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Abstract In this first comparative in vitro study, linoleyl
hydroxamic acid (LHA), a simple and stable derivative of
linoleic acid, was tested as an inhibitor of several enzymes
involved in arachidonic acid metabolism in mammals. The
tested enzymes were human recombinant 5-lipoxygenase
(h5-LO), porcine leukocyte 12-LO, rabbit reticulocyte 15-LO,
ovine cyclooxygenases 1/2 (COX1/COX2), and human mi-
crosomal prostaglandin E synthase-1 (mPGES-1). Potato tuber
and soybean lipoxygenases (ptLOX and sLOX, respectively)
were studied for comparative purposes. LHA inhibited most
of the tested enzymes with the exception of mPGES-1. The
LHA inhibitory activity increased as follows: mPGES-1 (no
inhibition),,COX1 5 COX2,h5-LO 5 sLOX 5 ptLOX,
12-LO,,15-LO. The IC50 values for COX1/COX2, h5-LO,
12-LO, and 15-LO were 60, 7, 0.6, and 0.02 mM, respectively.
sLOX was the only tested enzyme that was capable of aerobic
oxygenation of LHA, producing 13-hydroperoxy-LHA. The
enzyme rapidly inactivated during the reaction. Therefore,
LHA could be used as an effective LO/LOX inhibitor without
affecting COX1/COX2 and mPGES-1. Possible implications
of this observation include treating diseases and pathologi-
cal states that are caused by (or lead to) hyperproduction of
LO-derived metabolites, e.g., inflammation, cardiovascular
disorders, cancer, asthma, allergies, psoriasis, and stroke.—
Butovich, I. A., and S. M. Lukyanova. Inhibition of lipoxy-
genases and cyclooxygenases by linoleyl hydroxamic acid:
comparative in vitro studies. J. Lipid Res. 2008. 49: 1284–1294.
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Lipoxygenase (LO) is the common name of a group of
related enzymes that catalyze aerobic stereospecific oxida-
tion of PUFAs with Z,Z -pentadienyl fragment in them
(1). The major primary product of such a reaction is a
hydroperoxide of the corresponding substrate. Two typical
natural substrates of LOs are linoleic acid (octadeca-9Z,

12Z -dienoic acid, LA) and arachidonic acid (eicosatetra-
5E,8E,11E,14E -enoic acid, AA). AA is considered a quint-
essential substrate for LOs of mammalian origin, whereas
LA is a standard substrate for plant LOs, also known as
lipoxidases (LOXs). There are several subgroups of LO
and LOX that are classified in part on the basis of their
substrate specificity, and in part on the basis of their origin.

Depending on the point of insertion of molecular oxy-
gen into AA, mammalian LOs are commonly classified into
five major groups: 5-LO (EC 1.13.11.34), 8-LO (EC 1.13.
11.40), 11-LO, (EC 1.13.11.45), 12-LO (EC 1.13.11.31),
and 15-LO (EC 1.13.11.33). The primary products of cor-
responding reactions are hydroperoxides of AA (hydro-
peroxyeicosatetraenoic acids, or HPETEs). Thus, 5-LO
produces mainly 5-HPETE, 15-LO, 15-HPETE, etc. No defi-
nite information on mammalian 9-LO is available at this
time, although 9-hydroxyeicosatetraenoic acid (9-HETE),
a product of 9-HPETE reduction, has been found in sev-
eral tissues (2–5).

LOXs (EC 1.13.11.12) also differ in terms of their posi-
tional specificity toward their standard substrate, LA,
producing either 9-, or 13-hydroperoxide of LA [9- or
13-hydroperoxyoctadecadienoic acid (HPODE)]. Compli-
cating the classification is the fact that mammalian 15-LO
oxidizes LA (6), and plant LOX can effectively oxidize
AA (7). For example, under standard conditions, soybean
LOX (sLOX) utilizes LA to produce 13(S)-HPODE (8),
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while making almost exclusively 15(S)-HPETE from AA
(9). Potato tuber LOX (ptLOX), on the other hand,
catalyzes the formation of various derivatives of LA (10),
docosahexaenoic acid (11–13), and AA (14). ( J. Whelan
gathered and presented in his PhD dissertation (defended
at Penn State University in 1988) a wealth of information
on LOX-catalyzed oxidation of various polyunsaturated
fatty acids.) A brief report by Hombeck, Pohnert, and
Boland (15) on AA metabolism by the freshwater diatom
Gomphonema parvulum implicated a 9-LO in the formation
of 9-HPETE as a major product. Importantly, sLOX is
considered a quintessential 15-LOX (9), whereas ptLOX
is kinetically and mechanistically similar to human 5-LO
(14). Both of the enzymes are currently used in de facto
standard LO inhibitor assays produced by Cayman Chemi-
cal Co. (Ann Arbor, MI). sLOX was the first LOX ever to
crystallize and still is the enzyme whose three-dimensional
structure is used to predict structures of other LOs that
have so far eluded crystallization. Remarkably, the only
other enzyme of the LO/LOX family that has been suc-
cessfully crystallized is rabbit reticulocyte 15-LO (16).

As key players in the formation of various physiologi-
cally active compounds of the leukotriene, lipoxin, and
oxylipin families, LOs are in the center of lipid signaling
pathways that regulate cell metabolism and apoptosis
(17). Overproduction of certain LO metabolites has been
shown to be associated with cancer development (18),
stroke (19), myocardial infarction (20), ischemia and/or
post-ischemic inflammatory response (21–23), arthritis (24,
25), asthma (26, 27), cancer (28), inflammation (29, 30),
and many other diseases and pathological states. There-
fore, LOs are justifiably among the most important tar-
gets for designing selective and safe inhibitors suitable
for clinical use.

Among the large number of LO inhibitors, linoleyl
hydroxamic acid (LHA) stands out as a simple chemical
derivative of the naturally occurring LA. Earlier, we re-
ported results of our preliminary experiments with sLOX
(31), ptLOX (32, 33), and porcine leukocyte 12-LO (34).
Inhibition of all the LOs was observed at micromolar
concentrations of LHA, or below. In independent stud-
ies, LHA suppressed activity of a related enzyme, LA 8R-
dioxygenase, albeit at rather high concentrations (35).
Importantly, no information is available on the ability of
LHA to inhibit other PUFA-metabolizing enzymes, e.g.,
cyclooxygenases 1 and 2 (COX1/COX2).

LHA was tested in vivo and was shown to decrease
coronary perfusion pressure, systemic arterial pressure,
and cardiac output in dogs under conditions of anaphy-
lactic shock, presumably through downregulation of 5-
LO-mediated leukotriene C4 biosynthesis (36). LHA also
decreased lipid peroxidation during acute hypoxic hyp-
oxia (37) and lessened the immune damage to the canine
heart and coronary vessels in an experimentally induced
coronary spasm of immune origin (36, 38). A decrease in free
radical oxidation of lipoproteins and in formation of lipoid
plaques was observed in rabbits once LHA was adminis-
tered (39). For general information on hydroxamic acid,
a review of Agrawal (40) is a good starting point.

Here, we report the results of a first comparative study
of enzyme inhibition by LHA for human recombinant
5-LO (h5-LO), porcine 12-LO, rabbit 15-LO, ovine COX1
and COX2, and human microsomal prostaglandin E
synthase-1 (mPGES-1), all of which are involved in oxida-
tive transformations of PUFAs relevant to lipid signaling
in mammals and humans.

MATERIALS AND METHODS

Reagents and equipment

Fatty acids were purchased from Nu-Chek Prep, Inc. (Elysian,
MN). COX1/COX2 inhibitor assay kits, ptLOX, h5-LO-1, and 12-
LO from porcine leukocytes were purchased from Cayman
Chemical Co. (Ann Arbor, MI). 15-LO from rabbits was a product
of Biomol (Plymouth Meeting, PA). Another sample of h5-LO
(h5-LO-2) overexpressed in Escherichia coli and purified on ATP
agarose as described earlier (41) was received from Dr. Olof
Rådmark (Karolinska Institute, Stockholm, Sweden). HPLC
and MS-grade solvents were products of Burdick and Jackson
(Muskegon, MI). Other reagents were from Sigma-Aldrich (St.
Louis, MO). Ultraviolet (UV) and visible spectra were taken on
a Beckman DU800 spectrophotometer (Beckman-Coulter; Full-
erton, CA). Chromatographic experiments were conducted on
a Waters Alliance 2695 HPLC separations module equipped
with a Waters 2996 diode array detector (Waters; Milford, MA).
Mass spectra were taken on an LCQ Deca XP Max MSn ion trap
spectrometer using Xcalibur software (Thermo Electron; San
Jose, CA). NMR spectra were recorded on a Varian 400 MHz
spectrometer (Varian Inc.; Palo Alto, CA). Melting point of LHA
was determined using an Optimelt MPA100 melting point ap-
paratus (Stanford Research Systems; Sunnyvale, CA).

Synthesis and analyses of LHA

Because neither the analytical procedures for LHA charac-
terization nor its properties have been described before in any
detail, the following is a brief description of the methods uti-
lized and the corresponding results. LHA was synthesized using
procedures described earlier for polyfluorinated alcadiynoic
hydroxamic fatty acids (42). The crude product was purified by
normal-phase open-column silica gel chromatography (melting
point of the final product, 39 6 1jC). The purity and structure
of LHA was checked by electrospray ionization mass spectrom-
etry (ESI-MS), atmospheric pressure chemical ionization MS
(APCI-MS), reverse-phase HPLC (RP-HPLC), and normal-phase
HPLC (NP-HPLC), with APCI-MS detection of the analytes,
and one-dimensional (1D) and two-dimensional (2D) proton
(1H) and carbon (13C) NMR analyses.

ESI-MS analysis of LHA

The compound was dissolved in a MeOH-acetic acid (99:1; v/v)
solvent mixture to a final concentration of 25 mM and was di-
rectly infused into the mass spectrometer using a syringe pump
at a flow rate of 5 ml/min. The following settings were used:
source voltage, 1.5 kV; sheath gas flow rate, ?10 arbitrary
units (au); capillary voltage, 40V; capillary temperature, 125jC.

APCI-MS analysis of LHA

A sample of 10 mM LHA in MeOH was directly infused at a
flow rate of 7 ml/min using a syringe pump. The APCI-MS set-
tings were as follows: source voltage, 4 kV; source current, 5 mA;
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vaporizer temperature, 350jC; sheath gas flow rate, 20 au; cap-
illary voltage, 22V; capillary temperature, 300jC.

HPLC analyses of LHA

The compound was analyzed chromatographically using two
different methods, NP-HPLC and RP-HPLC.

NP-HPLC analysis of LHA was conducted on a Phenomenex
Diol HPLC column (3.2 mm 3 150 mm, 5 mm) using isocratic
elution with a solvent mixture composed of n-hexane, propan-2-
ol, and glacial acetic acid (949:50:1; v/v/v). The effluent was
continuously monitored using a tandem of a Waters 2996 diode
array detector (DAD) and a mass spectrometer equipped with
an APCI ion source. The DAD was set to record spectra in the
range of 200 to 400 nm, and the mass spectrometer recorded
spectra in either the positive- or the negative-ion modes in the
range of m/z values between 200 and 1,000.

RP-HPLC analysis of LHA was performed on a 2.1 3 150 mm,
5 mm Hypersil GOLD reverse-phase column (Thermo Electron
Corp.; San Jose, CA) in methanol-5 mM ammonium formate
in water (70:30; v/v) at a flow rate of 0.25 ml/min and a tem-
perature of 30jC. Detection of the analytes was performed
essentially as described above for NP-HPLC experiments.

1D and 2D 1H and 13C NMR spectra
1H spectra of LHA in CD3OD (10 mg/0.6 ml) were taken

at 399.78 MHz at room temperature. The 13C spectra were re-
corded at the spectrometer frequency of 75.46 MHz.

Compound stability

A dry sample of LHA stored under nitrogen in the dark
at 220jC to 270jC has been stable for at least 8 years. No
decomposition/isomerization products have been detected by
UV-visible light spectrometry, NMR, or MS.

Kinetic and inhibitory studies

Enzymatic activities of COX1, COX2, 12-LO, and 15-LO were
measured according to the manufacturers’ recommendations
with minor modifications (see below), whereas h5-LO, ptLOX,
sLOX, and mPGES-1 were tested as described earlier (13, 41,
43, 44). To account for possible loss of enzymatic activity upon
preincubation of the enzymes with LHA, control experiments
were performed in which the enzymes were preincubated in
the reaction buffers (without substrates) for the same period
of time as in the experiments with the inhibitor(s). Then,
fatty acid substrates were added and the remaining enzymatic
activity was measured for each individual LO and LOX as
described below. The calculated residual activity without in-
hibitor in the reaction media was used as control in the inhibi-
tion experiments.

Inhibition of h5-LO

Enzymatic activities of h-5LO-1 and h5-LO-2 were measured
by using RP-HPLC with UV detection of the reaction products
using an established procedure (13). Briefly, the reaction mix-
tures included 100 mM AA dissolved in 0.05 M Tris-HCl buffer,
pH 7.6, 0.15 M NaCl, 1.2 mM EDTA 3 2 Na1, 2 mM CaCl2,
2.3 mM ATP, 0.02 mM b-mercaptoethanol, 0.02 mg/ml phos-
phatidylcholine (from egg yolk), and 10 mM 13(S)-HPODE, in
a final volume of 150 ml. The reactions were initiated by adding
a concentrated stock solution of substrate (AA) and activator
[13(S)-HPODE] to the mixture that already contained h5-LO.
The reaction was carried out at 25jC 6 1jC for 20 min, then
350 ml of ice-cold stopping solution that contained acetonitrile

and 2.5% glacial acetic acid (v/v) was added to the reaction
mixture to stop the reaction and precipitate the proteins. The
mixture was vortexed, left on ice for 10 min, and then cen-
trifuged at 10,000 g at 4jC for another 10 min. The super-
natant was transferred into a glass HPLC vial and stored at
220jC until the HPLC analysis. When LHA was being tested
as 5-LO inhibitor, the compound was dissolved in the reaction
buffer without AA and 13(S)-HPODE and was preincubated with
the enzyme for 10 min. Then, the reaction was initiated by add-
ing AA and 13(S)-HPODE and allowed to proceed for 20 min.

To analyze the main products of AA oxidation, [5(S)-HPETE
and 5(S)-HETE], the final product mixture was separated by
RP-HPLC on a 4.6 mm 3 125 mm, 5 mm C8 Zorbax Eclipse
(Agilent Technologies, Wilmington, DE) XDB-C8 column. The
separation was performed at 30jC at a flow rate of 0.5 ml/min.
The compounds were eluted in a water-acetonitrile solvent mix-
ture using a previously described protocol (13). The elution
profile was monitored at 236 6 2 nm [the maximum of ad-
sorption of conjugated dienes; molar extinction coefficient,
em 5 23,000 M21 3 cm21 (45)].

Inhibition of 12-LO

The enzymatic activity of 12-LO was measured with AA as sug-
gested by the manufacturer, with two exceptions: use of Lubrol
PX instead of Tween 20, and use of a UV-spectrophotometer
set at 237 nm to monitor the product formation instead of an
oxygen electrode. The control enzymatic activity was measured
at 25jC in 1 ml of 0.1 M Tris-HCl buffer, pH 7.5, with 5 mM
EDTA, 0.02% Lubrol PX, and 100 mM AA as substrate. First,
the buffer (1 ml), placed in a 1 cm quartz spectrophotometric
cuvette, was mixed with 5 ml of 20 mM stock solution of AA in
ethanol. The reaction was started by adding an aliquot of the
enzyme solution. The reaction mixture was briefly but vigor-
ously mixed with a pipette, and then the product formation
was recorded at 237 nm. In inhibitory studies, a concentrated
stock solution of LHA (10 mM, in ethanol) or a blank (the same
buffer) was added to the buffer first. Then, a 10 ml aliquot of
12-LO was added and incubated with LHA for 5 or 10 min.
The remaining 12-LO activity was measured by adding the stock
solution of AA, vigorous mixing, and recording the product for-
mation at 237 nm.

Inhibition of 15-LO

The control enzymatic activity (2 ml of the enzyme stock solu-
tion, as supplied by the manufacturer) was measured in 1 ml of
0.05 M sodium phosphate buffer, pH 7.6, with 100 mM LA as
substrate at 25jC, as recommended by the manufacturer. The
molar absorptivity of the product at 324 nm was assumed to
be the same as for AA (see above). The inhibitory studies were
performed as described above for 12-LO, with 1, 5, or 10 min
preincubation of the enzyme with LHA, followed by the addi-
tion of 5 ml of 20 mM stock solution of LA (final substrate
concentration, 100 mM).

Inhibition of sLOX

The reactions were carried out in a 1 cm quartz spectropho-
tometric cuvette. The enzyme (final concentration 2 mg/ml)
was preincubated for 5 min with the indicated concentrations
of LHA dissolved in 1 ml of 50 mM sodium borate buffer,
pH 9.0, at 25jC. Then, an aliquot of an AA stock solution was
added to the sLOX/LHA mixture (final concentration of AA
was 100 mM), and an increase in the optical density at 237 nm
was continuously monitored for up to 10 min. The remaining
activity of the LHA-inhibited enzyme was calculated from the
slope of the reaction progress curve.

1286 Journal of Lipid Research Volume 49, 2008
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Inhibition of COX1/COX2

Colorimetric COX (ovine) inhibitor screening assay kit (Cay-
man Chemical, catalog No. 760111) was used to measure enzyme
activity and inhibition according to the manufacturer’s proto-
cols. SC-560 and DuP-697, standard inhibitors of, respectively,
COX1 and COX2, were tested as positive controls.

Inhibition of mPGES-1

Effects of LHA on mPGES-1 were studied with PGH2 as
substrate, as described by Thorén et al. (43) and Pettersson,
Thorén, and Jakobsson (44). Briefly, 10 mM PGH2 and 2.5 mM
GSH were dissolved in 1% Triton X-100 in 0.1 M sodium
phosphate buffer (pH 7.5) containing 1% glycerol. The reac-
tions were conducted on ice. The products were purified by
solid-phase extraction on C18 silica gel cartridges, analyzed
by RP-HPLC, and quantified using known amounts of internal
standards (11-b-PGE2).

RESULTS

Synthesis and structure verification of LHA

LHA (C18H33NO2, theoretical monoisotopic mass 295.25)
was prepared from LA as described earlier for other
alkadiynoic hydroxamic fatty acids (42) and purified by
open-column silica gel chromatography. The structure of
the compound was elucidated by UV-visible light spec-
trometry, ESI- and APCI-MS, HPLC-MS, and NMR. Other-
wise colorless, LHA developed a purple color (lmax 5

527 nm) when mixed with FeCl3 in acetonitrile, proving
the presence of a hydroxamic group in its structure. No
conjugated double bonds were detected UV spectrophoto-
metrically, because the compound did not have an ab-
sorption maximum at 230–238 nm typical of fatty acids
with two conjugated double bonds.

ESI-MS of the compound in a MeOH-glacial acetic acid
(99:1; v/v) solvent mixture taken in the positive-ion zoom
scan mode showed the presence of major ions with m/z
values of 296.3 and 318.3 [(M1H)1 and (M1Na)1,
respectively], whereas in the negative-ion mode, the
major signal was at m/z 294.3 [(M2H)2] and 353.6
[(M1CH3COO)2]. Fragmentation of the ion with an m/z
value of 296 produced the following ion chains: 296Y
278 (loss of H2O)Y260 (loss of H2O) 1 261 (loss of NH3);
and 296.2Y263.0 (loss of NH2OH)Y245.1 (loss of H2O).

Positive-ion mode APCI-MS was used to verify the mo-
lecular mass of LHA (Fig. 1A). For comparison purposes,
a theoretical MS spectrum of a compound with the
molecular formula C18H34NO2 is presented in Fig. 1B.
Fragmentation of the (M1H)1 ion in an MS2 experi-
ment produced the following fragments: 296.2Y278.1
(loss of H2O) 1 263.0 (loss of NH2OH) 1 245.1 (loss
of NH2OH and H2O) (Fig. 1C). The MS data were con-
sistent with a hydroxamic fatty acid with a molecular
weight of 295.3 (C18H33NO2). An interesting minor ion
with an m/z value of 280.4 that was observed in these
experiments was attributed to an amide of LA formed
in situ [theoretical m/z value of its (M1H)1 ion is 280.3].
In an MS3 experiment, the following ion chain was ob-

served: 296.2 (MS1)Y245.1 (MS2)Y217.1 1 203.0 1

189.1 1 175.0 1 161.1 1 147.0 1 132.9 1 121.0 1 119.0 1

105.0 (MS3) (Fig. 1D). The latter fragments with m/z values
from 270 to 105 were identical to those obtained during
fragmentation of authentic LA [data not shown; (46)].

NP-HPLC-APCI-MS analysis of LHA in the positive-ion
mode showed only one HPLC peak, with retention time
of ?16.5 min (not shown) and a major signal with an
m/z value of 296 and minor signals of m/z 280 and 278,
discussed above. In the negative-ion mode, LHA produced
a mixture of ions with m/z 294 and 340 (a free anion of
LHA and an LHA adduct with formate, respectively; data
not shown). When an acetate-based mobile phase was
used instead of the formate-based one, the acetate ad-
ducts were the predominant species detected. RP-HPLC
corroborated these findings, confirming the purity of the
LHA preparation (not shown). In the negative-ion mode,
the compound was detected as a single HPLC peak, ex-
clusively as a (M1HCOO)2 ion (m/z 340.3).

Analysis of the 13C NMR spectrum of LHA confirmed
the presence of 18 distinctively different carbon atoms
(Table 1). Integration of C2 to C18 atoms produced an
expected ratio of the carbon atoms. The experimental 13C
NMR spectrum of LHA was very close to those reported
for LA (47, 48) and to a theoretical spectrum computed
using the ChemDraw Ultra (v.10.0) software package
(Table 1). The 1D 1H and 2D 1H-COSY NMR spectra of
the compound (Fig. 2) were indicative of a C18:2 fatty
acid with a nonconjugated octadeca-9Z,12Z -dienoic frag-
ment. No signs of inadvertent ZYE isomerization of LHA
during its synthesis were observed.

Inhibition of LOs

For measuring the activity of commercially available
LO preparations, we used the conditions recommended
by the manufacturers of the corresponding enzyme prep-
arations. LHA effectively inhibited all of the tested
human and mammalian LOs in reaction mixtures with
physiologically relevant values of pH and PUFA sub-
strate concentrations. In all cases, inhibition was found
to be dose dependent.

Two different preparations of h5-LO showed equal
sensitivity toward LHA, with the IC50 values of ?10 mM
when 100 mM AA was used as substrate (Fig. 3, trace A).
The length of preincubation of the enzyme with LHA
prior to addition of the substrates had no effect on in-
hibition; a comparable decrease in h5-LO was observed
for 1, 5, 10, and 15 min preincubation intervals. In a
separate experiment, it was shown that h5-LO apparently
did not catalyze oxygenation of LHA, inasmuch as no
characteristic conjugated diene chromophore with lmax

230–240 nm was detected after incubation of the enzyme
with the compound in the absence of AA, and no oxy-
genation product of LHA was detected using ESI- and/
or APCI-MS analyses.

12-LO showed a much higher sensitivity to LHA,
with an IC50 value of ?0.6 mM, as tested using UV-
spectrophotometric analysis with 100 mM AA as sub-
strate (Fig. 3, trace B). Similarly to h5-LO, 12-LO was not
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Fig. 1. Atmospheric pressure chemical ionization mass spectra of LHA. A: A zoom mass spectrum of a
proton adduct of linoleyl hydroxamic acid (LHA) [(M1H)1] taken in the positive-ion mode. B: Theoretical
mass spectrum of a compound with molecular formula C18H34NO2. C: Fragmentation of ion m/z 296 in an
MS2 experiment. D: Fragmentation of ion m/z 245 in an MS3 experiment.
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capable of oxygenating LHA. The length of preincuba-
tion of 12-LO with LHA also did not affect the efficacy
of inhibition.

The highest degree of inhibition by LHA was detected
for 15-LO. In the reaction of 100 mM LA oxidation
(Fig. 3, trace C), the IC50 value was found to be ?20 nM,
regardless of the preincubation time. No oxidation products
of LHA were detected after 10 min preincubation of LHA
and 12-LO.

On the other hand, sLOX, which was tested at its pH
optimum of 9.0 in two different types of experiments, was
a notable exception. First, corroborating our previously
published results (31), sLOX utilized LHA as a substrate,
catalyzing direct aerobic oxygenation of the compound
and producing 13-hydroperoxy-LHA (to be reported sepa-
rately). During the reaction of LHA oxygenation, sLOX
quickly inactivated. The initial rate of the reaction was
close to that of sLOX-catalyzed oxidation of LA, but
the reaction quickly stopped, in less than 5 min. Sec-
ond, LHA inhibited sLOX-catalyzed oxidation of AA
(IC50 ?4 mM, Fig. 4). The enzyme was preincubated
with LHA for 5 to 10 min before starting the reaction of
AA oxidation.

A preparation of ptLOX tested for comparison purposes
with LA as substrate was expectedly (32, 33) inhibited by
LHA with an IC50 of ?5 mM (data not shown).

Inhibition of COX1/COX2 and mPGES-1

Unlike LOs, both the COX1 and COX2 enzymes
showed high resistance to inhibition by LHA (Fig. 5).
Their IC50 values of ?60 mM were at least an order of
magnitude higher than those of h5-LO and sLOX, two

orders of magnitude higher than that for 12-LO, and three
orders of magnitude higher than for 15-LO. Interest-
ingly, dose-effect curves for COX1 and COX2 inhibi-
tion reached a plateau; there was little or no difference
between the residual enzymatic activities measured above
100 mM concentrations of LHA. At the same time, stan-
dard COX1 and COX2 inhibitors SC-560 and DuP-697
suppressed enzymatic activities of the corresponding en-
zymes with expected efficacy (data not shown). Remark-
ably, mPGES-1 tested with 10 mM PGH2 as substrate
showed no signs of inhibition, even in the presence of
100 mM LHA (Fig. 6).

DISCUSSION

In this first comparative study, LHA inhibitory activity
was found to increase in the following order: mPGES-1
(no inhibition),,COX1 5 COX2,h5-LO 5 sLOX 5

ptLOX,12-LO,15-LO. Earlier (36), we reported that in-
travenous injections of LHA in dogs with immunologically
induced coronary spasm normalized otherwise increased
levels of leukotriene C4, a 5-LO-derived metabolite of AA.
Our current studies of isolated h5-LO (Fig. 3, trace A)
provided firm evidence that LHA could directly inhibit
the enzyme, thus revealing a mechanism through which
LHA might have been exerting its activity in our earlier
in vivo experiments. Because 5-LO was shown to produce
increased amounts of pro-inflammatory metabolites of
AA in various pathological conditions, including, for ex-
ample, asthma (49), neuroinflammation (50), myocardial
infarction, coronary artery disease, ischemia (51, 52), and
cancer (53), its inhibition by LHA could be used to nor-
malize levels of the metabolites under those conditions.
Interesting observations, that efficacy of h5-LO inhibi-
tion by LHA was identical to that of ptLOX, and that
neither of the enzymes was able to oxygenate LHA,
corroborate earlier findings that ptLOX and h5-LO are
similar in terms of their reaction mechanisms (14, 54).

12-LO has been repeatedly implicated in carcinogene-
sis (55–57), atherosclerosis (58–60), hypertension (61,
62), and stroke (63, 64). Increased biosynthesis of 12(S)-
HPETE, the major 12-LO product of AA oxygenation,
led, for example, to upregulation of protein kinase C-a
via a receptor-mediated mechanism (65) and NF-k-B (66)
in certain types of cancer cells. Therefore, effective in-
hibitors of 12-LO were sought to develop novel anticancer
treatments. In our in vitro experiments, submicromolar
concentrations of LHA did effectively inhibit porcine
leukocyte 12-LO (Fig. 3, trace B). The efficacy of inhibi-
tion was on par with or better than that of other known
12-LO inhibitors {5,8,11-eicosatriynoic acid [IC50 24 mM,
(67)], baicalein [0.1 to 0.6 mM, (68, 69)], esculetin
[2.5 mM, (70)], 3-methoxytropolone [MY3-469; 1.8 mM,
(71)], and N-benzyl-N-hydroxy-5-phenyl-pentamid [BHPP;
0.2 to 1 mM, depending on the source of the enzyme,
(72)]}. This, along with a relatively weak inhibition of the
enzymes of the prostaglandin pathway (see below), sug-
gests that LHA can be tried as a potential anticancer drug.

TABLE 1. 13C-NMR spectra of LHA and LA

LHA

#C Predicteda Experimentb LAc

1 169.9 172.08 (weak) 180.545
13 130.3 129.74 (0.80) 130.21
9 130.3 129.66 (0.83) 130.02
10 127.3 127.85 (0.83) 128.12
12 127.3 127.91 (0.81) 129.95
2 32.5 32.61 (1.31) 34.15
16 31.9 31.48 (1.10) 31.58
7 29.9 29.54 (0.97) 29.63
15 29.6 29.3 (0.90) 29.19
6 29.7 29.13 (0.99) 29.4
5 29.0 29.07 (0.97) 29.12
4 28.6 28.99 (1.07) 29.08
14 27.8 26.99 (1.01) 27.25
8 27.8 26.97 (0.99) 27.22
11 25.6 25.61 (1.06) 25.67
3 25.6 25.34 (0.92) 24.7
17 22.8 22.45 (0.91) 22.62
18 14.1 13.26 (1.00) 14.09

13C chemical shifts (y, ppm) and number of carbon atoms deter-
mined by integration of the spectrum (in parentheses). #C, the carbon
atom number in LHA [from 1 for (-CONHOH) to 18 for the terminal
CH3]; LHA, linoleyl hydroxamic acid; LA, linoleic acid.

a Chemical shifts predicted for neutral LHA using ChemDraw
Ultra 10 software package.

b Experimental data.
c From (47) and (48).
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Fig. 2. One-dimensional 1H-NMR (A) and two-dimensional 1H-COSY NMR (B) spectra of LHA. Detected proton resonances are labeled
in accordance with the carbon atoms of LHA.
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The most effective inhibition among LOs (IC50 about
20 nM) was observed with rabbit 15-LO (Fig. 3, trace C).
This enzyme mediates atherosclerosis (58–60), brain oxi-
dative stress (73), and Alzheimer’s disease (74), and is a
key player in oxidative stress in general. The efficacy of
rabbit 15-LO inhibition by LHA far exceeded the re-
ported efficacy of baicalein (IC50 between 1.6 and 38 mM)
(69) and of other tested flavonoids (75). Anti-LO activity

of LHA was on par with or better than that of ebselen
(IC50 ?60 nM with rabbit 15-LO) (76), a selenoorganic
aromatic compound (77) with rather nonspecific gluta-
thione peroxidase-like antioxidant activity (78). The effec-
tive in vitro inhibition of 5-, 12-, and 15-LO of mammals
by LHA described above provides a mechanistic basis for
the results of our in vivo experiments, in which LHA was
proven to be a physiologically active compound with strong
anti-LO activity (36–38).

Fig. 3. Inhibition of h5-lipoxygenase (h5-LO) (A), 12-LO (B), and
15-LO (C) by LHA. Activity of the enzymes without inhibitor was
used as 100%.

Fig. 4. Inhibition of soybean lipoxygenase by LHA in the reaction
of arachidonic acid oxidation. Error bars indicate 6 SEM (n 5 4).

Fig. 5. Inhibition of cyclooxygenase 1 (COX1) (A) and COX2 (B)
by LHA. Error bars indicate 6 SEM (n 5 3).

Fig. 6. Inhibition of microsomal prostaglandin E synthase-1 by
LHA. Error bars indicate 6 SEM (n 5 2).
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LHA was found to be a relatively weak COX1/COX2
inhibitor, with an IC50 of ?60 mM (Fig. 5). The compound
also had no effect on mPGES-1 (Fig. 6). Therefore, it
seems unlikely that LHA would impact biosynthesis of
prostaglandins in vivo. COX1 and/or COX2 are impli-
cated in the development of various diseases and patho-
logical states, the discussion of which is beyond the scope
of this manuscript. However, one should note that COX2
is the main target of aspirin and other nonsteroidal anti-
inflammatory drugs (NSAIDs), and it is its inhibition that
is believed to be responsible for the most harmful side
effects of NSAIDs. Currently, dual COX/LO inhibitors
are a popular trend (79–82). This approach promises to
simultaneously reduce biosynthesis of proinflammatory
prostaglandins and leukotrienes, thus minimizing the risk
of developing post-treatment complications such as ulcer-
ation of the gastrointestinal tract or cardiovascular dis-
orders. The importance of such simultaneous inhibition
of both LO and COX1/COX2 cascades was pointed out
in earlier reports (83). However, a single drug that has
dual anti-LO/anti-COX activity can hardly be flexible
enough to accommodate all possible situations in which
fine-tuning of AA metabolism is needed. More promis-
ing is an approach that would utilize two different drugs
that have, respectively, pronounced anti-LO and anti-
COX activities. Then, by varying the doses of both drugs,
one could expect a better therapeutic outcome tailored
for a particular disease or condition. Thus, a relatively low
inhibitory activity of LHA toward COX1/COX2 and its
high activity toward 5-, 12-, and 15-LO could be comple-
mented by standard NSAIDs to achieve the desired thera-
peutic effect.

In conclusion, LHA was shown to be an effective inhib-
itor of mammalian LOs, with highest inhibitory activity
toward 15- and 12-LOs, which makes this compound a
possible candidate for treating conditions that are asso-
ciated with hyperactivity of these enzymes.

I.A.B. thanks Drs. Marija Rakonjac and Staffan Thorén
(Karolinska Institute, Stockholm, Sweden) for their help in con-
ducting experiments with, respectively, hr5-LO-2 and mPGES-1
during his stay at the Karolinska Institute.
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