formation, heparin binding,
cofactor for its enzymatic activity. Colipase relieves cofactor interaction and fatty acid-binding domains
phosphatidyl choline-mediated inhibition of the inter- [30-32] Post-translational phosphorylation via the
facial lipase—substrate complex, helps anchor the li- cyclic AMP pathway regulated by hormones converts
pase to the surface and stabilizes it in the ‘open’, ac- the enzyme to its active frof33].
tive conformation22,23]

Acting together with colipase-dependent pancre- 3.3. Hepatic lipase
atic lipase in the intestinal digestion of dietary lipids

is the bile-salt-stimulated lipase, which is a com-
ponent of pancreatic juice and human milk. While

Hepatic lipase (EC 3.1.1.3) as the name suggests,
is produced by hepatocytes in the liver. In rats, the

colipase-dependent pancreatic lipase facilitates the enzyme is also present in the adrenals and ovaries

uptake of fatty acids, bile-salt-stimulated lipase facili-

[34]. Like lipoprotein lipase, hepatic lipase also binds

tates the uptake of free cholesterol from the intestinal to endothelial cells but only within the liver from

lumen [24]. Recent experimental evidence suggests where it is released upon injection of heparin. Un-
that bile-salt-stimulated lipase binds avidly to heparin like pancreatic or lipoprotein lipase, hepatic lipase
unlike colipase-dependent pancreatic lipase, which does not require a cofactor for its activity, is sta-
contradicts the earlier opinion of a common intestinal ble at high salt concentrations and is inactivated by

heparin-like receptor for both these enzyni2s].
3.2. Lipoprotein lipase

Lipoprotein lipase (EC 3.1.1.34) is a non-covalent
homodimeric protein produced mainly by the adi-

sodium dodecyl sulfate, properties that are used to
differentiate between hepatic and lipoprotein lipase
in non-immunological assay of enzyme activity in
post-heparin plasn&5,36] The preferred physiolog-
ical substrate of hepatic lipase is triglyceride of IDL
particle, which it hydrolyses to form triglyceride-poor

pose, heart and muscle tissue and to some extent byand cholesterol-rich low-density lipoprotein (LDL).

macrophage$26,27] The functional site of the ac-
tive enzyme is the luminal surface of the capillary
endothelium of the tissue of origin where it is bound
to glycosaminoglycan structure6], presumably
indirectly through another proteij28]. Lipopro-
tein lipase catalyzes the hydrolysis of triacylglycerol
present in very low-density lipoprotein (VLDL) and
chylomicron particles to generate triglyceride-poor
intermediate-density lipoprotein (IDL) and chylomi-
cron remnants, respectively. Apolipoprotein CIl (Apo
Cll) present on VLDL particles is the co-factor re-
quired for activating the enzymg9]. The enzyme
is released in circulation from its endothelial-binding
site upon injection of heparifi29]. Lipoprotein li-

Hepatic lipase also converts post-prandial triglyceride
rich high-density lipoprotein (HDL) particle (i.e.
HDL>) to post-absorptive triglyceride poor HDL (i.e.
HDL3) [37].

Several mutations in the genes encoding human
lipoprotein and hepatic lipase affect their activiBg].
A common substitution in exon 6 of lipoprotein li-
pase gene (Asn291Ser) was associated with reduced
HDL-cholesterol levels and increased risk of coronary
heart diseasg39,40] In case of hepatic lipase gene,
a C-to-T transition at positior-514 in the promoter
region was shown to be associated with raised levels
of HDL-cholesterol[41].

pase has multiple functional domains such as the 3.4. Endothelial lipase

lipid-binding domain where interaction of the enzyme

with the lipoprotein substrate takes place. This results
in a conformational change that leads to the move-

Endothelial lipase (EC 3.1.1.3) is a recent addition
to the lipase gene famili4]. It has 45% primary se-

ment of a short helical segment or ‘lid’ to expose quence homology with lipoprotein lipase, 40% with
the active site containing the Ser-Asp-His catalytic hepatic lipase and 27% with pancreatic lipase. Un-
triad, where hydrolysis of triacylglycerol takes place like lipoprotein or hepatic lipase, endothelial lipase
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is produced by the endothelium. Other tissues ex- other pancreatic enzyme supplements are available
pressing this enzyme include lung, liver, kidney and in tablet or capsule forms. High dose of pancreatic

placenta. Heart and skeletal muscles, which expressenzyme supplement was found to be associated with

large amounts of lipoprotein lipase, do not express
endothelial lipas§¢l9]. Endothelial lipase differs from
the other enzymes of the lipase gene family in the
sequence of the ‘lid’ domain that forms an amphi-
pathic helix covering the catalytic site of the enzyme
as already described. Its 19-residue ‘lid’ region is
3 residues shorter and less amphipathic than ‘lid’
region of lipoprotein or hepatic lipag&9]. This in-
dicates a different enzymatic function. Indeed, unlike
lipoprotein or hepatic lipase that have triacylglyc-
erol lipase activity, endothelial lipase has primarily
a phospholipase Aactivity. This is evident from the
triacylglycerol lipase to phospholipase activity ratio
of 0.65 for endothelial lipase, compared with 24.1 for
hepatic and 139.9 for lipoprotein lipase. Like hepatic
and unlike lipoprotein lipase, endothelial lipase does
not require apolipoprotein CII for activation. Like
lipoprotein but not hepatic lipase, the triacylglycerol
and phospholipase activities of endothelial lipase are
inhibited by 1 M sodium chloridg¢42]. Overexpres-
sion of endothelial lipase in mice resulted in reduced
HDL-cholesterol and apolipoprotein jAlevels, and
its deficiency led to increased HDL-cholesterol levels
suggesting that it plays a physiologic role in HDL
metabolism probably by catalyzing hydrolysis of
HDL phospholipids thereby facilitating a direct HDL

fibrosing colonopathy in children with cystic fibrosis,
and a daily dose of less than 10,000 units lipase activ-
ity/kg body weight was recommend¢d4]. The use

of pancreatic enzyme supplements is understandably
contraindicated in those on medication with lipase
inhibitors.

5. Inhibition of lipase activity—control of
infection and management of obesity

5.1. Anti-microbial action

Extracellular lipolytic activity enables certain mi-
crobial pathogens to grow on skin and mucosal lin-
ings by using lipids present on these surfaces as the
source of carbon. An important example is the human
pathogerCandida albicans, which not only infects the
skin and mucosa but can also cause severe systemic
infection. Besides a certain degree of host immuno-
suppression, the multiple gene-controlled expression
and secretion of lipase and aspartate proteinase by
Candida spp. determine the stage of infection and vir-
ulence[45,46] Inhibitors of microbial lipase conceiv-
ably have the potential to control infections caused by
lipase secreting microorganisms, and hence the rele-

receptor-mediated uptake. Endothelial lipase may also vance of development of anti-microbial lipase agents.

facilitate the uptake of apolipoprotein B-containing
remnant lipoprotein. As the placental tissue abun-

In this context, natural products such as berberine,
sanguinarine and related alkaloids were found to pos-

dantly expresses endothelial lipase, it may also have sess anti-lipase activity agairSt rugosa lipase[47].

a role in the development of fet(i4,19].

4. Therapeutic use of digestive (pancreatic)
lipase preparations

Most of the patients with cystic fibrosis require
daily pancreatic enzyme supplements containing li-

5.2. Anti-obesity agents

Obesity poses a significant health problem in
today’s world. It is a risk factor for clinical disorders
such as hypertension, hyperlipidemia, diabetes mel-
litus and cardiovascular disease. Although reduction
of caloric intake by diet and increased level of physi-

pase, amylase and protease, to relieve the symptoms otcal activity are well-known approaches for achieving
exocrine pancreatic insufficiency. Pancreatic enzyme weight loss, the need for drugs to supplement diet
supplementation is also useful in the management of and exercise is fast gaining acceptance. Anti-obesity

patients with celiac disease—a condition affecting the
intestinal tract and causing nutrient malabsorption,
or in Crohn’s disease, which may be associated with
a deficiency of pancreatic enzymp#3]. Lipase and

drugs may act by: (i) reducing food intake, (ii) altering
metabolism, or (iii) increasing thermogene$#s3].
Anti-lipase agents are inhibitors of digestive lipases
such as gastric and pancreatic lipase. As hydrolysis



M. Mukherjee/ Journal of Molecular Catalysis B: Enzymatic 22 (2003) 369-376

of dietary triacylglycerol is essential for subsequent
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be most effective in lowering serum triglyceride lev-

absorption by enterocytes, anti-lipase agents function els[58], is enhancement of lipoprotein lipase activity

by reducing or blocking the availability of dietary
fat calories by preventing assimilation of fats, and
thus mimic the effect of reduced food intake. One of
the first potent inhibitors of pancreatic lipase to be
described was lipstatin, isolated froBireptomyces
toxytricini. The beta lactone structure of lipstatin
was shown to cause inhibition of pancreatic lipase
at a 50% inhibitory concentration of 0.pM [49].
Tetrahydrolipstatin (Orlist&), a synthetic analogue
of lipstatin, was later developed and is currently in
clinical use for the treatment of obes[§0,51] Other
promising synthetic lipase inhibitors under investiga-
tion include 2-oxo amide triacylglycerol analogues
[52] and long chaina-keto amide derivative$53].

[59-61] Moreover, fibrates bring about increased
uptake and oxidation of fatty acids in the muscle
[60], decreased synthesis and secretion of VLDL by
the liver and increased synthesis of apolipoprotein
A; [62], and down regulation of apolipoprotein ClII
gene expressiof63]. Apo Clll is an inhibitor of Apo
Cll-mediated activation of lipoprotein lipase activity.
Besides fibrates, a statin drug namely simvastatin—an
inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A
reductase enzyme, was recently reported to also in-
crease glycerol ester hydrolase (lipase) activity in the
serum of men with coronary heart dise§84]. Thus,
drug-induced stimulation of lipase activity is relevant
in the management of hyperlipidemia particularly

Besides the synthetic chemical compounds, an extracthypertriglyceridemia.

from the herbNomame herba was recently reported
to inhibit porcine pancreatic lipase in vitro, and to
reduce gain of body weight and triglyceride eleva-
tion without affecting food intake in lean rats fed
on a high fat dief54]. A physiological peptide that

Besides fibrates or statins, another triglyceride-
lowering substance is the anti-coagulant, heparin. The
lipolytic effect of heparin is mediated by the release
in circulation of lipoprotein and hepatic lipase from
their endothelial binding site29]. Raised levels of

reduces fat intake, bodyweight and body fat is entero- these enzymes and concomitant lowering of triglyc-
statin formed by cleavage of pancreatic procolipase. eride can be demonstrated in post-heparin plasma
Obese persons secreted less pancreatic procolipas¢35]. Apart from lipases, heparin also mediates the
than non-obese persons. The release of enterostatirrelease of full-length tissue factor pathway inhibitor
in the gastrointestinal lumen is induced by high fat (TFPIl)—a Kunitz-type coagulation protease inhibitor,
diet. Its anorectic effect is the result of its action on into circulation from its endothelial-binding site. TFPI
the central and peripheral nervous system, leading to functions as a natural anti-coagulant by forming a
multiple metabolic effects including reduced insulin quaternary complex with tissue factor and activated
and increased adrenal corticosteroid secretion, andfactor VII complex, and factor X. The quaternary
enhanced sympathetic drive to brown adipose tissue complex so formed blocks further activation of factor

[55].

6. Stimulation of lipase activity

Hyperlipidemia or high levels of serum triglyc-
eride and cholesterol, as in Fredrickson Type llIb, Il
or IV hyperlipidemia is a risk factor for premature
atherosclerosifs6,57] Hypertriglyceridemia may re-
sult from decreased removal of circulating triglyceride
due to decreased activity of lipoprotein lipase, or from
increased hepatic secretion of triglyceride-rich VLDL.
In either case, stimulation of lipoprotein lipase activ-
ity would be expected to lower the triglyceride levels
by catalyzing its hydrolysis. One of the mechanisms
of action of the fibrate group of drugs considered to

X, and limits the generation of thromb|[65].

A positively charged synthetic peptide of the
C-terminal region of full-length TFPI and the
full-length TFPI itself stimulated the activity of
bovine lipoprotein lipase in vitro, unlike TFPI trun-
cated at the C-terminus. Incubation of post-heparin
plasma (containing lipoprotein and hepatic lipase and,
full-length TFPI) with antibody against the C-terminal
region of TFPI inhibited the enzymatic activity of
lipoprotein lipase[66]. These observations suggest
that the positively charged domain of full-length TFPI
sequesters the negatively charged fatty acid product
of lipase catalysis thus relieving the known product
inhibition of lipase activity and driving the enzymatic
reaction forward, thereby registering enhancement of
the enzymatic activity. The presumed physiological
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significance is enhanced hydrolysis of plasma triglyc- [12] T.G. Kirchgessner, K.L. Svenson, A.J. Lusis, M.C. Schotz,

eride with concomitant inhibition of factor VII The sequence of cDNA encoding lipoprotein lipase. A
coagulant activity[35,67] to limit the generation member of a lipase gene family, J. Biol. Chem. 262 (1987)
. ' A 8463-8466.

of thrombin _as d_emonstrated in vitro by promnged [13] M.E. Lowe, J.L. Rosenblum, AW. Strauss, Cloning and
plasma clotting time in the presence of C'ter_mmal characterization of human pancreatic lipase cDNA, J. Biol.
peptide of TFPI[68]. Although heparin preparations Chem. 264 (1989) 20042—20048.

are not used in clinical practice to lower triglyceride [14] H.F. Sims, M.L. Jennens, M.E. Lowe, The human pancreatic
levels, their administration nonetheless brings about lipase-encoding gene: structure and conservation of an Alu

sequence in the lipase gene family, Gene 131 (1993) 281-285.

Iowerlng of mglyce”de and factor VIl coagulant [15] S. Datta, C.C. Luo, W.H. Li, P. Vantuinen, D.H. Ledbetter,

activity in vitro and in vivo[35,67} M.A. Brown, S.H. Chen, S. Liu, L. Chan, Human hepatic

In conclusion, inhibition of microbial lipase activ- lipase. Cloned cDNA sequence, restriction fragment length
ity to control infection or that of digestive lipase ac- polymorphisms, chromosomal localization, and evolutionary
tivity to control obesity, stimulation of Iipase activity relationships with lipoprotein and pancreatic lipase, J. Biol.

. . Chem. 263 (1988) 1107-1110.
to reduce hyperlipidemia or a procoagulant state, or [16] D. Ameis, G. Stahnke, J. Kobayashi, J. McLean, G. Lee, M.

administration of Ilpase enzyme as Supplement in the Buscher, M.C. Schotz, H. Will, Isolation and characterization

management of clinical disorders such as cystic fibro- of the human hepatic lipase gene, J. Biol. Chem. 265 (1990)

sis or Crohn’s disease, are all relevant to human health. ~ 6552-6555.

[17] K.L. Wion, T.G. Kirchgessner, A.J. Lusis, M.C. Schotz,
R.M. Lawn, Human lipoprotein lipase complementary DNA

References sequence, Science 235 (1987) 1638-1641.

[18] K.-I. Hirata, H.L. Dichek, J.A. Cioffi, S.Y. Choi, N.J. Leeper,
L. Quintana, G.S. Kronmal, A.D. Cooper, T. Quertermous,
Cloning of a unique lipase from endothelial cells extends the
lipase gene family, J. Biol. Chem. 274 (1999) 14170-14175.

[19] M. Jaye, K.J. Lynch, J. Krawiec, D. Marchadier, C. Maugeais,

metabolism and disorder, Bombay Hosp. J. 35 (1993) 75-82. K. Doan, V. Sogth. D. Amin, M. Perrone, D.J. Rader, A nqvel

[3] C.T. Phan, P. Tso, Intestinal lipid absorption and transport, endothelial-derived lipase that modulates HDL metabolism,

Front. Biosci. 6 (2001) D299-D319. Nat. Genet. 21 (1999) 424-428.

[4] S.Y. Choi, K. Hirata, T. Ishida, T. Quertermous, A.D. Cooper, [20] S- Esposito, M. Semeriva, P. Desnuelle, Effect of surface
Endothelial lipase: a new lipase on the block, J. Lipid Res. pressure on the hydrolysis of ester monolayers by pancreatic

[1] P.A. Mayes, Metabolism of lipids. I. Fatty acids, in:
Harper's Review of Biochemistry, 19th ed., Lange Medical
Publications, Singapore, 1983, pp. 201-223.

[2] M. Mukherjee, Lipoproteins and apolipoproteins—function,

43 (2002) 1763-1769. lipase, Biochim. Biophys. Acta 302 (1973) 293-304.

[5] S.J. DeNigris, M. Hamosh, D.K. Kasbekar, T.C. Lee, P. [21] J. I._agocki, J. Law, F. Kezdy, The kinetic §tug|y of enzyme
Hamosh, Lingual and gastric lipases: species differences in actpn on substrate monolayers. Pancreatic lipase reactions,
the origin of pre-pancreatic digestive lipases and in the J. Biol. Chem. 248 (1973) 580-587.
localization of gastric lipase, Biochim. Biophys. Acta 959 [22] M.E. Lowe, Molecular mechanisms of rat and human
(1988) 38-45. pancreatic triglyceride lipases, J. Nutr. 127 (1997) 549-557.

[6] M. Hamosh, Lingual and gastric lipase, Nutrition 6 (1990) [23] H.L. Brockman, Kinetic behaviour of the pancreatic lipase—
421-428. colipase-lipid system, Biochimie 82 (2000) 987—995.

[7] H. Moreau, R. Laugier, Y. Gargouri, F. Ferrato, R. Verger, [24] P.N. Howles, D.Y. Hui, Cholesterol esterase, in: C. Mansbach,
Human pre-duodenal lipase is entirely of gastric fundic origin, P. Tso, A. Kuksis (Eds.), Intestinal Lipid Metabolism, Kluwer
Gastroenterology 95 (1988) 1221-1226. Academic Publishers, Dordrecht, pp. 119-134.

[8] P. Lohse, P. Lohse, S. Chahrokh-Zadeh, D. Seidel, The acid [25] H. Falt, O. Hernell, L. Blackberg, Do human bile-salt-
lipase gene family: three enzymes, one highly conserved gene stimulated lipase and colipase-dependent pancreatic lipase
structure, J. Lipid Res. 38 (1997) 880-891. share a common heparin-containing receptor? Arch. Biochem.

[9] M.W. Bodmer, S. Angal, G.T. Yarranton, T.J.R. Harris, A. Biophys. 386 (2001) 188-194.

Lyons, D.J. King, G. Pieroni, C. Riviere, R. Verger, P.A. Lowe, [26] J.D. Brunzell, in: C.R. Scriver, A.L. Beaudet, W.S. Sly,

Molecular cloning of human gastric lipase and expression D. Valle (Eds.), Metabolic Basis of Inherited Disease,

of the enzyme in yeast, Biochim. Biophys. Acta 909 (1987) McGraw-Hill, New York, 1989, pp. 1165-1180.

237-244. [27] L. Camp, M. Reina, M. Llobera, S. Vilaro, T. Olivecrona,
[10] S. Bernbaeck, L. Blaeckberg, Human gastric lipase. The Lipoprotein lipase: cellular origin and functional distribution,

N-terminal tetrapeptide is essential for lipid binding and lipase Am. J. Physiol. 258 (1990) C673-C681.

activity, Eur. J. Biohem. 182 (1989) 495-499. [28] P. Sivaram, M.G. Klein, I1.J. Goldberg, Identification of a
[11] W.A. Hide, L. Chan, W.H. Li, Structure and evolution of the heparin-releasable lipoprotein lipase binding protein from

lipase superfamily, J. Lipid Res. 33 (1992) 167-178. endothelial cells, J. Biol. Chem. 267 (1992) 16517-16522.



M. Mukherjee/ Journal of Molecular Catalysis B: Enzymatic 22 (2003) 369-376

[29] T. Olivecrona, G. Bengtsson-Olivecrona, Heparin and lipases,
in: D.A. Lane, U. Lindahl (Eds.), Heparin. Chemical and
Biological Properties Clinical Applications, Edward Arnold,
London, 1989, pp. 335-361.

[30] S. santamarina-Fojo, K.A. Dugi, Structure, function and role
of lipoprotein lipase in lipoprotein metabolism, Curr. Opin.
Lipidol. 5 (1994) 117-125.

[31] J. Emmerich, O.U. Beg, J. Peterson, L. Previato, J.D. Brunzell,
H.B. Brewer Jr., S. Santamarina-Fojo, Human lipoprotein
lipase. Analysis of catalytic triad by site-directed mutagenesis
of Ser-132, Asp-156 and His-241, J. Biol. Chem. 267 (1992)
4161-4165.

[32] G. Bengtsson, T. Olivecrona, Lipoprotein lipase. Mechanism
of product inhibition, Eur. J. Biochem. 106 (1980) 557-562.

[33] L. Stryer, Biochemistry, fourth ed., Freeman, New York, 1995,
pp. 603-606.

[34] N.L. Persoon, W.C. Hulsmann, H. Jansen, Localization of
salt-resistant heparin-releasable lipase in the rat liver, adrenal
and ovary, Eur. J. Cell Biol. 41 (1986) 134-137.

[35] M. Mukherjee, M.F. Scully, V.V. Kakkar, H. Phillipou, D.A.
Lane, D. Jewitt, Decrease in factor VII coagulant activity
during percutaneous transluminal coronary angioplasty by
heparin-mediated lipolytic action, Thromb. Haemost. 77
(1997) 675-678.

[36] G. Bengtsson-Olivecrona, T. Olivecrona, Assay of lipoprotein
lipase and hepatic lipase, in: C.A. Converse, E.R. Skinner
(Eds.), Lipoprotein Analysis. A Practical Approach, Oxford
University Press, Oxford, 1992, pp. 169-185.

[37] P.W. Connelly, The role of hepatic lipase in lipoprotein
metabolism, Clin. Chim. Acta 286 (1999) 243-255.

[38] M.R. Hayden, Y. Ma, J. Brunzell, H.E. Henderson, Genetic
variants affecting human lipoprotein and hepatic lipases, Curr.
Opin. Lipidol. 2 (1991) 104-109.

[39] P.W.A. Reymer, E. Gagne, B.E. Groenmeyer, H. Zhang, I.

Forsyth, H. Jansen, J.C. Seidell, D. Kromhout, K.E. Lie,

J.J. Kastelein, M.R. Hayden, A lipoprotein lipase mutation

(Asn291Ser) is associated with reduced HDL cholesterol

levels in premature atherosclerosis, Nat. Genet. 10 (1995)

28-34.

H.H. Wittrup, A. Tybjjaerg-Hansen, S. Abildgaard, R.

Steffensen, P. Schnohr, B.G. Nordestgaard, A common

substitution (Asn291Ser) in lipoprotein lipase is associated

with increased risk of ischemic heart disease, J. Clin. Invest.

99 (1997) 1606-1613.

R. Guerra, J. Wang, S.M. Grundy, J.C. Cohen, A hepatic lipase

(LIPC) allele is associated with high plasma concentrations

of high density lipoprotein cholesterol, Proc. Natl. Acad. Sci.

U.S.A. 94 (1997) 4532-4537.

M.G. McCoy, G.S. Sun, D. Marchadier, C. Maugeais, J.M.

Glick, D.J. Rader, Characterization of lipolytic activity of

endothelial lipase, J. Lipid Res. 43 (2002) 921-929.

[43] J. Hegnhoj, C.P. Hansen, T. Rannem, H. Sobrik, L.B.
Anderson, J.R. Anderson, Pancreatic function in Crohn’s
disease, Gut 31 (1990) 1076-1079.

[44] S.C. FritzSimmons, G.A. Burkhart, D. Borowitz, R.J.
Grand, T. Hammerstrom, P.R. Durie, J.D. Lloyd-Still, A.B.
Lowenfels, High-dose pancreatic enzyme supplements and

[40]

[41

[42]

375

fibrosing colonopathy in children with cystic fibrosis, N. Engl.
J. Med. 336 (1997) 1283-1289.

[45] F. Stehr, A. Felk, M. Kretschmar, M. Schaller, W. Schafer, B.
Hube, Extracellular hydrolytic enzymes and their relevance
during Candida albicans infection, Mycoses 43 (2000) 17-21.

[46] B. Hube, F. Stehr, M. Bossenz, A. Manzur, M. Kretschmar,
W. Schafer, Secreted lipases Gandida albicans. cloning,
characterization and expression analysis of a new gene family
with at least 10 members, Arch. Microbiol. 174 (2000) 362—
374.

[47] E. Grippa, R. Valla, L. Battinelli, G. Mazzanti, L. Saso,
B. Silvestrini, Inhibition of Candida rugosa lipase by
berberine and structurally related alkaloids evaluated by
high-performance liquid chromatography, Biosci. Biotechnol.
Biochem. 63 (1999) 1557-1562.

[48] G.A. Bray, A concise review on the therapeutics of obesity,
Nutrition 16 (2000) 953-960.

[49] E.K. Weibel, P. Hadvary, E. Hochuli, E. Kupfer, H. Lengsfeld,
Lipstatin, an inhibitor of pancreatic lipase, produced by
Sreptomyces toxytricini. I. Producing organism, fermentation,
isolation and biological activity, J. Antibiot. (Tokyo) 40 (1987)
1081-1085.

[50] J.B. Haputman, F.S. Jeunet, D. Hartmann, Initial studies in
human with the novel gastrointestinal lipase inhibitor Ro
18-0647 (tetrahydrolipstatin), Am. J. Clin. Nutr. 55 (1992)
3095-3135.

[51] H. Toplak, K. Marhardt, Reduction of obesity and
improvement in metabolic parameters by inhibition of
intestinal lipases: current results with Orlistat, Acta Med.
Aust. 25 (1998) 142-145.

[52] S. Kotsovolou, A. Chiou, R. Verger, G. Kokotos, Bis-2-0x0
amide triacylglycerol analogues: a novel class of potent
human gastric lipase inhibitors, J. Org. Chem. 66 (2001)
962-967.

[53] A. Chiou, R. Verger, G. Kokotos, Synthetic routes and
lipase-inhibitory activity of long chaimx-keto amides, Lipids
36 (2001) 535-542.

[54] M. Yamamoto, S. Shimura, Y. Itoh, T. Ohsaka, M. Egawa, S.
Inoue, Anti-obesity effects of lipase inhibitor CT-II, an extract
from edible herbsNomame herba, on rats fed a high-fat diet,
Int. J. Obes. Relat. Metab. Disord. 24 (2000) 758-764.

[55] C. Erlanson-Albertsson, D. York, Enterostatin: a peptide
regulating fat intake, Obes. Res. 5 (1997) 360-372.

[56] A.M. Gotto Jr., Reviews and news on the role of lipids in
coronary heart disease, Lipid Rev. 1 (1987) 1-8.

[57] G.R. Thompson, Primary hyperlipidemia, Br. Med. Bull. 46
(1990) 986-1004.

[58] R.H. Knopp, Drug treatment of lipid disorders, N. Engl. J.
Med. 341 (1999) 498-511.

[59] J. Shepherd, Mechanism of action of fibrates, Postgrad. Med.
J. 69 (Suppl. 1) (1993) S34-S41.

[60] E.A. Nikkila, J.K. Huttunen, C. Ehnholm, Effect of clofibrate
on post-heparin plasma triglyceride lipase activities in patients
with hypertriglyceridemia, Metabolism 26 (1977) 179-186.

[61] Q. Guo, P.R. Wang, D.P. Milot, M.C. Ippolito, M. Hernandez,
C.A. Burton, S.D. Wright, Y. Chao, Regulation of lipid
metabolism and gene expression by fenofibrate in hamsters,
Biochim. Biophys. Acta 1533 (2001) 220-232.



376 M. Mukherjee/ Journal of Molecular Catalysis B: Enzymatic 22 (2003) 369-376

[62] M. Kashyap, The effect of gemfibrozil on plasma lipids and [66] M. Mukherjee, V.V. Kakkar, Enhancement of lipoprotein

lipoproteins in man, Vasc. Med. 2 (1984) 16-21. lipase activity by tissue factor pathway inhibitor, Thromb.

[63] J. Auwerx, K. Schoonjans, J.-C. Fruchart, B. Staels, Haemost. 82 (1999) 1648-1651.

Transcriptional control of triglyceride metabolism: fibrates [67] M. Mukherjee, G. Dawson, K. Sembhi, V.V. Kakkar,
and fatty acids change the expression of LPL and apo C-llI Triglyceride dependence of factor VII coagulant activity in
genes by activating the nuclear receptor PPAR, Atheroscler. deep venous thrombosis, Thromb. Haemost. 76 (1996) 500—
Suppl. 124 (1996) S29-S37. 501.

[64] M. Piorunska-Stolzmann, A. Piorunska-Mikolajczak, The [68] M. Mukherjee, N. Ranlall, G. Patel, A. Rutlin, A. Jehanli, V.V.
influence of simvastatin on lipase and cholesterol esterase Kakkar, Anticoagulant versus amidolytic activity of tissue
activity in the serum of men with coronary heart disease, factor pathway inhibitor in coronary artery disease, Blood
Pharmacol. Res. 43 (2001) 359-362. Coagul. Fibrinol. 11 (2000) 285-291.

[65] P.M. Sandset, Tissue factor pathway inhibitor (TFPI)—an
update, Haemostasis 26 (1996) 154-165.



	Human digestive and metabolic lipases-a brief review
	Introduction
	Pre-duodenal lipase
	Human lipase superfamily
	Pancreatic lipase
	Lipoprotein lipase
	Hepatic lipase
	Endothelial lipase

	Therapeutic use of digestive (pancreatic) lipase preparations
	Inhibition of lipase activity-control of infection and management of obesity
	Anti-microbial action
	Anti-obesity agents

	Stimulation of lipase activity
	References


