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Abstract:

Background: Oxidative stress is a component of many pathological conditions including neurodegenerative diseases and inflam-

mation. An important source of reactive oxygen species (ROS) are lipoxygenases (LOX) – enzymes responsible for the metabolism

of arachidonic acid and other polyunsaturated fatty acids. LOX inhibitors have a protective effect in inflammatory diseases and in

neurodegenerative disorders because of their anti-inflammatory activity. However, the molecular mechanism of the protective action

of LOX inhibitors has not yet been fully elucidated.

Methods: The aim of this study was to compare the antioxidative potential of widely used LOX inhibitors: BWB70C, AA-861,

zileuton, baicalein and NDGA. The antioxidative properties were evaluated in cell-free systems. We measured the effect of the

tested compounds on iron/ascorbate-induced lipid peroxidation and on carbonyl group formation in the rat brain homogenate. Direct

free radical scavenging was analyzed by using DPPH assay.

Results: Our data showed that the inhibitor of all LOXs, i.e., NDGA, 5-LOX inhibitor BWB70C and the inhibitor of 12/15-LOX,

baicalein, significantly decreased the level of lipid and protein oxidation. The free radical scavenging activity of these inhibitors was

comparable to known ROS scavengers, i.e., resveratrol and trolox. Zileuton (the inhibitor of 5-LOX) slightly prevented lipid and

protein oxidation, it also scavenged the DPPH radical. AA-861 (the inhibitor of 5 and 12/15-LOX) slightly protected lipids against

Fe/asc-evoked lipid peroxidation at high concentrations, but had no effect on carbonyl group formation and DPPH scavenging.

Conclusions: Our results indicate that some LOX inhibitors demonstrate potent anti-oxidative, free radical scavenging properties.

AA-861, whose antioxidative potential is very weak, may be a specific tool to be used in experimental and perhaps even clinical

applications.
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Abbreviations: AA – arachidonic acid, AD – Alzheimer’s dis-

ease, COX – cyclooxygenase, DMSO – dimethyl sulfoxide,

DPPH – 1,1-diphenyl-2-picrylhydrazyl, HETE – hydroxyeico-

satetraenoic acid, HPETE – hydroperoxyeicosatetraenoic acid,

LOX – lipoxygenases, NDGA – nordihydroguaiaretic acid,

PUFA – polyunsaturated fatty acids, RNS – reactive nitrogen

species, ROS – reactive oxygen species, SNP – sodium nitro-

prusside, TBARS – thiobarbituric acid reactive substances

Introduction

Oxidative stress plays an important role in the patho-

genesis and pathomechanism of neurodegenerative

diseases. The brain, because of high level of metabo-

lism, high content of polyunsaturated fatty acids and

Pharmacological Reports, 2012, 64, 1179�1188 1179

Pharmacological Reports
2012, 64, 1179�1188
ISSN 1734-1140

Copyright © 2012
by Institute of Pharmacology
Polish Academy of Sciences



low level of endogenous antioxidants is especially

sensitive to free radical damage. The enhanced pro-

duction of reactive oxygen (ROS) and nitrogen (RNS)

species, including free radicals, has been observed,

e.g., in aging, Alzheimer’s (AD) and Parkinson’s

(PD) disease, mild cognitive impairment, amyo-

trophic lateral sclerosis and brain ischemia-reper-

fusion [26, 40, 42, 47]. Also, the activation of an in-

flammatory reaction leads to the generation of high

amounts of ROS/RNS [12, 21]. The main sources of

ROS/RNS in the brain are the respiratory chain, nitric

oxide synthase, NADPH oxidase, cyclooxygenases

(COX) and lipoxygenases (LOX).

Lipoxygenases (LOX; EC 1.13.11.) are a family of

lipid-peroxidizing enzymes present in plants, fungi,

invertebrates and mammals. In humans, several LOX

isoforms encoded by six genes have been found: 5S-

LOX, 12S-LOX, 12R-LOX, 15S-LOX-1, 15-LOX-2

and eLOX-3. The main LOX substrates in mammals

are free or membrane-bound arachidonic acid (AA),

docosahexaenoic acid (DHA) and other polyunsatu-

rated fatty acids (PUFA) [25]. The primary products

of a LOX-catalyzed reaction are hydroperoxyeico-

satetraenoic acid (HPETE) and hydroxyeicosatetrae-

noic acid (HETE), which are the starting point for the

synthesis of lipoxins, leukotrienes and other signaling

molecules. Because peroxyl radical formation occurs

during a LOX-catalyzed reaction, LOX activation

evokes lipid peroxidation. Moreover, the action of

LOXs on PUFAs may lead to co-oxidation of other

substrates, e.g., of thiols [26]. It was shown that over-

activated LOXs may be an important source of ROS

in the cell and, in consequence, may be involved in

neuronal death [7, 11, 28]. The important role of

LOXs in Alzheimer’s disease was confirmed by

analysis of the association between polymorphism of

the 5-LOX gene (-1708G/A) and the risk of AD [34].

Recently published data indicated that 5-LOX is in-

volved in the pathology of AD via mechanisms differ-

ent from those of classical inflammation, perhaps by

modulation of g-secretase activity [18, 34, 36]. It was

previously demonstrated that the administration of

LOX inhibitors may be an efficient neuroprotective

strategy in several pathological conditions [6, 46], but

the molecular mechanism of their action is not fully

understood. Since LOX inhibitors are commonly used

in basic studies on the role of LOXs in cell physiol-

ogy/pathology in inflammation, ischemia/hypoxia/re-

oxygenation, AD and PD, it is important to discrimi-

nate their specific (enzyme-related) and non-specific

(antioxidant) action. Identifying better-quality inhibi-

tors, as research tools, is essential for the successful

generation of novel drugs [17]. In this study, oxidative

stress was evoked by the Fenton reaction, and lipid

and protein oxidation were determined in the rat brain

cortex homogenate. Our previous study, which was

also carried out on the brain cortex homogenate, used

another experimental model of oxidative stress, which

was induced by nitric oxide (NO) donor sodium nitro-

prusside (SNP). The data indicated that several LOX

inhibitors exerted an antioxidative effect [15]. Non-

competitive LOX inhibitors may act as reducing

agents or iron ligands which affect not only LOX ac-

tivity, but also LOX-independent oxidative stress. In

our recent study, we evaluated the mechanism of ac-

tion of several LOX inhibitors on the oxidation of

macromolecules and tyrosine by SNP and peroxyni-

trite, respectively [15]. In this study, we analyzed the

effect of LOX inhibitors on oxidative stress induced

by hydroxyl radicals formed during the Fenton reac-

tion. We determined and compared the direct free

radical scavenging properties of the most widely used

LOX inhibitors by using DPPH assay.

Materials and Methods

Dimethyl sulfoxide (DMSO), 1,1-diphenyl-2-picryl-

hydrazyl (DPPH), baicalein (5,6,7-trihydroxyflavone),

zileuton [(±)-N-hydroxy-N-(1-benzo[b]thien-2-ylethyl)-

urea], AA-861 [2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-

trimethyl-p-benzoquinone], BWB70C (N-{3-[3-(4-

fluorophenoxy)phenyl]-1-methyl-2-propenyl}-N-hydr-

oxyurea), NDGA [nordihydroguaiaretic acid, 1,4-

bis(3,4-dihydroxyphenyl)-2,3-dimethylbutane, 4,4’-(2,3-

dimethyltetramethylene) dipyrocatechol], resveratrol

and trolox were purchased from Sigma Chemical

Co., St. Louis, USA. Ferrous chloride tetrahydrate

was from Fluka Chemie AG, Buchs, Switzerland;

L-(+)-ascorbic acid was from Avocado Research

Chemicals Ltd.; L-tyrosine, 2-thiobarbituric acid and

hydrogen peroxide were from Merck KGaA, Darm-

stadt, Germany. Male Wistar rats (250 g) were sup-

plied by the Medical Research Centre Farm, Warsaw,

Poland. All experiments on animals were accepted by

the Polish National Ethics Committee and were car-

ried out in accordance with the European Communi-

ties Council Directive of 24 November 1986

(86/609/EEC).
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Determination of the antioxidant activity of LOX

inhibitors

The antioxidant activity of LOXs inhibitors, i.e.,

AA-861, NDGA, baicalein and BWB70C, was as-

sayed by monitoring the quenching of stable free radi-

cal 1,1-diphenyl-2-picrylhydrazyl (DPPH) upon reac-

tion with these compounds [9, 48]. The tested com-

pound was added to 1 M Tris-HCl buffer (pH 7.9),

and then mixed with 50 µM solution of DPPH in

methanol. The samples were incubated for 20 min in

the dark at room temperature and then the absorbance

at 517 nm was determined. The rate of the reaction

showed the tested compounds’ scavenging activity.

Samples with DMSO instead of LOX inhibitors were

used as the control, and without DPPH as blanks.

Preparation of rat brain cortex homogenate

Adult male Wistar rats were decapitated, their brains

were removed and the cortex was isolated on ice and

frozen at –80°C. The brain cortex was homogenized

in ice-cold 50 mM Tris-HCl buffer, pH 7.4, to obtain

a 5% homogenate.

Determination of lipid peroxidation

To determine the effect of LOX inhibitors on lipid

peroxidation, the rat cortex homogenate was incu-

bated with 25 µM FeCl2 and 10 µM ascorbic acid, as

a ROS-generating system in the presence of

BWB70C, AA-861, zileuton, baicalein and NDGA

(0–50 µM), for 15 min at 37°C in a final volume of

0.2 ml. The inhibitors were dissolved in DMSO, then

2% DMSO was used as a solvent control. Thiobarbi-

turic acid reactive substances (TBARS), including

malondialdehyde (MDA), were determined as an in-

dex of lipid peroxidation [3, 14, 39].

Determination of protein oxidation

Protein oxidation was analyzed by determining the

content of the carbonyl groups. The homogenate was

incubated in a medium containing 50 mM Tris-HCl,

pH 7.4, in the presence of 25 µM FeCl2 and 10 µM

ascorbic acid. Incubation was carried out for 15 min

at 37°C with the tested inhibitor in a final volume of

0.2 ml. The carbonyl group concentration was deter-

mined as described previously [13, 38].

Statistical analysis

All experiments were carried out at least three times

in triplicate. The presented data are the means ± SEM.

Statistical analysis was performed using ANOVA and

Dunnett’s post-hoc test. The IC50 value was obtained

by regression analysis.

Results

In our study, oxidative stress was induced in the rat

brain cortex homogenate by the hydroxyl radical lib-

erated during Fenton’s reaction, i.e., activated by

FeCl2 and ascorbic acid (Fe/asc). Iron- and

ascorbate-evoked oxidation significantly increased

the level of TBARS, the final product of free radical-

dependent lipid peroxidation (Fig. 1). DMSO (2%),

used as a solvent for the tested compounds, did not al-

ter the TBARS concentration under the control and

under stress conditions (data not shown). LOX inhibi-

tors significantly decreased Fe/asc-evoked lipid per-

oxidation. The most efficient antioxidants were

BWB70C and baicalein, which completely prevented

lipid peroxidation at a concentration of 10 and 50 µM,

respectively (Fig. 1). Zileuton and NDGA, at a con-

centration higher than 5 µM, also possessed antioxi-

dative properties. AA-861 reduced the level of

TBARS only at a high 50 µM concentration. The in-

hibitor of all LOX isoforms, NDGA, significantly de-

creased TBARS formation by about 50% at a concen-

tration of 10 µM.

The oxidative stress induced by Fe/asc, signifi-

cantly increased protein oxidation, as determined by

carbonyl group formation. As shown in Figure 2, the

level of the carbonyl groups was significantly reduced

by BWB70C, baicalein and NDGA. Zileuton pre-

sented some weak effect at a high 50 µM concentra-

tion, and AA-861 had no effect.

The antioxidative properties of LOX inhibitors

were also analyzed by DPPH assay. DPPH is a stable

free radical which can be detected by spectropho-

tometric measurement at 517 nm. The results indicate

the direct radical-scavenging influence of the tested

compound. Our data demonstrated that BWB70C,

baicalein, zileuton and NDGA were efficient free

radical scavengers in a concentration-dependent man-
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ner (Fig. 3). AA861 had no effect on DPPH (also at

a concentration of up to 150 µM; data not shown).

To compare the antioxidative properties of the

tested compounds with known antioxidants, the anti-

oxidative potency of resveratrol and trolox was deter-

mined in our experimental systems, and then the IC50
values were calculated (Tab. 1). The data indicate that

BWB70C, baicalein and NDGA are powerful free

radical scavengers, with a potency comparable to res-

veratrol and trolox. However, zileuton and AA-861

possess only weak antioxidative properties.

Discussion

Our results clearly indicate that most of the LOX in-

hibitors possess antioxidative properties at a concen-

tration higher than 1 µM. To demonstrate that the an-

tioxidative properties of the tested compounds were

not related to their inhibitory effect on the LOXs, we

verified the results with DPPH assay, which is inde-

pendent of any enzymatic activity.

1182 Pharmacological Reports, 2012, 64, 1179�1188

Fig. 1. Effect of LOX inhibitors on lipid peroxidation evoked in rat
brain homogenate by FeCl2. The homogenate was incubated for
15 min at 37°C in the presence of FeCl2 (25 µM), ascorbic acid
(10 µM) and the tested compound at a concentration of 0–50 µM.
Lipid peroxidation was determined by measuring thiobarbituric acid
reacting substances (TBARS). All values are the means ± SEM from
3–5 experiments carried out in triplicate. Statistical significance com-
pared to the Fe/asc group: *** p < 0.001, compared to the untreated
control. # p < 0.05, ## p < 0.01, ### p < 0.001, compared to the
Fe/asc-treated group



The most powerful antioxidant was the inhibitor of

5-LOX, BWB70C, which evoked a statistically sig-

nificant reduction of lipid and protein oxidation at

a concentration of 2.5 and 5 µM, respectively. This

compound was also an effective free radical scaven-

ger (IC50 = 16.34 µM) in DPPH assay. This value is

much above the IC50 for 5-LOX inhibition by

BWB70C, which is about 0.2 µM according to Payne

et al. [41]. However, in in vitro experiments,

BWB70C is used at concentrations of up to 10–50 µM,

which raises the possibility that a non-specific, anti-

oxidative mechanism might be involved in this inhibi-

tor’s effects [30, 49]. For example, the protective ef-

fect of BWB70C on TNF-treated U937 cells which do

not express 5-LOX has been observed [49]. BWB70C

is an iron-chelating redox-type 5-LOX inhibitor, how-

ever, the results of the DPPH assay indicated that

BWB70C is a potent free radical scavenger independ-
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Fig. 2. Effect of LOX inhibitors on protein oxidation evoked in rat brain
homogenate by FeCl2. The homogenate was incubated for 15 min at
37°C in the presence of FeCl2 (25 µM), ascorbic acid (10 µM) and the
tested compound at a concentration of 0–50 µM. The carbonyl group
concentration was determined as described in Materials and Meth-
ods. All values are the means ± SEM from three experiments carried
out in triplicate. Statistical significance: *** p < 0.001, compared to
the untreated control. # p < 0.05, ## p < 0.01, ### p < 0.001, com-
pared to the Fe/asc-treated group



ently of the iron-chelating mechanism. Our previous

data indicated that BWB70C can also protect macro-

molecules against nitrogen reactive species [15]. It

was previously demonstrated that LOX inhibitors pre-

vent gene expression controlled by NF-kB, a major

regulator of inflammation-related transcription. Le-

pley and Fitzpatrick [32] suggested that the direct

protein-protein interaction between 5-LOX and p65

may be responsible for this phenomenon. However,

other studies indicated that 5-LOX action is upstream

to NF-kB in the cytokine-induced cascade [30]. There

are several side effects related to leukotriene-modi-

fying agents. Serious adverse effects (severe glomeru-

lonephropathy) were observed in rats treated with

BWB70C, therefore, it cannot be developed as

a therapeutic agent for use in humans [43]. Our study

also excluded this compound for in vitro investiga-

tions.

Baicalein, just as other plant flavonoids exhibiting

a broad range of therapeutic benefits with no signs of

1184 Pharmacological Reports, 2012, 64, 1179�1188

Fig. 3. Free radical scavenging properties of LOX inhibitors. The
stable free radical DPPH was incubated for 20 min at RT in the pres-
ence of the tested compound, then the level of DPPH was de-
termined by spectrophotometry. All values are the means ± SEM from
at least three independent experiments carried out in triplicate.
*, **, *** p < 0.05, 0.01 and 0.001, respectively, compared to the
DMSO-treated control



toxicity, even in high clinical doses is considered to

be a multi-purpose, multi-therapeutic health-promot-

ing and disease-preventing agent [23]. Baicalein, the

most commonly used 12/15-LOX inhibitor, was an ef-

fective free radical scavenger, which is in agreement

with previously published data [45]. It was demon-

strated that baicalein efficiently protects lipids and

proteins against SNP-evoked oxidation [15]. As a fla-

vonoid, baicalein possesses significant antioxidative

properties [29]; however, baicalein, as other flavon-

oids, may act as a prooxidant in the presence of Cu2+

because it induces hydroxyl radical formation in a

dose-dependent manner [4, 7, 8]. At a concentration

of 1 µM, which effectively inhibits LOX in vitro [31],

baicalein has no effect on lipid and protein oxidation,

and slightly scavenges free radicals. It was proposed

that baicalein inhibits the production of TBARS by

forming an iron-baicalein complex [22]. In conclu-

sion, our data demonstrate that baicalein is a direct

free radical scavenger, however, IC50 for antioxidative

activity is over 100 times higher than IC50 for cata-

lytic activity (Tab. 1) [16].

Also, nordihydroguaiaretic acid, which is used in

traditional medicine, is a natural compound (from

Larrea tridentate) with a broad spectrum of biological

properties [35]. Due to the inhibition of many enzy-

matic pathways in the cell, NDGA was prohibited as

a food additive. NDGA is currently in a phase II study

in men with non-metastatic hormone-sensitive pros-

tate cancer [20]. However, several side effects, such

as cognitive disturbance, nausea, syncope and im-

paired liver function, were observed. As a non-

selective LOX inhibitor, NDGA is known to be

a powerful antioxidant. Its inhibitory effect on the

catalytic activity of LOXs ranges from 0.91 to 7 µM

(IC50) [27, 40]. Our analysis indicated that NDGA

was the strongest radical scavenger in the DPPH as-

say even at a concentration of 1 µM (Fig. 3). It was

recently demonstrated that NDGA activates the anti-

oxidant pathway Nrf2/heme oxygenase-1 in neurons

[24]. NDGA also protects against SNP or peroxyni-

trite-induced oxidation [15].

Zileuton, an iron-chelating inhibitor of 5-LOX, was

a rather weak antioxidant. Previous studies demon-

strated that zileuton is not a free radical scavenger,

but our results indicated that at concentrations higher

than 5 µM it may protect against lipid peroxidation,

and at high concentrations (50 µM) it significantly

prevents carbonyl group formation [10, 33]. Moreo-

ver, according to our data, at a concentration of 1 µM

and above it demonstrates free radical scavenging ac-

tivity. However, the IC50 values for the antioxidative

activities of zileuton are much higher than IC50 for

catalytic activity (Tab. 1) [5]. Our previous data indi-

cated that at low concentrations zileuton prevented

SNP-evoked lipid oxidation and peroxynitrite-evoked

dityrosine formation [15]. Zileuton was approved by

the US FDA in 1996 for the prophylaxis and chronic
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Tab. 1. Antioxidative properties of LOX inhibitors

IC
50

(µM)

DPPH TBARS Carbonyl groups Enzyme inhibition

BWB70C 16.34 5.36 5.47 0.2a

AA-861 n.d. 36.71 < 50 0.8b, 1.9c

Zileuton 43.00 < 50 23.13 0.3d, 0.4e, 0.5f, 0.9g

Baicalein 14.18 10.66 8.32 0.05h, 0.11i

NDGA 7.46 16.42 8.91 0.91j, 3.0–5.0k, 5.0–7.0l

Trolox 5.87 < 50 34.26

Resveratrol 22.58 16.44 5.57

Free radical scavenging activity was determined by the DPPH assay. Lipid and protein oxidation was determined by measuring thiobarbituric
acid reactive substances (TBARS) and carbonyl groups, respectively. a activity of 5-LOX tested [41]; b effect on activity of 5-LOX tested in
guinea pig peritoneal PMNLs [52]; c effect on activity of 12-LOX tested in mouse epidermal cells [1, 37]; d effect on synthesis of 5-HETE tested
in rat PMNLs [5]; e effect on synthesis of LTB4 tested in human PMNLs [5]; f effect on synthesis of 5-HETE tested in rat basophilic leukemia-1
cells (RBL-1) [5]; g effect on synthesis of LTB4 tested in human whole blood [5]; h effect on activity of 15-LOX-1 tested in human reticulocytes
[16]; i effect on activity of 12-LOX in human platelets [16]; j effect on activity of 15-LOX tested in rabbit reticulocytes [27, 40]; k effect on activity of
12-LOX tested in human platelets [27, 40]; l effect on synthesis of CysLT tested in rat peritoneal cells [27]



treatment of asthma in adults and children, but it does

cause some serious side effects, including hepatotox-

icity and neuropsychiatric events [44, 51].

AA-861, a redox-active 5-LOX inhibitor, demon-

strated weak antioxidative properties against lipid

peroxidation. A significant effect was observed only

at concentrations above 50 µM, which is much above

the IC50 for 5-LOX (0.8 µM) [51]; however, AA-861

was used at concentrations of up to 65 µM [50]. At

high concentrations AA-861 may also inhibit 15-LOX

with IC50 = 1.9 µM [1, 37]. Our study indicated that

AA-861 does not have free radical scavenging proper-

ties until it reaches a concentration of 150 µM (data

not shown). Interestingly, our previous studies indi-

cated that AA-861 may decrease lipid peroxidation

induced by SNP at a low concentration of 1 µM.

Moreover, at this low concentration it prevents L-

tyrosine oxidation evoked by peroxynitrite [15]. It

seems that AA-861 is not a general free radical scav-

enger, but may exclusively scavenge nitrogen reactive

species. The pharmacological and toxicological prop-

erties of AA-861 have not been fully investigated.

Eight-week oral administration gave no significant

adverse effects in the clinical trial of AA-861 for the

prevention of seasonal allergic rhinitis [2]. However,

later in vitro studies on various human tumor cells

demonstrated that AA-861 has a potent cytotoxic and

antiproliferative effect even at low concentrations

(IC50 between 12 and 76 µM) via a mechanism unre-

lated to 5-LOX inhibition [19].

Thus, LOX inhibitors with antioxidative potency,

such as BWB70C, baicalein or NDGA, may decrease

oxidative damage not only by inhibiting the enzy-

matic activity of LOXs, but also directly by scaveng-

ing free radicals. Compared to the common antioxi-

dants (trolox and resveratrol), baicalein, NDGA and

BWB70C are very efficient scavengers of ROS. It is

difficult to translate our results into in vivo conditions.

It seems that AA-861, whose antioxidative potential

is rather weak, may be a specific tool to be used in ex-

perimental and perhaps even clinical applications.
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