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Abstract: A novel class of potent human pancreatic lipase
(HPL) inhibitors was developed. Triacylglycerol analogues
containing 2-(N-tert-butoxycarbonylamino) fatty acids were
synthesized, and their ability to form stable films at the air/
water interface was studied. The inhibition of human digestive
lipases by the compounds synthesized was studied by the
monolayer technique, and the triesters of glycerol and 2-meth-
ylglycerol with 2-(N-tert-butoxycarbonylamino)oleic acid were
found to be potent inhibitors of HPL.

Introduction. In humans, pancreatic (HPL) and
gastric (HGL) lipases play an important role in nutrition
processes and are the main enzymes in the digestive
tract involved in the hydrolysis of dietary triacylglyc-
erols (TAGs). The conversion of TAGs into diacylglyc-
erols, monoacylglycerols, and free fatty acids starts in
the stomach, where gastric lipase is secreted, and is
completed by pancreatic lipase in the small intestine,
where the absorption of lipolytic products occurs.1
Therefore, potent and specific inhibitors of digestive
lipases are of interest because they may find applica-
tions as antiobesity agents. The â-lactone-containing
lipase inhibitor tetrahydrolipstatin (Orlistat) is now a
registered drug for weight reduction.2 Synthetic phos-
phonate-type inhibitors of digestive lipases, though not
suitable for medical use, provide a powerful tool for
understanding the molecular mechanisms involved in
the catalytic activity of lipases.3 In the past few years a
number of electrophilic inhibitors of digestive lipases
have been reported. The activity of various triacylglyc-
erol analogues containing activated carbonyl groups,
such as 2-oxoamide,4-7 aldehyde,8 trifluoromethyl ke-
tone9 against HPL and HGL has been studied by the
monolayer technique.

In the present communication we demonstrate that
triacylglycerols containing (N-tert-butoxycarbonylami-
no)oleic acid are potent inhibitors of pancreatic lipase.
The rationale behind the design of these inhibitors was
to maintain the backbone of the natural substrate
(triolein) of lipases increasing the steric hindrance
around the scissile ester bonds. The introduction of a
tert-butoxycarbonylamino group at the R-carbon atom

of the oleic acid residue results in a highly increased
steric hindrance around the ester group, which is
attacked by the nucleophilic hydroxyl of the lipase active
site serine. The synthesis of the novel inhibitors, the
study of their interfacial properties, and the inhibitory
activities against HPL and HGL, measured by the
monolayer technique, are presented in this work.

Chemistry. The synthesis of (S)-2-aminooleic acid
starting from either methyl (2S)-2-[bis(tert-butoxycar-
bonylamino)]-5-oxopentanoate or tert-butyl (2S)-2-[bis-
(tert-butoxycarbonylamino)]-5-oxopentanoate has been
recently reported.10,11 (2S,9Z)-2-(tert-Butoxycarbonyl-
amino)octadec-9-enoic acid (2) was prepared by treat-
ment of (S)-2-aminooleic acid with di-tert-butyl dicar-
bonate.12 Glycerol (1a) and 2-methyl-glycerol (1b)13 were
esterified with 2 using dicyclohexylcarbodiimide (DCC)
in the presence of a catalytic amount of 4-(dimethylami-
no)pyridine (DMAP) (Scheme 1).14 Triacylglycerol 5 was
similarly synthesized using racemic 2-(tert-butyloxycar-
bonylamino)hexadecanoic acid (3). The products were
fully characterized by 1H and 13C NMR spectroscopy,
mass spectrometry, and elemental analysis.15

Force/Area Curves of Triacylglycerol Analogues.
The use of the monolayer technique, which is based
upon surface pressure decrease owing to lipid-film
hydrolysis, is advantageous for the study of lipases
inhibitors since with conventional emulsified systems
it is not possible to control the “interfacial quality”.16

The kinetic studies of the lipase hydrolysis reactions
require that the lipids used form a stable monomolecu-
lar film at the air/water interface.

To determine the film stability and the interfacial
properties at the air/water of the synthesized triacyl-
glycerol analogues, we recorded their force/area curves.
The experiments were performed in the reservoir com-
partment of a “zero-order” trough. A force/area curve
was obtained after a small volume of lipid solution, in
a volatile solvent, was spread at the air/water or argon/
water interface. Moving a mobile barrier at a constant
rate progressively reduced the surface of the trough, and
the surface pressure increase was continuously recorded
during compression.
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Chart 1 shows the molecular area dependency for
compounds 4a, 4b, 5, and the natural substrate triolein
as a function of the surface pressure of a film spread
over a buffered subphase at pH 8.0. The surface
behavior of these compounds was measured at the
argon/water interface to avoid the oxidation of the
double bond. Comparing the novel analogues 4a and 4b
with the natural substrate, a significant increase in the
collapse pressure was observed. For example, the col-
lapse pressure increased from 12.2 mN/m (triolein) to
22.5 mN/m (4a). Triacylglycerol analogue 5 also formed
a stable film with a collapse pressure value of 24.5 mN/
m. It is clear that the Boc-protected amino group at
position 2 of the acyl chain significantly stabilizes the
monomolecular films of triacylglycerols analogues 4a,
4b, and 5. Furthermore, the incorporation of the Boc-
protected amino group resulted in an increase in the
molecular area occupied by these analogues. For ex-
ample, at 11 mN/m, the molecular area of 4a is 148 Å,
whereas the molecular area occupied by triolein is 104
Å. The comparison of force/area curves of the triolein
analogues (4a and 4b) and the tripalmitin analogue (5)
showed an increase in the area per molecule as the
carbon chain from a C18:1 changed to a C16:0 carbon
chain.

Pancreatic and Gastric Lipase Activity on Mono-
molecular Films Containing Triacylglycerol Ana-
logues 4a and 4b. The inhibition of HPL and HGL was
studied by means of the monomolecular film technique
with mixed films of 1,2-dicaprin containing variable
proportions of triacylglycerol analogues 4a and 4b.16 For
HPL, the inhibition studies were performed at a con-
stant surface pressure of 14 mN/m or 25 mN/m for
compound 4a and 25 mN/m for compound 4b. For HGL,
we used a constant surface pressure of 17 mN/m or 27
mN/m for compound 4a and 27 mN/m for compound 4b.
At these surface pressure values, HPL and HGL were
active and linear kinetics were recorded.

Inhibition of lipolytic enzymes are best reported in
terms of surface molar fraction of inhibitor.16,17 Remain-
ing lipase activity was plotted as a function of the
surface molar fraction (R) of inhibitor. The data obtained

for compounds 4a, 4b, and 5 on the HPL activity are
presented in Chart 2. In the case of 4a and 4b lipase
hydrolysis rates of 1,2-dicaprin decreased sharply as the
molar fraction of inhibitor increased. A 50% decrease
of HPL activity was observed when 0.003 or 0.002 molar
fraction of inhibitor 4a or 4b, respectively, was mixed
with a monolayer of 1,2-dicaprin at 25 mN/m, used as
lipase substrate. At 14 mN/m, the inhibitory effect of
4a on HPL was lower, indicating that a better inhibition
was achieved at a surface pressure value (25 mN/m)
where HPL activity was maximum. No significant
inhibitory effect on HPL was observed when the triacyl-
glycerol analogue 5 was used.

Compounds 4a and 4b were also tested as potential
inhibitors of HGL, and the data obtained from these
tests are presented in Chart 3. A 50% decrease of HGL
activity was observed at 27 mN/m surface pressure

Chart 1. Force/Area Curves of the Triacylglycerol
Analogues 4a, 4b, 5, and Trioleina

a The aqueous subphase was composed of Tris/HCl (10 mM, pH
8.0), NaCl (100 mM), CaCl2 (21 mM), and EDTA (1 mM). The
continuous compression experiments were performed in the
rectangular reservoir of the zero-order trough.

Chart 2. Effect of Increasing Concentration of Triolein
Analogues 4a, 4b, and 5 on the Remaining Activity of
HPL on the 1,2-Dicaprin Monolayer Maintained at a
Constant Surface Pressure (25 or 14 mN/m)a

a The aqueous subphase was composed of Tris/HCl (10 mM, pH
8.0), NaCl (100 mM), CaCl2 (21 mM), and EDTA (1 mM). The
kinetics of hydrolysis were recorded for 20 min.

Chart 3. Effect of Increasing Concentration of Triolein
Analogues 4a and 4b on the Remaining Activity of HGL
on the 1,2-Dicaprin Monolayer Maintained at a
Constant Surface Pressure (27 or 17 mN/m)a

a The aqueous subphase was composed of CH3COONa (10 mM,
pH 5.0), NaCl (100 mM), CaCl2 (21 mM), and EDTA (1 mM). The
kinetics of hydrolysis were recorded for 20 min.
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when 0.057 or 0.104 molar fraction of compound 4a or
4b, respectively, was mixed with a monolayer of 1,2-
dicaprin, used as lipase substrate. The inhibitory effect
of 4a on HGL activity was also tested at 17 mN/m. As
previously described in the case of HPL, the inhibition
of HGL was also higher at the surface pressure of 27
mN/m where HGL displayed its highest catalytic activ-
ity.

The inhibitory data are summarized in Table 1. The
R50 was previously defined as the molar fraction of
inhibitor which reduced by 50% the initial rate of
lipolysis. As shown from these data, the triolein ana-
logues 4a and 4b are potent inhibitors of HPL and
exhibit a weaker inhibition on HGL activity. For ex-
ample, compound 4a shows a 19-fold better inhibitory
effect against HPL in comparison to HGL. Up to now,
the best reported synthetic inhibitor of HPL is O-
hexadecyl-O-(p-nitrophenyl) n-undecyl phosphonate, with
an R50 value of 0.003.18 Thus, we described in the
present report two triacylglycerol analogues which
exhibit a similar, or an even better, inhibitory effect
when compared to the most potent synthetic inhibitor
of HPL. However, it is worth noticing that the phos-
phonate inhibitors were reported, from X-ray diffraction
analysis, to form a covalent phosphorus-oxygen bond-
ing with the active site serine of lipases. In contrast,
the triacylglycerol analogues reported presently behave
probably such as noncovalent inhibitors.

During the early 1970s, it was been reported that
synthetic triacylglycerols substituted by a methyl group
either at the R-position of the acyl residue or at the
2-position of the glycerol backbone presented a reduced
ability to be hydrolyzed by porcine pancreatic lipase.19

Makriyannis et al. has recently developed metabolically
stable anandamide analogues by sterically hindering the
scissile amide bond through the introduction of R-methyl
groups.20 Here for the first time, we demonstrated that
two triolein analogues containing the sterically hindered
tert-butoxycarbonylamino group at the R-position of the
oleic acid residue act as potent inhibitors of human
pancreatic lipase.

In conclusion, using the monomolecular film tech-
nique, we have demonstrated that triacylglycerols based
on (N-R-tert-butoxycarbonylamino)oleic acid are potent
human pancreatic lipase inhibitors. From a chemical
point of view, such analogues are similar to natural
lipase substrates. Our results indicate that the Boc-
protected amino group at the R-position of the acyl chain
is an interesting substituent for the design and synthe-
sis of potent inhibitors of lipolytic enzymes.
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(13) Wirz, B.; Barner, R.; Hübscher, J. Facile chemoenzymatic
preparation of enantiomerically pure 2-methylglycerol deriva-
tives as versatile trifunctional C4-synthons. J. Org. Chem. 1993,
58, 3980-3984.

(14) Neises, B.; Steglich, W. 4-Dialkylaminopyridines as acylation
catalysts. A simple method for esterification of carboxylic-acids.
Angew. Chem. 1978, 17, 556-557; Angew. Chem., Int. Ed. Engl.
1978, 17, 522-524.

(15) For details of the synthesis and characterization of inhibitors,
see Supporting Information.

Table 1. Inhibition Constants of Compounds 4a and 4b on
Digestive Lipases

HPL HGL

compd

surface
pressure
(mN/m) R50

surface
pressure
(mN/m) R50

4a 14 0.009 ( 0.002 17 0.150 ( 0.025
4a 25 0.003 ( 0.001 27 0.057 ( 0.015
4b 25 0.002 ( 0.001 27 0.104 ( 0.020

290 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 2 Letters



(16) (a) Verger, R.; de Haas, G. H. Enzyme reactions in a membrane
model. 1.: A new technique to study enzyme reactions in
monolayers. Chem. Phys. Lipids 1973, 10, 127-136. (b) Ransac,
S.; Ivanova, M. G.; Verger, R.; Panaitov, I. Monolayer techniques
for studying lipase kinetics. Methods Enzymol. 1997, 286, 263-
292.

(17) Kokotos, G.; Kotsovolou, S.; Six, D. A.; Constantinou-Kokotou,
V.; Beltzner C. C.; Dennis, E. A. Novel 2-oxoamide inhibitors of
human Group IVA phospholipase A2. J. Med. Chem. 2002, 45,
2891-2893.

(18) Cavalier, J.-F.; Ransac, S.; Verger, R.; Buono, G. Chem. Phys.
Lipids 1999, 100, 3-31.

(19) Garner, C. W.; Smith, L. C. Hydrolysis of monomolecular films
of trioctanoin by porcine pancreatic lipase. Biochem. Biophys.
Res. Comm. 1970, 39, 672-682.

(20) (a) Abadji, V.; Lin, S.; Taha, G.; Griffin, G.; Stevenson, L. A.;
Pertwee, R. G.; Makriyannis, A. (R)-Methanandamide: a chiral
novel anandamide possessing higher potency and metabolic
stability. J. Med. Chem. 1994, 37, 1889-1893. (b) Goutopoulos,
A.; Fan, P.; Khanolkar, A. D.; Xie, X.-Q.; Lin, S.; Makriyannis,
A. Stereochemical selectivity of methanandamides for the CB1
and CB2 cannabinoid receptors and their metabolic stability.
Bioorg. Med. Chem. 2001, 9, 1673-1684. (c) Barnett-Norris,
Hurst, J. D.; Lynch, D.; Guarnieri, F.; Makriyannis, A.; Reggio,
P. Conformational memories and the endocannabinoid binding
site at the cannabinoid CB1 receptor. J. Med. Chem. 2002, 45,
3649-3659.

JM034202S

Letters Journal of Medicinal Chemistry, 2004, Vol. 47, No. 2 291


