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Abstract: The regulation of lipid metabolism and it’s effect
on glucose control and diabetes has received intense interest.
Hormone-sensitive lipase (HSL) is a vital enzyme in lipid
metabolism. A series of novel pyrrolopyrazinediones has been
discovered that demonstrate submicromolar activity both in
the enzyme assay and in a 14C-emulsion assay employing
cholesteryl oleate as a substrate as a secondary measure of
HSL activity. These compounds represent novel inhibitors of
the human HSL enzyme.

Introduction. In recent years interest has grown in
the area of lipid metabolism and its effect on the
regulation of glucose control and, in turn, diabetes.
Hormone-sensitive lipase (HSL) is a vital enzyme in
lipid metabolism and general energy homeostasis in
mammals. HSL catalyzes the rate-limiting step in the
hydrolysis of stored triglycerides in adipose tissue. The
hormonal and neuronal control and regulation of HSL
activity is mediated through reversible cyclic adenosine
monophosphate-dependent serine phosphorylations me-
diated by protein kinase A.1 Elevated levels of free fatty
acids have been shown to be associated with increased
insulin resistance and increase risk for type 2 diabe-
tes.2,3 The two products of HSL-mediated hydrolysis are
glycerol and free fatty acids, thus HSL inhibition could
potentially decrease plasma levels of free fatty acids,
implicated in a variety of pathological conditions.4 There
is an interest in finding compounds that modulate the
activity of HSL, as this may shed light on the patho-
genesis and potential treatment of human diseases such
as diabetes and obesity. Schoenafinger et al. have
recently described a series of 3-phenyl-5-alkoxy-1,3,4-
oxadiazol-2-ones (general formula 1) as HSL inhibitors
with IC50 values ranging from 0.02 to 60 µM,5 and
Beltrandelrio et. al. have reported that certain (3,4-
dihydro-1H-isoquinolin-2-yl) carbamates (general for-
mula 2) inhibit HSL with the most potent compound
having an IC50 of 0.003 µM6 (Figure 1). Herein we report
a novel series of pyrrolopyrazinediones (general formula
3) that demonstrate submicromolar activity against
HSL.

The HSL enzyme shares a very minimal homology
with other mammalian proteins. Although the enzyme
shares a Gly-Xaa-Ser-Xaa-Gly motif in the active site,
with other mammalian lipases, primary sequence align-
ments have failed to reveal any significant sequence
similarity between HSL and other mammalian lipases.7

Contreras et al. recently reported a secondary structure
homology between HSL and a super family of esterases
and lipases that include acetyl cholinesterase, bile salt
stimulated lipase, and several fungal lipases.8 However,
there is little known about the catalytic mechanism of
HSL, and there is no crystal structure currently avail-
able for HSL. Owing to the lack of relevant structural
information about HSL enzyme, we exclusively relied
on high throughput screening (HTS) of our compound
collection for the identification of the initial lead inhibi-
tors. A high throughput screening assay was developed
and used for the screening of over 100 000 compounds
from our compound collection. Several novel pyrrolo-
pyrazinediones were identified as submicromolar inhibi-
tors of HSL.

Chemistry. The pyrrolopyrazinediones were synthe-
sized as shown in Scheme 1. The chemistry was per-

formed using the OntoBLOCK system to generate the
screening libraries.9 Highly functionalized pyrrolidines
(A) were synthesized on Wang resin, using the 1,3-
dipolar cycloaddition reaction of acrylates with resin-
bound azomethine ylides as described by Murphy et al.10

The pyrrolidines were acylated with bromoacetic acid
in the presence of DIC and then treated with various
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Figure 1. Known Inhibitors of HSL

Scheme 1a

a (i) Piperidine/THF. (ii) R2CHO, CH(OCH3)3, rt, 15 h. (iii)
CH2dCH-C(dO)OR3, AgNO3, Et3N, CH3CN, rt, 15 h. (iv)
BrCH2COOH, DIC, DMF, rt, 16 h. (v) 2M R4NH2/DMSO, rt, 3 h.
(vi) Toluene, 110 °C, 3 d.
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primary amines to give the resin-bound intermediate
(B). Upon refluxing in toluene or n-butanol, these
intermediates underwent a cyclodehydration reaction
to liberate the desired pyrrolopyrazinediones (C) in
solution. The yields for the final cyclization and release
were moderate (12-40%), but provided the compound
in high purity (>80% in most cases) and predominantly
as a single diastereomer (The development and valida-
tion of the chemistry and the stereochemistry issues are
discussed in detail in a separate manuscript under
preparation (Short, K. et al., 2003)). The major reason
for the low yields was incomplete acylation of the
pyrrolidine nitrogen with bromoacetic acid; however,
this nonacylated pyrrolidine stays bound to the resin
during the final cyclization step and does not appear
as an impurity. This procedure was employed for the
library synthesis, as it provided the target compounds
in adequate amounts and high purity for high through-
put screening. The hits from the library were analyzed
by LC-MS to confirm purity and identity of the com-
pounds. This analysis, along with the extensive studies
that were done during the chemistry validation stage
for this library, gave us strong confidence regarding the
identity of the compounds. A subset of pyrrolopyra-
zinediones (including all compounds reported herein)
was resynthesized on a larger scale with the aid of the
OntoBLOCK system to confirm activity against HSL.
TLC analysis revealed pyrrolopyrazinediones as the
major product along with minor baseline impurities. The
baseline impurities were removed via purification using
silica gel chromatography, and purified samples were
characterized by 1H, 13C NMR and/or LC-MS ELSD. The
purified pyrrolopyrazinediones (purity >95%) appear to
be single diastereomers based on NMR analysis; how-
ever, additional studies were not performed to charac-
terize the diastereomers. The IC50 values from the assay
of the purified samples correlated quite well to the data
from the unpurified compounds from the initial library
(within 2 -fold).

Biology. The human HSL gene was cloned and
expressed in the baculovirus/insect cell system.11 Protein
purification and specific activity measurements were
carried out as described.12 Specific activity of the enzyme
was measured using both PNPB and cholesteryl [3H]-
oleate as substrates for HSL and has been previously
described.13 A high throughput screen using p-nitro-
phenyl butyrate (PNPB) to measure the activity of
human HSL was used to screen compounds from the
Ontogen combinatorial chemistry library. PNPB has
been routinely used to measure HSL activity.14 This
substrate has the advantage of being both nonradioac-
tive and water-soluble. All compounds were initially
tested at 50 µM final assay concentration. Compounds
showing initial activity were retested to confirm activity.
Full 8-point IC50 determinations were performed in
triplicate, in both PNPB and [14C] cholesteryl oleate
assays on the confirmed hits.

Results and Discussion. Pyrrolopyrazinediones that
inhibit HSL in low micromolar concentrations are
summarized in Table 1. It appears that for HSL inhibi-
tion, R1 and R4 positions of the pyrrolopyrazinedione
scaffold need flexible hydrophobic groups. It was found
that other pyrrolopyrazinediones containing smaller,
non-hydrophobic groups such as hydroxyl, amino alkyl,

methyl, or bulky groups such as tert-butoxymethyl
(compound 13, 67 µM) in the R1 position did not show
any significant HSL inhibitory activity. One exception
was compound 10 which showed moderate HSL inhibi-
tion with a hydroxymethyl group in the R1 position. Two
very closely related compounds 4 and 11 show dramatic
differences in their HSL activity. While 4 is a potent
inhibitor of HSL, 11 is inactive. Compound 4 has a
trifluoroethyl ester at R3 while 11 has an ethyl group
in the same position, which indicates that the ester
plays a key role in the enzyme inhibition. This hypoth-
esis is also supported by the activity shown by the esters
5, 6, 7, and 8 (0.21-1.3 µM) where the corresponding
acid 12 shows only moderate HSL inhibition (48 µM).
These compounds were also tested in the [14C]choles-
teryl oleate assay. This assay was chosen for two
reasons. First, this assay has been used historically in
the literature and is predictive of HSL-specific activity.
Second, it was important to show that these compounds
specifically inhibited the HSL enzyme and the activity
would be independent of the substrate used. It is
interesting to note that compounds give comparable
activity in both PNPB and [14C]cholesteryl oleate assays,
which demonstrates that the activity of the compounds
is specific against the enzyme and not the substrate
used to measure HSL activity. As shown in Table 1, the
IC50 measurements using the PNPB assay are compa-
rable to IC50 values generated using the [14C]cholesteryl
oleate assay. Efforts are presently underway to under-
stand and optimize the structural features essential for
HSL inhibition on the pyrrolopyrazinediones. The dis-
covery and characterization of compounds that modulate
HSL activity may shed light into the mechanisms

Table 1
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regulating lipolysis and energy utilization in humans.
The control and regulation of HSL-specific pathways
may have fundamental importance in the study and
treatment of several pathophysiological conditions in-
cluding diabetes and obesity.
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