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’ INTRODUCTION

Lipoxygenases (LOXs) are nonheme, iron-containing enzymes
that are ubiquitous in the plant and animal kingdoms. LOXs regio-
and stereospecifically peroxidate polyunsaturated fatty acids (e.g.,
arachidonic acid (AA) and linoleic acid (LA)) containing cis,cis-
1,4-pentadiene moieties to form the corresponding hydroperoxy
fatty acids.1 LOXs are the first committed step in a cascade of
metabolic pathways that are implicated in the onset of inflam-
matory diseases such as cancers, heart disease, and asthmas,2�5

making LOXs ideal candidates for pharmaceutical inhibitory
treatment. However, the discovery of selective, potent inhibi-
tors is critical to providing relevant chemical tools and probes to
investigate LOXs involvement in inflammation and disease states.

Human LOXs are distributed among a variety of tissues and
cellular locations and have been implicated in numerous disease
states. 5-LOX shuttles between the cytosol and nuclear mem-
brane6,7 and has been implicated in cancer8�10 and asthma.5,7

Despite 5-LOX having been targeted by pharmaceutical com-
panies for many years,11 Zileutin, developed by the Abbott

laboratories, remains the only FDA approved drug which targets
a human lipoxygenase.12 Both Pfizer and Merck have developed
potent and selective inhibitors of 5-LOX (PF-419183413 andMK-
0633,14 respectively), however, both of these appear to have been
discontinued from further clinical development.15 Reticulocyte 15-
LOX-1 has been implicated in colorectal16,17 and prostate18�21

cancers, while epithelial 15-LOX-2 is expressed in hair, prostate,
lung, and cornea22,23 and has been demonstrated to have an in-
verse correlation of expression and prostate cancer.24,25 Mutations
in epidermis-type lipoxygenase-3 and 12-(R)-LOX, which are
expressed in the skin, have been shown to cause nonbullous
congenital ichthyosiform erythroderma.26 Human platelet-type
12-(S)-LOX (12-LOX), for which the current study focuses on,
has been implicated in skin disease,27 pancreatic,28 breast,29,30

prostate cancers,21 diabetes,31 and blood coagulation32 and platelet
activation.33,34
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ABSTRACT:We report the discovery of novel small molecule
inhibitors of platelet-type 12-human lipoxygenase, which display
nanomolar activity against the purified enzyme, using a quanti-
tative high-throughput screen (qHTS) on a library of 153607
compounds. These compounds also exhibit excellent speci-
ficity, >50-fold selectivity vs the paralogues, 5-human lipoxygen-
ase, reticulocyte 15-human lipoxygenase type-1, and epithelial
15-human lipoxygenase type-2, and >100-fold selectivity vs
ovine cyclooxygenase-1 and human cyclooxygenase-2. Kinetic
experiments indicate this chemotype is a noncompetitive inhibitor that does not reduce the active site iron. Moreover, chiral
HPLC separation of two of the racemic lead molecules revealed a strong preference for the (�)-enantiomers (IC50 of 0.43( 0.04
and 0.38 ( 0.05 μM) compared to the (+)-enantiomers (IC50 of >25 μM for both), indicating a fine degree of selectivity in the
active site due to chiral geometry. In addition, these compounds demonstrate efficacy in cellular models, which underscores their
relevance to disease modification.
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Previous studies have demonstrated elevated 12-LOX mRNA
expression levels in cancerous prostate tissue cell lines35 and that
addition of 12-S-hydroxyeicosatetraenoic acid (12-HETE) to hu-
man prostate adenocarcinoma cells increased their motility and
ability to invade neighboring tissues. This study has been supple-
mented with recent data that demonstrates 12-LOX enhances the
excretion and expression of vascular endothelial growth factor
(VEGF)35 under hypoxic conditions by up-regulating the protein
level, mRNA, and functionality of hypoxia inducible factor-1 alpha
(HIF-1R), a transcription factor that up-regulates VEGF activity.36

Taken together, these studies provide a case for the involvement
of 12-LOX in prostate cancer. Additional reports have implicated
12-LOX in breast cancer. 12-LOX mRNA was found to have
an increased expression in breast cancer tissue cell lines versus
noncancerous breast epithelial cell lines, where the addition of
the LOX inhibitor cinnamyl-3,4-dihydroxy-R-cyanocinnamate
dramatically inhibited the growth of the breast cancer cell lines.37

Increased expression of 12-LOX mRNA has also been witnessed
in tissues extracted from patients with breast cancer38�40 versus
healthy adjacent tissue. 12-LOX is also expressed in human pan-
creatic islets, which increases with inflammatory cytokines and
the 12-HETE generated leads to reduced insulin secretion and
pancreatic β cell damage.31

There have been many attempts to discover selective and
potent 12-LOX inhibitorswith limited success. Past drug discovery
efforts for human lipoxygenases have utilized traditional medicinal
chemistry41�49 and natural product isolation,50�58 yielding com-
pounds that are reductive or promiscuous phenolic/terpene-based
inhibitors. Other reports have focused on pharmacophore virtual
screening59 to yield novel, selective inhibitors for rabbit 15-LOX.
However, there are few 12-LOX inhibitors that are selective or
potent and even fewer which are both.58,60�62

Several natural products have been shown to exhibit micro-
molar inhibition of 12-LOX, particularly Hinokitiol58 and the
catechins from green tea leaf extract,62 albeit with moderate
selectivity over other human LOXs. Our laboratory has dis-
covered and investigated many nonselective 12-LOX inhibitors.
Investigations of marine derived natural products yielded
brominated aryl phenols,57 and an SAR study, with the known
reductive LOX inhibitor, nordihydroguaiaretic acid (NDGA, a
pan-lipoxygenase inhibitor), yielded a variety of potent derivatives
as shown in Figure 1.63 It should be noted that the mistakenly
identified 12-LOX selective inhibitor, baicalein, was shown,

through steady-state kinetics, to not be selective in vitro and in
fact is equipotent against both 15-LOX-1 and 12-LOX.64

In an attempt to move from screening tomore structure-based
design, our laboratory recently identified several nonreductive
inhibitors for 12-LOX and 15-LOX-1 by performing docking to
homology models, however these compounds displayed weak
potency and poor selectivity.65 Our laboratory has also recently
discovered four potent and selective 12-LOX inhibitors while
testing a high-throughput screen (HTS) against the National
Cancer Institute repository and the UCSanta CruzMarine Extract
Library.60 Unfortunately, these compounds were not drug-like and
not amenable to modification.

Because of the dearth of selective and potent 12-LOX inhi-
bitors and the potential therapeutic benefit for such compounds,
herein we have performed a quantitative HTS (qHTS) against a
large library of 153607 small molecules66 in conjunction with the
NIH Molecular Libraries Probe Production Center Network
(MLPCN) in search of novel, potent, and selective 12-LOX
inhibitors. We report the discovery and SAR of an 8-hydro-
xyquinoline-based scaffold with nanomolar potency that is
selective over the related human isoforms, 5-LOX, reticulocyte
15-LOX-1, epithelial 15-LOX-2, as well as ovine cyclooxygen-
ase-1 and human cyclooxygenase-2. In addition, the mode of
inhibition and the mechanism of action are discussed.

’CHEMISTRY

The synthesis of analogues (1�30: see Table 1) could be
rapidly accomplished utilizing the Betti reaction (a type of
Mannich reaction, Scheme 1).67�69 After optimization of the
reaction conditions, it was found that the reaction worked best in
the absence of solvent (neat) and at temperatures between 120
and 160 �C (160 �C when R2 = F, 150 �C when R2 = Cl or NO2,
and 120 �C when R2 = Br (with overnight heating). One of the
initial challenges that had to be overcome was purification of
these substrates. While ultimately these could be purified via
standard reversed-phase prep-HPLC, we found them to be not
well-behaved and often resulted in having to reprep the samples
to achieve >95% purity. However, we found that recrystallization
using ethanol or a mixture of ethanol�DMF provided the pure
product without any chromatographic purification. This method
allowed for the rapid preparation of a wide variety of analogues
for SAR investigations. The synthesis of 31 and 33 (see Table 2)

Figure 1. Previously reported 12-LOX inhibitors.
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were conveniently achieved utilizing a common intermediate 9.
Accordingly, treatment of analogue 9 with iodomethane and

KOH gave the methoxy derivative 31 in good yield. Piperidine
analogue 33 was synthesized via a Rh-catalyzed reduction of 9
under an atmosphere of hydrogen using methanol as a solvent.
Naphthol derivatives, such as compound 32, were synthesized
in a similar manner as analogues 1�30, except longer reaction
time and lower temperatures were required for optimal yields
(55 �C, 15 h, see Supporting Information for a detailed synthetic
procedure for 31�33).

’RESULTS AND DISCUSSION

To discover novel inhibitors of 12-LOX, we utilized a chro-
mogenic assay to detect the hydroperoxide lipoxygenase reaction
products, as described elsewhere.70 Briefly, after allowing the
lipoxygenase reaction to proceed to the desired completion point,
ferrous Xylenol Orange was added, and the purple product, gen-
erated by the oxidation of the ferrous ions to ferric ions by the
hydroperoxide, was quantitated using visible light absorbance
detection. Prior to the screen, the reaction parameters (concentra-
tions of substrate and enzyme, percent substrate conversion, re-
agent stability under working conditions) were tested and op-
timized to ensure adequate performance (data not shown). The
screen of the entire library involved testing each of the 153607
compounds as a dilution series of seven or more concentrations
spanning the 57 μM to 0.7 nM range. This was accomplished by
testing 936 assay plates in a fully automated robotic system
(Methods). The screen was associated with a high signal-to-
background average of 4.29 and an average Z0 factor of 0.69
(Supporting Information, Figure S1A). NDGA, present on every
screening plate as a 16-point dose�response, exhibited consis-
tent IC50 throughout the screen.

Screening data analysis included classification of the concen-
tration responses based on curve shape, presence of asymptotes,
efficacy, and IC50, as described elsewhere.

71 In addition to 149407
inactive samples and 2295 inconclusive responses, samples be-
longing to 67 clusters of structurally similar primary screening hits
and 124 singletons were associatedwith complete concentration�
response curves (Supporting Information, Figure S1B). Further
prioritization based on potency and synthetic tractability led to
selection of 59 compounds for additional testing. Complete
screening and follow-up data have been made available in Pub-
Chem (PubChem BioAssay identifier 2164). Orthogonal confir-
mation of the hits from the qHTS, using a UV�vis-based manual
assay, yielded an 8-hydroxyquinoline (8-HQ) based chemotype,
compound 1 (Figure 2), that displayed micromolar to submicro-
molar potency, with an IC50 of 0.8 ( 0.2 μM. To investigate

Table 1. 12-LOX Inhibition of Analogues (1�30)a

compd R1 R2 R3 R4

IC50 (μM)

[( SD (μM)]

1 H NO2 thiophene CH2CH3 0.8 [0.2]

2 H Cl thiophene CH2CH3 1.0 [0.3]

3 H Cl thiophene CH3 1.0 [0.1]

4 H Br thiophene CH2CH3 14 [3.0]

5 H Br thiophene CH3 1.0 [0.2]

6 H H thiophene CH2CH3 3.4 [0.6]

7 H F thiophene CH3 2.0 [0.2]

8 H NO2 furan CH2CH3 1.2 [0.4]

9 H Cl furan CH2CH3 1.0 [0.2]

10 H Cl furan CH3 3.0 [0.5]

11 H Br furan CH2CH3 2.0 [0.5]

12 H Br furan CH3 2.0 [0.3]

13 H F furan CH3 5.0 [1]

14 H Cl cyclopropane CH2CH3 1.6 [0.3]

15 H Cl cyclopropane CH3 3.0 [0.6]

16 H Cl isopropyl CH2CH3 1.2 [0.4]

17 H Cl isopropyl CH3 2.6 [0.4]

18 H Cl methyl CH2CH3 >50

19 H Cl methyl CH3 >150

20 H F methyl CH3 >75

21 H Cl H CH3 >150

22 H Cl 5-Me-thiophene CH2CH3 3.5 [1]

23 H Cl 5-bromofuran CH2CH3 >75

24 Cl Cl furan CH3 >75

25 N(Me)2 Cl furan CH3 >75

26 piperidine Cl furan CH3 >75

27 H Cl 4-Me-Ph CH2CH3 >150

28 H Cl 4-F-Ph CH2CH3 >50

29 H Cl furan Ph >25

30 H Cl furan 4-Me-Ph >25
aThe UV�vis-based manual inhibition data (3 replicates) were fit as
described in the Methods section.

Scheme 1. Synthesis of 8-Hydroxyquinoline Analogues
(1�30)

Table 2. 12-LOX Inhibition of Analogues (31�33)a

compd IC50 (μM) [( SD (μM)]

31 >75

32 >75

33 3.0 [0.7]
aThe UV�vis-based manual inhibition data were fit as described in the
Methods section.
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requirements for inhibition and potency, we prepared derivatives
of the 8-HQ scaffold that were chemically modified at the R1, R2,
R3, and R4 positions (see Table 1). In general, the core scaffold of
1 was tolerant to a variety of changes in size and electrostatics in
the R2, R3, and R4 positions without dramatic changes in potency,
however, there were several combinations of modifications that
were not well tolerated.

Investigations of various substituents at R3 revealed that
compared to the thiophene or furan moiety, both smaller groups
(R3 =Me, entries 18�20 and R3 =H, entry 21) and larger groups
(R3 = 4-Me-Ph, entry 27 and R3 = 4-F-Ph, entry 28) resulted in
essentially complete loss in activity. However, thiophene, furan,
cyclopropyl, cyclopentyl, and isopropyl groups at this position all
showed comparable activity.

While only limited investigation at R1 was conducted, all
modifications at this position led to loss in activity (entries
24�26), suggesting that the binding pocket does not tolerate
increased steric bulk in this position. Similarly, increasing the size
of the substituents off the amide (R4) was not beneficial for
improved activity, as shown with analogues 29 and 30 (R = Ph
and 4-Me-Ph, respectively). Additionally, R4 = CH(CH3)2 and
(CH2)2CH3 were synthesized and these analogues also displayed
weak potency (data not shown). In contrast, modifications to R2

was well tolerated, withH, Cl, Br, F, NO2 all showing comparable
activity.

8-HQ scaffolds are known metal chelators,72 and chelation of
the LOX active site iron has been documented in the litera-
ture previously.73,74 Consequently, we sought to investigate the
chemical requirements for metal chelation by modifying the
oxygen and nitrogen ligands that could bind the active site iron
(Table 2, see compounds 31�33). Both methylation of the
phenol (entry 31) and removal of the ring nitrogen (analogue
32) resulted in a loss of potency. However, when the pyridine
was reduced to the piperidine (analogue 33), a nonrigid hetero-
cycle, the inhibition was unaffected (IC50 = 3.0( 0.7 μM). This
data is consistent with the inhibitors ligating the metal in a

bidentate fashion, given that piperidines are comparable in ligand
strength to pyridine75 and that neither of the monodentate modi-
fications of the 8-HQ core inhibit 12-LOX. This hypothesis is
supported by the fact that modifications at R1 (24, 25, 26) also
lower potency, presumably due to sterics as the 8-HQ moiety
binds the iron. Other small molecule 8-HQs, such as 8-HQ-5-
sulfonic acid and 8-HQ-5-nitro, were found to be weak inhibitors
(IC50 values >80 μM against 12-LOX), however, 5,7-dichloro-8-
HQ (chloroxine) was an exception. It effectively inhibited all
LOX isozymes tested (IC50 values, 5-LOX = 3.6 ( 0.8 μM, 12-
LOX = 1.9( 0.4 μM, 15-LOX-1 = 2.4( 0.4 μM, 15-LOX-2 = 28
( 7 μM). Interestingly, chloroxine is a topical antimicrobial
agent used in the treatment of seborrheic dermatitis, and while
no studies have linked lipoxygenase to this ailment, inflammation
has been implicated in its treatment, suggesting a possible
connection.76

We have attempted to characterize these inhibitors binding
directly to the active site ferrous and ferric ion, using UV and
fluorescence spectroscopy, however neither experiment was
successful. 12-LOX loses activity dramatically as it concentrates,
thus making it difficult to achieve enzyme concentrations that
would yield a signal of sufficient intensity to observe.

Our final investigation into the SAR around the 8-HQ scaffold
was to determine whether the two enantiomers had differential
potency. As such, we utilized normal-phase chiral HPLC to effec-
tively separate the enantiomers of both analogues 2 and 5 as
shown in Table 3 (HPLC traces, Supporting Information, Figure
S2 and S3). Both (�)-2 (aka 36) and (�)-5 (aka 34) displayed
12-LOX inhibition at approximately half the IC50 value of the
racemic mixture (34 (�)-enantiomer, IC50 = 0.43 ( 0.04 μM;
(racemic)-5, IC50 = 1.0 ( 0.2 μM; 36 (�)-enantiomer, IC50 =
0.38 ( 0.05 μM; (racemic)-2, IC50 = 1.0 ( 0.3 μM). In con-
trast, (+)-2 (aka 37) and (+)-5 (aka 35) displayed no inhibition
(IC50 > 25 μM), indicating a fine degree of selectivity in the active
site due to chiral geometry.We are currently attempting to crystallize
the active enantiomers to determine their absolute stereochemistry.

The above data is suggestive that these inhibitors bind directly
to the active site iron, which raises the possibility that these
inhibitors could have the necessary redox potential to reduce the
active ferric iron to the resting ferrous state, as has been reported
previously.63,64,77,78 To investigate the redox potential of this
chemotype, DPPH, a free radical scavenger, was incubated with
compound 1 and no reduction of DPPH was observed. Stoichio-
metric reduction of DPPH was achieved by the known reductive
LOX inhibitor, NDGA, suggesting that these 8-HQ inhibitors areFigure 2. Lead compound (1) and positions explored for SAR.

Table 3. 12-LOX Inhibition of Enantiomerically Pure Analogues (34�37)a

aThe UV�vis-based manual inhibition data were fit as described in the Methods section.
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not reductive in nature. Unfortunately, measuring the oxida-
tion of the inhibitor (reduction of the active site iron) with the
pseudoperoxidase assay is not possible with 12-LOX due to a lack
of absorbance change at 234 nm. Another mechanism of inhibi-
tion seen for LOX is promiscuous inhibition due to small mole-
cule aggregates.79 Compound 3 was therefore screened with in-
creasing amounts of Triton X-100, from 0.005% to 0.02%, with
negligible changes in the IC50, indicating that small molecule
aggregates are not responsible for inhibition.

In addition to characterizing the inhibition constants, the
mode of binding was investigated with steady state kinetics using
compound 3 by monitoring the formation of 12-HPETE as a
function of substrate and inhibitor concentration in the presence
of 0.01%Triton-X-100. Replots ofKM/kcat and 1/kcat versus inhi-
bitor concentration (Supporting Information, Figure S4A,B)
yielded linear plots, with Kic equaling 0.7 ( 0.09 μM and Kiu

equaling 0.8 ( 0.1 μM, which are defined as the equilibrium
constants of dissociation from the enzyme and enzyme substrate
complex, respectively. The similar affinity of inhibitor binding to
both the enzyme and the enzyme substrate complex (Kic is ap-
proximately Kiu) is a rare example of true noncompetitive inhibi-
tion,80 whose inhibitor affinity is not affected by substrate bind-
ing. Regarding the chemical mechanism of inhibition, compound
2 did not display a time-dependent inhibition when it was in-
cubated with 12-LOX, unlike the time dependent inhibition seen
for the bidentate catechol inhibitors against sLO-174 and the 8-HQ
derivatives against macrophagemigration inhibitory factor (MIF).81

This data may suggest that compound 2 is not an irreversible
inhibitor, however, this could not be proven due to the inactiva-
tion of 12-LOX upon dialysis.

To determine the selectivity of this inhibitor chemotype, a
subset of compoundswas screened against a variety of LOX isozymes
(Table 4). In general, the selectivity was excellent, with the potency
difference being 25- to 150-fold against 15-LOX-1, 45- to 1300-fold
against 5-LOX, and 45- to 150-fold against 15-LOX-2. Chiral
analogue, 36, was not only the most potent of the inhibitors but it
also had some of the best selectivity relative to 5-LOX (1300-
fold) and 15-LOX-1 (130-fold). Interestingly, the selectivity of

this chemotype between 12-LOX and 15-LOX-1 is less than that
between 12-LOX and 5-LOX, whichmay be accounted for by the
similar active sites of 12-LOX and 15-LOX-1.82

Compound 5 was also screened against the mouse 12/15-
lipoxygenase (12/15-LOX), which generates predominately 12-
HPETE, with a smaller percentage of 15-HPETE and it had an
IC50 value of 14( 3.0 μM.While this value is over 10-fold larger
than that for 12-LOX, it is still significantly lower than the IC50 of
5 against 15-LOX-1 (IC50 >150 μM), suggesting the active site of
12/15-LOX is more similar to 12-LOX than 15-LOX-1. This was
further supported when a highly specific inhibitor against 15-
LOX-1 (IC50 < 10 nM against 15-LOX-1) showed an IC50 of
greater than 75 μM against 12/15-LOX.70 In addition, compound
5 did not inhibit either cyclooxygenase-1 (COX-1) or COX-2
(IC50 > 100 μM for both), demonstrating a selectivity of greater
than 100-fold for 12-LOX over both COX-1 and COX-2.

To demonstrate the potential for these compounds to be utilized
in more advanced biological systems (e.g., cell-based assays), we
investigated various in vitro ADME properties of a representative
compound (analogue 34) as shown in Table 5. This chemotype
was found to have acceptable kinetic solubility. It should be noted
that these conditions are different from the conditions used for the
IC50 determinations, which had detergent, lower salt concentra-
tions, and higher pH, all leading to greater inhibitor solubility. The
inhibitor also showed good cell permeability and excellent stability
in PBS buffer and mouse plasma. However, the compound was
susceptible tometabolism bymouse livermicrosomes with aT1/2

of under 10 min. Despite this result, we were eager to determine
the in vivo PK of this molecule to provide a basis for future
investigations in disease relevant mouse models. As shown in
Table 6, compound 34 had a reasonable plasma T1/2 of 3.5 h and
a Cmax of 288 μM. Importantly, the exposure level exceeded the
purified enzyme assay IC50 for the full 24 h period and IC50 in the
platelet assay (vide infra) for 8 h. Moreover, this compound does
not efficiently cross the blood�brain barrier (BBB), which for
the treatment of diseases such as diabetes and thrombosis is con-
sidered a desirable result as CNS-active compounds could result
in undesired side effects. These in vitro ADME and in vivo PK
results suggest that the molecules described above should provide
utility in probing the effects of 12-LOX inhibition in both cell-
based assays and possibly in vivo models.

Other groups have postulated that 7-substituted-8-HQ deri-
vatives, which contain substituted anilines in place of the amide
moiety (at C-9), undergo a retro-Mannich reaction to afford a
reactive species that can form a variety of covalent adducts (see
Figure 3b).83 In agreement with these findings, we too found
such analogues (aniline as opposed to amide group at C-9) were
relatively unstable in both assay buffer and mouse plasma. How-
ever, as shown above, our lead compounds are completely stable
in both PBS buffer (pH 7.4) and mouse plasma over a 48 h
period. Moreover, this particular chemotype displayed favorable
exposure levels in vivo (mouse) as described above. These find-
ings suggest that the retro-Mannich pathway is much less facile
for the amide-containing series, potentially as a result of amide

Table 4. Selectivity Profile of Representative Analoguesa

IC50 (μM)

compd 12-LOX 5-LOX 15-LOX-1 15-LOX-2

1 0.8 ND >25 ND

3 1.0 >100 >25 ND

5 1.0 >100 >100 >100

6 3.4 >100 >50 >100

9 1.0 >100 >50 >100

34 0.43 >100 >30 ND

36 0.38 >100 >50 ND
aThe UV�vis-based manual inhibition data (3 replicates) were fit as
described in the Methods section.

Table 5. In Vitro ADME Properties for Representative Analogue (Compound 34)a

compd

aq kinetic soln

(PBS @ pH 7.4) (μM)

Caco-2

(Papp10
�6 m/s @ pH 7.4)

efflux ratio

(BfA)/(AfB)

mouse liver microsome stability

(T1/2) (min)

PBS-pH7.4 stability:

% remaining after 48 h

mouse plasma stability:

% remaining after 48 h

34 14.5 8.8 2.3 <10 100 98.3
aKinetic solubility measurements were conducted at Analiza Inc. using nitrogen detection methodologies. Caco-2 permeability, microsomal stability,
and mouse plasma stability experiments were conducted at Pharmaron Inc.
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nitrogen being less basic than the corresponding aniline nitrogen.
A comparable 8-HQ chemical series was reported by Wyeth
researchers as ADAMTS inhibitors, which like our chemotype
contains the amide moiety at C-9 (Figure 3a). They found that
the compound displayed good ADME properties (CYP inhibi-
tion and microsomal stability), supporting the notion that this
subtle structural differencemay have a drastic effect on the overall
stability of this class of compounds.84

A select group of inhibitors, 1, 34, and 35, were then tested for
efficacy in a platelet cellular assay. Human platelets are known to
express large amounts of 12-LOXupon stimulation of the protease-
activated receptor (PAR) with its activating peptide, PAR1-AP.33

We therefore incubated our inhibitors with human platelets,
followed by stimulation with PAR1-AP and measured the change
in 12-HETE production. In three separate experiments, 100 μM
of 1 and 34 showed significant inhibition of PAR1-AP-mediated
12-HETE production, while 35 showed no reduction in 12-HETE
production. This data confirms the in vitro data, where both 1 and
34 are potent (IC50 values of 0.8 and 0.43 μM, respectively), while
35 is inactive (IC50 value >25 μM) and supports the notion that
the potent in vitro inhibitors inhibit 12-LOX intracellularly. A
more thorough titration of inhibition in the platelet cells was then
performed with compounds 1 and 34 (inhibitor concentration
ranging from 1 to 100 μM). The IC50 values were determined to
be 15 ( 10 for 1 and 13 ( 7 for 34 (Figure 4). These cell-based
IC50 values are over 25-fold greater than the isolated enzyme IC50

values, which could be a result of limited solubility and/or intra-
cellularmetabolism of the inhibitors.We are currently testing various
modifications of the inhibitor scaffold to improve the cellular
potency with the hopes of applying these inhibitors as anti-
coagulation therapeutics.

The ability of compound 1 to inhibit the activity of 12-LOX in
a diabetic disease relevant model was also assessed using primary
human islets obtained from donated tissues. Upon stimulation
with arachidonic acid and calcium ionophore, production of 12-
HETE in donor islets is significantly increased (Figure 5). This
increase was a consistent response across all donor islets tested,
and the degree of response was compatible with donor variation.
Inclusion of compound 1 at an assay concentration of 10 μM
resulted in an uniform inhibition of 68.9( 14.5% across the three

nondiabetic donors tested (Figure 5A). The basal and stimulated
level of 12-HETE was elevated in islets from confirmed type 2
diabetic donors (Figure 5B). This is consistent with the relevance
of 12-LOX to diabetes disease progression. Again, compound 1
resulted in an equivalent inhibition of stimulated 12-HETEproduc-
tion, 70 and 74%, respectively, in the two diabetic donors assayed.

’CONCLUSION

Because of the absence of selective, drug-like inhibitors of 12-
LOX in the literature, a HTS campaign of 153607 compounds
was performed that identified an 8-HQ chemotype as a novel,
potent, and selective inhibitor of 12-LOX. Modifications to
various positions around the core scaffold led to the development
of an SAR profile. In general, the dynamic interplay between the
various substitutions is not well understood, and while the SAR
was relatively flat, several changes are not at all tolerated. The
most dramatic loss of inhibition was observed at the C-2 position
of the 8-HQ core (R1), where all substitutions resulted in a com-
plete loss of activity. Moreover, loss of activity was observed by
removal of the nitrogen on the pyridine and/or methylation of

Figure 3. (a) Representative 8-HQ-based ADAMTS-5 inhibitor reported by Wyeth researchers with amide nitrogen at C-9. (b) Proposed mechanism
of covalent modification for 8-HQs with aniline nitrogen at C-9.

Figure 4. Titration curves of 1 (circles, solid line) and 34 (triangles,
dashed line), against platelets, measuring inhibition of 12-HETE con-
centration by LC-MS-MS. Fitting the data to a simple hyperbolic curve
yielded IC50 values of 15 ( 10 μM for 1 and 13 ( 7 μM for 34.

Table 6. In Vivo PK Data for Representative Analogue (Compound 34)a

compd

t1/2
(h) [plasma]

t1/2
(h) [brain] [brain/plasma] b

Cmax

(μM) [plasma]

Cmax

(μM) [brain]

tmax

(h) [plasma]

tmax

(h) [brain] cLogP

34 3.5 1.7 0.01 288 5 0.25 0.5 2.8
a Intraperitoneal (IP) administration (30 mg/kg body weight (mpk)), CD1 mice, n = 3, monitored at 8 time points (0.25, 0.5, 1, 2, 4, 8, 12, 24 h).
Compound 34 formulated as a suspension in 50% PEG200 and 10%Cremophor EL in saline solution. bCalculated based on the average [b/p] ratio over
8 time points (24 h period). Experiments were performed by Pharmaron Inc.
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the 8-hydroxy group, which strongly suggests the inhibitor is
binding to the catalytic iron in a bidentate fashion. Further in-
vestigations demonstrated the (�)-enantiomers of this 8-HQ
chemotype are seemingly responsible for the observed activity,
with IC50 values approximately half of the racemic mixture (IC50

of 0.43 ( 0.04 for 34 and 0.38 ( 0.05 μM for 36). 5-LOX, 15-
LOX-1, 15-LOX-2, COX-1, and COX-2 were not inhibited by
this chemotype. Interestingly, this chemotype did show weak
inhibition against the 12/15-LOX (IC50 = 14 μM), suggesting
the active site of 12/15-LOX is more similar to 12-LOX than 15-
LOX-1 (15-LOX-1 IC50 > 150 μM). This is consistent with the
fact that 15-LOX-1 selective inhibitors were inactive against
12/15-LOX and indicates cautionwhen performing lipoxygenase
studies on particular diseases with mouse models. Investigating the
mode of inhibition demonstrated that this class of compounds is
thought to be nonreductive and exhibits noncompetitive inhibition.
We are currently investigating these compounds in cell-based diabetes
and blood coagulation models, and it is our hope that this class of
inhibitors will provide a molecular tool to determine the biological
role of 12-LOX and further validate 12-LOX as a therapeutic target.

’EXPERIMENTAL SECTION

General Chemistry. Unless otherwise stated, all reactions were
carried out under an atmosphere of dry argon or nitrogen in dried glass-
ware. Indicated reaction temperatures refer to those of the reaction bath,
while room temperature (rt) is noted as 25 �C. All solvents were of
anhydrous quality purchased from Aldrich Chemical Co. and used as
received. Commercially available starting materials and reagents were
purchased from Aldrich and were used as received.

Analytical thin layer chromatography (TLC) was performed with
Sigma Aldrich TLC plates (5 cm� 20 cm, 60 Å, 250 μm). Visualization
was accomplished by irradiation under a 254 nm UV lamp. Chroma-
tography on silica gel was performed using forced flow (liquid) of the
indicated solvent system on Biotage KP-Sil prepacked cartridges and
using the Biotage SP-1 automated chromatography system. 1H and 13C
NMR spectra were recorded on a Varian Inova 400 MHz spectrometer.
Chemical shifts are reported in ppm with the solvent resonance as the
internal standard (CDCl3 7.26 ppm, 77.00 ppm, DMSO-d6 2.49 ppm,
39.51 ppm for 1H, 13C, respectively). Data are reported as follows: chem-
ical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
brs = broad singlet, m = multiplet), coupling constants, and number of
protons. Low resolution mass spectra (electrospray ionization) were
acquired on an Agilent Technologies 6130 quadrupole spectrometer
coupled to the HPLC system. High resolution mass spectral data was
collected in-house using an Agilent 6210 time-of-flight mass spectro-
meter, also coupled to an Agilent Technologies 1200 series HPLC
system. If needed, products were purified via a Waters semipreparative

HPLC equipped with a Phenomenex Luna C18 reverse phase (5 μm,
30 mm� 75 mm) column having a flow rate of 45 mL/min. The mobile
phase was a mixture of acetonitrile (0.1% TFA) and H2O (0.1% TFA) at
room temperature.

Samples were analyzed for purity on an Agilent 1200 series LC/MS
equippedwith a Luna C18 reverse phase (3 μm, 3mm� 75mm) column
having a flow rate of 0.8�1.0 mL/min over a 7 min gradient and a 8.5min
run time. The mobile phase was a mixture of acetonitrile (0.025% TFA)
and H2O (0.05% TFA), and the temperature was maintained at 50 �C.
Purity of final compounds was determined to be >95%, using a 3 μL
injection with quantitation by AUC at 220 and 254 nm (Agilent diode
array detector).
Chiral HPLC Separation of the Enantiomers. Methanol was

added to the sample until the sample was completely dissolved. Sample
dissolution and analysis was performed at room temperature. The analy-
tical analysis was performed on a Chiralcel OD column (4.6 mm� 150
mm, 5 μm). The mobile phase was 100% methanol at 1.0 mL/min. The
sample was detected with a diode array detector (DAD) at 254 and 330 nm.
Optical rotation (() was determined with an in-line polarimeter (PDR-
Chiral). Preparative purification was performed on a Chiralcel OD
column (2 cm � 25 cm, 5 μm). The mobile phase was 100% methanol
at 4.5 mL/min. Fraction collection was triggered by UV absorbance
(330 nm). The LC system was limited to 100 μL injections. The frac-
tions containing the requisite enantiomers were combined and concen-
trated under reduced pressure. The enantiomeric purity was determined
by reinjection on the analytical column described above. The enantio-
meric ratios (er) for all separated chiral compounds were found to be
greater than 99:1. The optical rotations of the final compounds were
obtained using a PerkinElmer model 341 polarimeter.
General Procedure for the Synthesis of 8-HQ Analogues

(Scheme 1). Differentially substituted-quinolin-8-ol (1 equiv), amide
(1.05 equiv), and the requisite aldehyde (1.1 equiv) were stirred neat at
120�160 �C for 15 min to 12 h (depending on the substituent at C-5).
Upon heating, the reaction mixture melted and solid was formed after
completion of the reaction. The solid product was washed with ethyl
acetate, and the crude product was purified by recrystallization from
ethanol or an ethanol�DMF mixture.
Representative Characterization Data. N-((8-Hydroxy-5-

nitroquinolin-7-yl)(thiophen-2-yl)methyl)propionamide (1). LC-MS: rt
(min) =5.16. 1HNMR(DMSO-d6)δ 1.03 (t, J=7.5Hz, 3H), 2.23 (qd, J=
7.6 and 3.1Hz, 2H), 6.81 (dt, J= 3.5 and 1.2Hz, 1H), 6.89 (dd, J= 8.6 and
1.0Hz, 1H), 6.95 (dd, J= 5.1 and 3.5Hz, 1H), 7.43 (dd, J= 5.1 and 1.2Hz,
1 H), 7.90 (dd, J = 8.8 and 4.3 Hz, 1 H), 8.76 (s, 1 H), 9.02 (dd, J = 4.1 and
1.6 Hz, 1 H), 9.09 (d, J = 8.8 Hz, 1 H), and 9.19 (dd, J = 8.8 and 1.6 Hz, 1
H). 13C NMR (DMSO-d6) δ 9.86, 28.38, 45.33, 121.73, 123.84, 125.21,
125.29, 125.35, 126.87, 127.23, 133.05, 134.37, 136.80, 145.17, 149.03,
157.34 and 172.29. HRMS (m/z): [M + H]+ calcd for C17H16N3O4S,
358.0856; found, 358.0861.

Figure 5. Inhibition of 12-HETE production in human donor islets. (A) 12-HETE levels form three nondiabetic donors (ND-1 to ND-3) either
unstimulated (white bars) or stimulated for 60 min with 100 μM arachidonic acid (AA) and 30 min with 5 μMA23187 (I) in the absence (gray bars) or
presence of 10 μM compound 1 (black bars). (B) shows 12-HETE levels in human islets from two confirmed type 2 diabetic donors (T2D-1 and T2D-2).
Conditions are as described in (A).
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N-((5-Chloro-8-hydroxyquinolin-7-yl)(thiophen-2-yl)methyl)prop-
ionamide (2). LC-MS: rt (min) = 5.6. 1H NMR (DMSO-d6) δ 1.03
(t, J = 7.6 Hz, 3 H), 2.16�2.28 (m, 2 H), 6.75�6.78 (m, 1 H), 6.89�6.96
(m, 2 H), 7.40 (dd, J = 5.1 and 1.0 Hz, 1H), 7.74 (dd, J = 8.6 and 4.1Hz,
1 H), 7.79 (s, 1 H), 8.50 (dd, J = 8.5 and 1.5 Hz, 1 H), 8.91 (d, J = 8.8
Hz, 1 H), 8.98 (dd, J = 4.1 and 1.4 Hz, 1 H) and 10.42 (brs, 1 H).;
HRMS (m/z): [M + H]+ calcd for C17H16ClN2O2S, 347.0618; found,
347.0621. (�)-2 (e.g., 36) [R]D23 = �24 (c = 0.6, CHCl3); (+)-2 (e.g.,
37) [R]D23 = +24 (c = 0.6, CHCl3).
N-((5-Chloro-8-hydroxyquinolin-7-yl)(thiophen-2-yl)methyl)acetamide

(3).LC-MS: rt (min) = 5.28. 1HNMR(DMSO-d6) δ 1.94 (s, 3H), 6.78 (d,
J= 3.5Hz, 1H), 6.89 (d, J= 8.8Hz, 1H), 6.94 (dd, J= 5.1 and 3.5Hz, 1H),
7.41 (dd, J= 5.1 and 1.0Hz, 1H), 7.75 (dd, J= 8.5 and 4.2Hz, 1H), 7.78 (s,
1H), 8.51 (dd, J= 8.6 and 1.4Hz, 1H), 8.96�9.02 (m, 2H) and 10.43 (brs,
1 H)). HRMS (m/z): [M + H]+ calcd for C16H14ClN2O2S, 333.0459;
found, 333.0460.
N-((5-Bromo-8-hydroxyquinolin-7-yl)(thiophen-2-yl)methyl)prop-

ionamide (4). LC-MS: rt (min) = 5.70. 1HNMR (DMSO-d6) δ 1.03 (t,
J = 7.5Hz, 3H), 2.16�2.29 (m, 2H), 6.76 (d, J = 3.3Hz, 1H), 6.87�6.96
(m, 2H), 7.40 (dd, J = 5.1 and 1.0Hz, 1H), 7.74 (dd, J = 8.5 and 4.2Hz, 1
H), 7.96 (s, 1 H), 8.43 (dd, J = 8.6 and 1.4 Hz, 1 H), 8.86�8.99 (m, 2 H)
and 10.45 (brs, 1H).HRMS (m/z): [M+H]+ calcd for C17H16BrN2O2S,
391.0105; found, 391.0108.
N-((5-Bromo-8-hydroxyquinolin-7-yl)(thiophen-2-yl)methyl)acetamide

(5) ML127. LC-MS: rt (min) = 5.36. 1HNMR (DMSO-d6) δ 1.94 (s, 3 H),
6.78 (dt, J=3.5 and 1.2Hz, 1H), 6.89 (dd, J=8.9 and 1.1Hz, 1H), 6.93 (dd,
J = 5.1 and 3.3 Hz, 1 H), 7.40 (dd, J = 5.1 and 1.4 Hz, 1 H), 7.74 (dd, J = 8.6
and 4.1 Hz, 1 H), 7.95 (s, 1 H), 8.43 (dd, J = 8.5 Hz and 1.5 Hz, 1 H), 8.95
(dd, J = 4.1 and 1.6 Hz, 1 H), 9.00 (d, J = 8.8 Hz, 1 H) and 10.46 (brs, 1 H).
13C NMR (DMSO-d6) δ 22.55, 45.35, 108.50, 123.41, 124.84, 125.08,
125.68, 126.34, 126.78, 129.38, 134.97, 138.89, 145.91, 149.24, 149.71, and
168.39. HRMS (m/z): [M +H]+ calcd for C16H14BrN2O2S, 376.9954;
found, 376.9956. (�)-5 (e.g., 34) [R]D23 =�18 (c = 0.3, CHCl3); (+)-
5 (e.g., 35) [R]D23 = +18 (c = 0.3, CHCl3)
N-((5-Fluoro-8-hydroxyquinolin-7-yl)(thiophen-2-yl)methyl)acetamide

(7).LC-MS: rt (min) =4.76. 1HNMR(DMSO-d6)δ1.93 (s, 3H), 6.77 (dt,
J = 3.5 and 1.2 Hz, 1 H), 6.88�6.95 (m, 2 H), 7.40 (dd, J = 5.0 and 1.3 Hz,
1H), 7.47 (d, J= 11.2Hz, 1H), 7.68 (dd, J= 8.5 and 4.2Hz, 1H), 8.44 (dd,
J = 8.5 and 1.7 Hz, 1 H), 8.91�8.99 (m, 2 H) and 10.07 (brs, 1 H). 13C
NMR (DMSO-d6) δ 22.55, 45.49, 104.54, 109.27, 109.48, 117.53, 117.72,
122.27, 123.67, 123.73, 124.86, 125.04, 126.73, 129.13, 129.16, 137.80,
137.83, 145.91, 146.04, 146.08, 148.17, 149.52, 150.60 and 168.37. HRMS
(m/z): [M + H]+ calcd for C16H14FN2O2S, 317.076; found, 317.0761.
N-(Furan-2-yl(8-hydroxy-5-nitroquinolin-7-yl)methyl)propionamide

(8). LC-MS: rt (min) = 4.96. 1HNMR (DMSO-d6) δ 1.01 (t, J = 7.6Hz, 3
H), 2.16�2.27 (m, 2H), 6.13 (d, J= 3.3Hz, 1H), 6.38 (dd, J= 3.1 and 1.8
Hz, 1 H), 6.69 (d, J = 8.4 Hz, 1 H), 7.61 (d, J = 1.0 Hz, 1 H), 7.90 (dd, J =
8.9 and 4.2 Hz, 1 H), 8.68 (s, 1 H), 8.97 (d, J = 8.4 Hz, 1 H), 9.01 (dd, J =
4.1 and 1.4 Hz, 1 H) and 9.17�9.21 (m, 1 H). HRMS (m/z): [M + H]+

calcd for C17H16N3O5, 342.1084; found, 342.1082.
N-((5-Chloro-8-hydroxyquinolin-7-yl)(furan-2-yl)methyl)propionamide

(9). LC-MS: rt (min) = 5.26. 1H NMR (DMSO-d6) δ 1.01 (t, J = 7.5 Hz, 3
H) 2.20 (qd, J = 7.5 and 2.6 Hz, 2 H) 6.07 (d, J = 3.1 Hz, 1 H) 6.37 (dd, J =
3.0 and 1.9 Hz, 1 H) 6.72 (d, J = 8.6Hz, 1H) 7.59 (s, 1 H) 7.66 - 7.89 (m, 2
H) 8.49 (dd, J = 8.5 and 1.5 Hz, 1 H) 8.80 (d, J = 8.8 Hz, 1 H) 8.97 (dd, J =
4.2 and 1.5 Hz, 1 H) and 10.38 (brs, 1 H). 13C NMR (DMSO-d6) δ 9.81,
28.28, 43.99, 106.95, 110.39, 118.47, 123.04, 123.07, 125.04, 126.15,
132.50, 138.62, 142.51, 149.16, 149.42, 153.95, and 172.21. HRMS
(m/z): [M + H]+ calcd for C17H16ClN2O3, 331.0844; found, 331.0849.
N-((5-Chloro-8-hydroxyquinolin-7-yl)(furan-2-yl)methyl)acetamide

(10). LC-MS: rt (min) = 4.83. 1H NMR (DMSO-d6) δ 1.92 (s, 3 H),
6.06�6.09 (m, 1 H), 6.37 (dd, J = 3.2 and 1.9 Hz, 1 H), 6.70 (d, J = 8.4
Hz, 1H), 7.59 (dd, J= 1.9 and 1.0Hz, 1H), 7.71 (s, 1H), 7.74 (dd, J= 8.5
and 4.2 Hz, 1 H), 8.50 (dd, J = 8.6 and 1.6 Hz, 1 H), 8.88 (d, J = 8.6 Hz,

1 H), 8.97 (dd, J = 4.1 and 1.6 Hz, 1 H) and 10.39 (brs, 1 H). 13C NMR
(DMSO-d6) δ 22.51, 44.05, 106.99, 110.39, 118.48, 123.00, 123.05,
125.05, 126.14, 132.52, 138.62, 142.52, 149.19, 149.40, 153.86 and 168.47.
HRMS (m/z): [M + H]+ calcd for C16H14ClN2O3, 317.0687; found,
317.0689.

N-((5-Bromo-8-hydroxyquinolin-7-yl)(furan-2-yl)methyl)propionamide
(11). LC-MS: rt (min) = 5.39. 1HNMR (DMSO-d6) δ 1.01 (t, J = 7.6Hz, 3
H), 2.20 (qd, J= 7.5 and 2.2Hz, 2H), 6.07 (d, J = 3.1Hz, 1H), 6.37 (dd, J=
3.2 and 1.9Hz, 1H), 6.71 (d, J= 8.4Hz, 1H), 7.59 (dd, J= 1.8 and 0.8Hz,
1H), 7.73 (dd, J = 8.6 and 4.1Hz, 1H), 7.88 (s, 1 H), 8.42 (dd, J = 8.6 and
1.6 Hz, 1 H), 8.81 (d, J = 8.8 Hz, 1 H), 8.94 (dd, J = 4.1 and 1.6 Hz, 1 H)
and 10.41 (brs, 1 H). 13C NMR (DMSO-d6) δ 9.81, 28.29, 43.96, 106.94,
108.33, 110.39, 123.38, 123.73, 126.35, 129.63, 134.95, 138.86, 142.51,
149.17, 150.03, 153.96, and 172.22. HRMS (m/z): [M + H]+ calcd for
C17H16BrN2O3, 375.0339; found, 375.0344.

N-((5-Bromo-8-hydroxyquinolin-7-yl)(furan-2-yl)methyl)acetamide
(12).LC-MS: rt (min) = 5.03. 1HNMR(DMSO-d6)δ 1.92 (s, 3H), 6.04
- 6.11 (m, 1 H), 6.37 (dd, J = 3.2 and 1.9 Hz, 1 H), 6.70 (d, J = 8.6 Hz,
1H), 7.56�7.62 (m, 1H), 7.73 (dd, J= 8.5 and 4.2Hz, 1H), 7.87 (s, 1H),
8.43 (dd, J = 8.6 and 1.6 Hz, 1 H), 8.89 (d, J = 8.6 Hz, 1 H), 8.94 (dd, J =
4.1 and 1.6Hz, 1H) and 10.42 (brs, 1H). 13CNMR (DMSO-d6) δ 22.51,
43.99, 106.96, 108.33, 110.39, 123.38, 123.65, 126.35, 129.61, 134.96, 138.86,
142.52, 149.18, 150.00, 153.87, and 168.47. HRMS (m/z): [M + H]+ calcd
for C16H14BrN2O3, 361.0182; found, 361.019.
Methods. Biological Reagents. All commercial fatty acids (Sigma-

Aldrich Chemical Co.) were repurified using a Higgins HAIsil Semi-
Preparative (5 μm, 250 mm � 10 mm) C-18 column. Solution A was
99.9%MeOH and 0.1% acetic acid; solution B was 99.9% H2O and 0.1%
acetic acid. An isocratic elution of 85%A:15%Bwas used to purify all fatty
acids, which were stored at �80 �C for a maximum of 6 months.

Overexpression and Purification of Human 5-Lipoxygenase, Human
12-Lipoxygenase, and the Human 15-Lipoxygenases. Human platelet
12-lipoxygenase (12-LOX), human reticulocyte 15-lipoxygenase-1 (15-
LOX-1), human epithelial 15-lipoxygenase-2 (15-LOX-2), were expressed
as N-terminally, His6-tagged proteins and purified to greater than 90%
purity, as evaluated by SDS-PAGE analysis.50,85,86 Human 5-lipoxy-
genase was expressed as a nontagged protein and used as a crude
ammonium sulfate protein fraction, as published previously.87 Iron
content of 12-LOX was determined with a Finnegan inductively coupled
plasma mass spectrometer (ICP-MS), using cobalt-EDTA as an internal
standard. Iron concentrations were compared to standardized iron solutions
and used to normalize enzyme concentrations.

High-Throughput Screen: Materials. Dimethyl sulfoxide (DMSO)
ACS grade was from Fisher, while ferrous ammonium sulfate, Xylenol
Orange (XO), sulfuric acid, and Triton X-100 were obtained from
Sigma-Aldrich.

Compound Library. A 153607 compound library was screened in
7�15 concentrations ranging from 0.7 nM to 57 μM. The library in-
cluded 139798 diverse small drug-like molecules that are part of theNIH
Small Molecule Repository. A collection of 2893 compounds from the
Centers ofMethodology and Library Development at Boston University
(BUCMLD) and University of Pittsburgh (UPCMLD) were added to
the library. Several combinatorial libraries fromPharmacopeia, Inc. totaled
1649 compounds. An additional 1981 compounds from theNCIDiversity
Set were included. Last, 7286 compounds with known pharmacological
activity were added to provide a large and diverse screening collection.

High-Throughput Screening Protocol and HTS Analysis. All screen-
ing operations were performed on a fully integrated robotic system
(Kalypsys Inc., San Diego, CA) as described elsewhere.88 First, 3 μL of
enzyme (approximately 80 nM 12-LOX, final concentration) was
dispensed into 1536-well Greiner black clear-bottom assay plate. Then
compounds and controls (23 nL) were transferred via Kalypsys PinTool
equipped with 1536-pin array. The plate was incubated for 15 min at
room temperature, and then a 1 μL aliquot of substrate solution (50 μM
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arachidonic acid final concentration) was added to start the reaction.
The reaction was stopped after 6.5 min by the addition of 4 μL of FeXO
solution (final concentrations of 200 μM Xylenol Orange (XO) and
300 μM ferrous ammonium sulfate in 50mM sulfuric acid). After a short
spin (1000 rpm, 15 s), the assay plate was incubated at room tempera-
ture for 30min. The absorbances at 405 and 573 nmwere recorded using
ViewLux high-throughput CCD imager (Perkin-Elmer, Waltham, MA)
using standard absorbance protocol settings. During dispensing, enzyme
and substrate bottles were kept submerged into +4 �C recirculating
chiller bath to minimize degradation. Plates containing DMSO only
(instead of compound solutions) were included approximately every
50 plates throughout the screen to monitor any systematic trend in the
assay signal associated with reagent dispenser variation or decrease in
enzyme specific activity.

Data were analyzed in a similar method as described elsewhere.71

Briefly, assay plate-based raw data were normalized to controls and plate-
based data corrections were applied to filter out background noise. All
concentration response curves (CRCs) were fitted using in-house
developed software (http://ncgc.nih.gov/pub/openhts/). Curves were
categorized into four classes: complete response curves (class 1), partial
curves (class 2), single point actives (class 3), and inactives (class 4).
Compounds with the highest quality, class 1 and class 2 curves, were
prioritized for follow-up.
Lipoxygenase UV�Vis-Based Manual Assay. The initial one-point

inhibition percentages were determined by following the formation of
the conjugated diene product at 234 nm (ε = 25000 M�1cm�1) with a
Perkin-Elmer Lambda 40 UV/vis spectrophotometer at one inhibitor
concentration. All reactions were 2 mL in volume and constantly stirred
using a magnetic stir bar at room temperature (23 �C) with approxi-
mately 40 nM for 12-LOX (by iron content), 20 nM of 15-LOX-1 (by
iron content), and 1 μM for 15-LOX-2 (by Bradford). Reactions with
12-LOX were carried out in 25 mM HEPES (pH 8.0) 0.01% Triton
X-100 and 10 μMAA. Reactions with the crude, ammonium sulfate pre-
cipitated 5-LOX were carried out in 25 mM HEPES (pH 7.3), 0.3 mM
CaCl2, 0.1 mM EDTA, 0.2 mM ATP, 0.01% Triton X-100, and 10 μM
AA. Reactions with 15-LOX-1 and 15-LOX-2 were carried out in 25 mM
HEPES buffer (pH 7.5), 0.01% Triton X-100, and 10 μM AA. The
concentration of AA (for 5-LOX, 12-LOX, and 15-LOX-2) was quanti-
tatively determined by allowing the enzymatic reaction to go to com-
pletion. IC50 values were obtained by determining the enzymatic rate at
various inhibitor concentrations and plotted against inhibitor concen-
tration, followed by a hyperbolic saturation curve fit. The data used for
the saturation curves were performed in duplicate or triplicate, depend-
ing on the quality of the data.
Fluorescence Iron Binding Assay. Fluorescence readings were

taken with a Perkin-Elmer luminescence spectrometer LS 50 B in the
presence and absence of iron with the excitation maximum λex = 360 nm
and the emissionmaximum λem = 410 nm. Excitation slit was set at 5 nm,
and the emission slit was set at 10 nm. Because of the low intensity of the
fluorophore, the filter was kept open. As a control, 1 mM 8-HQ-5-sul-
fonic acid was dissolved in 25mMHEPES buffer (pH 8.5) and aliquoted
to a 2 mL cuvette. In a separate cuvette, 1 mM 8-HQ-5-sulfonic acid and
either 10 μM Fe2+ (as [NH4]2[Fe][SO4]2 3 6H2O) or Fe3+ (as Fe2-
(SO4)3) in 25 mM HEPES buffer (pH 8.5) was added and allowed to
equilibrate for 5 min. For the experimental, 2 mL of 1 mM 1 was dis-
solved in 25 mMHEPES buffer (pH 8.5) and the fluorescence intensity
taken. In a separate cuvette, 1 mM 1 was dissolved in 25 mM HEPES
buffer (pH 8.5) and was incubated with less than 1 μM(by iron content)
of 12-LOX and allowed to equilibrate for 5 min.
DPPH Antioxidant Test. Compound 1 was dissolved in dimethyl sul-

foxide (DMSO) at 1�20 mM concentration (1000-fold concentrated).
The antioxidant activity of this compound was assayed by monitoring
the quenching of the standard free radical 1,1-diphenyl-2-picrylhydrazyl
(DPPH) upon reaction with the testing compounds.89,90 A known free

radical scavanger, nordihydroguaiaretic acid (NDGA) was used as a
positive control. Then 10 μL of the testing reagent (1 mM), to achieve a
final concentration of 5 μM, was added to 2 mL of 500 μM DPPH,
stirring in a cuvette. Optical absorbance was monitored and recorded at
25 s intervals as described elsewhere.89,90 The decrease in optical absor-
bance at 517 nm was monitored using a Perkin-Elmer Lambda 40 spec-
trometer. The rate of reaction is proportional to the antioxidant potency
of the test compounds.

Steady-State Inhibition Kinetics. Lipoxygenase rates were deter-
mined by monitoring the formation of the conjugated product, 12-
HPETE, at 234 nm (ε = 25 000 M�1 cm�1) with a Perkin-Elmer
Lambda 40 UV/vis spectrophotometer. Reactions were initiated by
adding approximately 80 nM 12-LOX to a constantly stirring 2 mL
cuvette containing 3�40 μM AA in 25 mM HEPES buffer (pH 7.5), in
the presence of 0.01% Triton X-100. The substrate concentration was
quantitated by allowing the enzymatic reaction to proceed to comple-
tion. Kinetic data were obtained by recording initial enzymatic rates, at
varied inhibitor concentrations, and subsequently fitted to the Henri�
Michaelis�Menten equation, using KaleidaGraph (Synergy) to deter-
mine the microscopic rate constants, Vmax (μmol/min/mg) and Vmax/
KM (μmol/min/mg/μM). These rate constants were subsequently
replotted and normalized to the iron content (120 nM) as 1/kcat and
KM/kcat, versus inhibitor concentration, to yieldKiu andKic, respectively.

Incubation Inhibition Kinetics. 12-LOX rates were determined as
above, with the following modifications. First, 1 μL of 1 mM compound
2, in DMSO, was added to 30 μL of 12-LOX (approximately 5 μM), and
allowed to sit on ice for intervals of 2 min, upward to 10 min. Then the
mixture was added at designated time periods to a constantly stirring
2 mL cuvette, containing 10 μMAA in 25 mMHEPES buffer (pH 8.0),
in the presence of 0.01% Triton X-100. The control to this reaction was
the same as above, but only DMSO was added. Incubated samples with
inhibitor were also dialyzed to demonstrate reversible inhibition, but the
enzyme died in the 2 h time frame of the experiment.

Cyclooxygenase Assay. Ovine COX-1 (catalogue no. 60100) and
human COX-2 (catalogue no. 60122) were purchased from Cayman
chemical. Approximately 2 μg of either COX-1 or COX-2 were added to
buffer containing 100 μM AA, 0.1 M Tris-HCl buffer (pH 8.0), 5 mM
EDTA, 2 mM phenol, and 1 μM hematin at 37 �C. Data was collected
using a Hansatech DW1 oxygen electrode chamber. Inhibitors were in-
cubated with the respective COX for 20 min and added to the reaction
mixture, and the consumption of oxygen was recorded. Ibuprofen and
the carrier solvent, DMSO, were used as positive and negative controls,
respectively.

Mouse 12/15-Lipoxygenase Expression, Purification and IC50 Assay.
12/15-mouse lipoxygenase (12/15-LOX), with an N-terminus His-tag
was expressed in SF9 insect cells. 12/15-LOX was PCR amplified from
the pGFP-ALOX15 vector (Gift of Dr. Jerry Nadler) using the following
primers, 50-GGCGCGCGTCGACATGCACCACCATCACCATCA-
TCACGGTGTCTACCGCATCCGCGTCTC-30, 50-GGCTCGAGT-
CTAGATCATTATATGGCCACGCTGTTTTCTACCAG-30, yield-
ing a fragment of approximately 2 kb. The PCR fragment was cut with
SalI and XhoI and ligated into a pFastBac1 vector, cut with the same
enzymes. 12/15LOX-pFastBac was then transposed into a recombinant
pFastBac bacmid using DH10Bac cells and transfected into SF9 cells, as
described in the product literature for pFastBac1. For purification,
infected SF9 cells were harvested after 72 h by centrifugation and stored
at �20 �C. Thawed cells were dounced in 25 mM HEPES pH 7.5, and
extract was loaded onto a Bio Rad UNO Q1 ion exchange column.
12/15-mLO was eluded with a 0�1 M sodium chloride linear gradient
using 25 mM HEPES running buffer. Glycerol was added (15%) to
active fractions, which were stored at�80 �C. It should be noted that the
His-tag purification method could not be used due to rapid inactivation
of the protein. It was unclear as to the cause of this inactivation, but it
appears that certain salts lead to the inactivation. Inhibitor assays were



5494 dx.doi.org/10.1021/jm2005089 |J. Med. Chem. 2011, 54, 5485–5497

Journal of Medicinal Chemistry ARTICLE

performed on a Perkin-Elmer Lambda 45 UV/vis spectrophotometer.
Assay buffer consisted of 10 μM arachidonic acid added to 25 mM
HEPES (pH 7.5). These assays were performed in the absence of Triton
X-100 because it was found to inactivate 12/15-LOX. 12/15-LOX
was defrosted on ice and added to the cuvette containing substrate
and inhibitor. Conjugated product formation was monitored at 234 nm.
The one-point inhibition percentage for weak inhibitors was calculated
as 1� (maximal experimental rate/maximal control rate)� 100%. The
multipoint IC50 value was determined by plotting the percent inhibition
vs [inhibitor] and fitting with a hyperbolic equation, as defined before.70

Cellular Inhibition Assay. To determine if these compounds were
effective in a cellular environment, a select few were tested against 12-
LOX in platelets. Human platelets were obtained from healthy volun-
teers at Thomas Jefferson University, and this study was approved by the
Thomas Jefferson University Institutional Review Board. Informed con-
sent was obtained from all donors prior to blood draw. First, 20 mL of
blood was drawn and centrifuged at 200g for 15 min at room tempera-
ture. Then to the plasma, 10% ACD (1:10) and Apyrase (1 μL/2.5 mL)
were added and the solution centrifuged at 2000g for 15 min at room
temperature. The platelets were resuspended with Tyrode’s buffer and
adjusted to a concentration of 3.0 � 108 platelets/mL. The platelets
were subsequently treated with inhibitor for 10 min at 37 �C prior to
stimulation with 20 μM PAR1-AP (SFLLRN) under stirring conditions
in an aggregometer. Following aggregation, samples were centrifuged at
2000g for 10 min, the supernatant transferred to scintillation vials,
extracted with methylene chloride, reduced with triphenylphosphine,
and evaporated to dryness. The dry samples were then resuspended in
methanol and stored at �20 �C until analyzed by Finnigan LTQ liquid
chromatography�tandem mass spectrometry (LC�MS/MS) system.
An internal control, 12-deuterated(d8)- HETE (12-d8-HETE) was added
to each sample prior to injection on LC-MS to account for the variation in
the detector response, it was assumed that the detector response for 12-
HETE and 12-d8-HETE would be similar. A Thermo Electron Corp.
Aquasil (3 μm, 100 mm� 2.1 mm) C-18 column was used to detect the
HETEs with an elution protocol consisting of 0.2 mL/min flow rate and a
linear gradient from 54.9% MeCN, 45% H2O, and 0.1% THF to 69.9%
MeCN, 30% H2O, and 0.1% THF. The corresponding 12-HETE and 12-
d8-HETE compounds were detected using selective ion monitoring
analysis (m/z =318.7 to 319.7 and 326.8 to 327.7) in negative ion mode
and then identified by fragmentation pattern (12-HETE, parent ion atm/
z 319 and fragments atm/z 179 and 163; 12-d8-HETE, parent ion atm/z
327 and fragments at m/z 184 and 214) from MS�MS.91 The electro-
spray voltage was set to 5.0 kV, and a global acquisition MS mode was
used. The MS�MS scan was performed for the five most abundant
precursor ions. The collision induced dissociation (CID) was used for
MS-MS with a collision energy of 35 eV. The peak intensities of 12-
HETEs were normalized to the 12-d8-HETE intensities. The amount of
12-HETE in samples was estimated using a standard curve generated from
pure 12-HETEwith concentrations ranging from 0 to 2.5μMalongwith a
constant amount of 12-d8-HETE added in each sample. The assay is linear
in the concentration range used for the 12-HETE standard curve with aR2

value of 0.997.
Inhibition of 12-HETE Production in Human Donor Islets. Studies

with human donor islets had institutional approval. Islets were obtained
from the Integrated Islet Distribution Program. Human donor islets were
incubated overnight in CMRL media (catalogue no. 15�110-CV Media-
Tech, Inc. Manassas, VA) containing 10% fetal bovine serum + pen/strep.
The islets were serum-starved by incubating in serum free media, CMRL
containing pen/strep and 1% fatty acid free human serum albumin
(catalogue no. A1887 Sigma, St. Louis, MO) for 1 h. Islets were incubated
in serum-free media containing 100 μM arachadonic acid (catalogue no.
BML-FA003�0100, Enzo Life Sciences PlymouthMeeting, PA), with and
without 10 μMof compound 1 for 60min at 37 �C. Calcium ionophore, 5
μM of A23187 (catalogue no. C7522, Sigma, St. Louis, MO), was added

for an additional 30min. Samples were harvested, centrifuged at 1000 rpm
for 5min, and supernatant drawn off and islet pellet stored at�80 �C.Cell
pellets were extracted using CHCl3/MeOH and samples dried under
nitrogen gas before reconstitution in 250 μL of ELISA sample buffer. 12-
HETE levels in samples were determined using a 12-HETE ELISA kit
(catalogue no. 901�050, Assay Design, Plymouth Meeting, PA).
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