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Lipoxygenase (LO) is a biological target for many diseases such as asthma, atherosclerosis,
and cancer. Our labs have synthesized and investigated nordihydroguaiaretic acid (NDGA)
derivatives and have established that the reductive inhibition of soybean and 15-human LO
can be affected by the strength of the electron-withdrawing substituents on the phenyl rings
of NDGA. In addition, we have determined that hydrophobic NDGA derivatives activate 15-
HLO, suggesting a hydrophobic allosteric site.

Introduction

Lipoxygenases are implicated as key biological players
in asthma, heart disease, and cancer, which make them
logical targets for inhibitory therapeutics.1-4 Specific
human lipoxygenases, such as 5-lipoxygenase, 12-li-
poxygenase, and 15-lipoxygenase, are associated with
particular disease states, and therefore, development of
selective inhibitors is critical. To develop potent, selec-
tive inhibitors to lipoxygenase, we have synthesized and
assayed a number of nordihydroguaiaretic acid (NDGA)
derivatives to determine their inhibitor constraints
toward soybean lipoxygenase-1 (SLO), human platelet
12-lipoxygenase (12-HLO), and human reticulocyte 15-
lipoxygenase (15-HLO).

Lipoxygenases are a class of non-heme iron enzymes
that catalyze the incorporation of dioxygen into 1,4-
cis,cis-pentadiene containing fatty acids (e.g., linoleic
and arachidonic acids) to form hydroperoxide products.5-7

The essential iron atom is in the inactive ferrous
oxidation state, as isolated, and is activated by 1 equiv
of hydroperoxide product ((9Z,11E)-13-hydroperoxy-
9,11-octadecadienoic acid (HPOD)), which oxidizes the
iron to the ferric state. The most widely accepted
reaction mechanism for the hydroperoxidation is radi-
cal-based, where the fatty acid is oxidized by the ferric
iron to form a fatty acid radical and a ferrous iron. This
ferrous/substrate radical intermediate is then attacked
regio- and stereospecifically by dioxygen to form only
the S-configured product.8-11

NDGA is a major natural product from the creosote
bush (Larrea tridentata Cav. family Zygophyllaceae) and
has been studied extensively for its inhibition of soybean
lipoxygenase,12 purified 5-HLO,13,14 and 15-HLO.15 The

principal mechanism of action for NDGA is the reduc-
tion of the ferric iron to the inactive ferrous form, and
the catechol substituent in NDGA is oxidized to the
semiquinone.12 This is an inhibitory mechanism similar
to that seen for catechol derivatives, which have been
shown to reduce the ferric center in the soybean enzyme,
but there is no correlation between their reduction
potential and the relative inhibitor strength, presum-
ably because of sterics.16 In the current study, we
investigated a number of NDGA derivatives that had
both their reduction potentials and steric bulk modified.
These NDGA derivatives were tested against SLO, 12-
HLO, and 15-HLO and determined that electronics and
sterics could be modified to improve their inhibition
strength and selectivity.

Results and Discussion
The general synthetic pathway and structures for the

NDGA derivatives (Scheme 1, Table 1) was described
previously and is reiterated in the Supporting Informa-
tion.17 The IC50 data are presented in Table 2, and the
inhibitors are grouped by their relative potencies. The
complexes that have their phenolic oxygen atoms modi-
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fied into ethers (2-8, 12-19) are not inhibitors to any
of the lipoxygenases SLO, 12-HLO, and 15-HLO. The
derivatives that are potent inhibitors have free phenolic
hydroxyl functional groups and reduce lipoxygenase, as
seen by a fluorescence decrease for SLO (Table 2).18 This
result indicates that the primary potency of these NDGA
derivatives comes from their ability to reduce the ferric
ion and not from tight binding to the active site, such
as in competitive inhibition.12 The inhibitors can be
segregated into two categories: those with partially
masked phenolic groups (9-11) and those with substi-
tuted phenyl rings (20-24). The phenyl-substituted
inhibitors follow a general trend in which their potency
decreases relative to the electron-withdrawing proper-
ties of the substituent, as seen by the Hammett values
in Table 2.19 Inhibitors with Hammett values up to 0.31
reduce SLO, but inhibitors with values above 0.44 do
not. This general trend is also seen for 15-HLO; how-
ever, 12-HLO has notable exceptions.

1 and 24 are less potent inhibitors than 20 and 21
for SLO, 12-HLO, and 15-HLO, even though their
Hammett values are less, suggesting the halide func-
tionality groups induce a better fit in the catalytic cavity
than the smaller proton of 1 and the larger ethyl group
of 24. Compounds 22 and 23 do not inhibit or reduce
SLO but do inhibit 12-HLO and 15-HLO, which may
be indicative of a change in the reduction potential of
the iron in 12-HLO and 15-HLO to a value lower than
that of SLO (+600 mV).20 This variation of the reduction
potential of different lipoxygenases may possibly be a
method for selectively inhibiting a particular lipoxy-
genase over another and will need to be investigated
further.20 For 12-HLO, 22 is unusual because its Ham-
mett value is markedly greater than that of 23 but its
inhibitor potency is ∼10-fold greater. Sterics cannot
account for this difference because their phenyl sub-
stituents are of comparable size, so the polarity of the
functionality appears to be the distinction.

The other class of potent inhibitors is the partially
masked phenolic derivatives 9-11, which retain free
phenolic functional groups and thus can reduce SLO,
as seen by fluorescence. For SLO, 15-HLO, and 12-HLO,
9 is the strongest inhibitor while 10 is weaker and 11
is the weakest. This is probably due to sterics because
10 and 11 have methoxy groups next to the active
phenol group, which could sterically hinder the inner-
sphere reduction of the iron (both 10 and 11 have a
mixture of methoxy functionalities on either the para
or the meta position but not on both positions of a single
phenyl of the molecule). 11 is less potent than 10
because it has a methoxy group on both ends of the
NDGA derivative while 10 has a free catechol group on
one end, which is not sterically blocked. 9 is more potent
than 10 probably because it has both alcohol groups
masked on one side of the compound, which converts
the hydrophilic tail to a more hydrophobic one. This
architecture of a polar headgroup and a hydrophobic tail
is typical of previously isolated lipoxygenase inhibitors
and may indicate an improved hydrophobic interaction
in the active site.4

The selectivity of the NDGA derivatives against 12-
HLO and 15-HLO has been investigated with the
current data (Table 2). The majority of the NDGA
derivatives preferentially inhibit 15-HLO with the best
(11) having a 12-HLO/15-HLO ratio of 72. This result
suggests a larger pocket near the iron for 15-HLO than
for 12-HLO, which allows for the inner-sphere reduction
despite the presence of the adjacent methoxide moiety.
This implies that 12-HLO may be more sterically
constricted at the iron site, which could hamper a close
approach by the inhibitor. Compound 22 has the best

Table 1

compound R R1 formulaa

1 H C18H22O4
2 Me C22H30O4
3 Ac C26H30O8
4 propionyl C30H38O8
5 butyryl C34H46O8
6b isobutyryl C34H46O8
7 valeryl C38H54O8
8 hexanoyl C42H62O8
9 monoacetonide (mixt)i C21H26O4

10 monomethyl (mixt)j C19H24O4
11 dimethyl (mixt)k C20H26O4
12 pivaloyloxymethyl C42H62O12
13c Me Cl C22H28Cl2O4
14 Me Br C22H28Br2O4
15 Me NO2 C22H28N2O8
16d Me Ac C26H34O6
17 Me NH2 C22H32N2O4
18e Me AcNH C26H36N2O6
19 propionyl NO2 C30H36N2O12
20 H Cl C18H20Cl2O4
21 H Br C18H20Cl2O4
22f H NO2 C18H20N2O8
23g H Ac C22H26O6
24h H Et C22H30O4

a Analyses were within 0.4% of the calculated values except
where noted (footnotes b-h). b H: calcd, 7.96; found, 8.42. c C:
calcd, 61.83; found, 62.40. d C: calcd, 70.56; found, 69.93. e C:
calcd, 66.08; found, 65.32. f C: calcd, 55.10; found, 53.13. N: calcd,
7.14; found, 6.09. g C: calcd, 68.38; found, 67.71. h C: calcd, 73.71;
found, 71.05. H: calcd, 8.44; found, 7.34. i The mixt refers to the
fact that an acetonide moiety is equally distributed over the two
phenyl alcohols of only one of the catechol groups. j The mixt refers
to the fact that a methyl moiety is equally distributed over the
two phenyl alcohols of only one of the catechol groups. k The mixt
refers to the fact that a methyl moiety is equally distributed over
the two phenyl alcohols of both of the catechol groups.

Table 2a

compound Hammett IC50(15-HLO) IC50(12-HLO) 12-HLO/15-HLO IC50(SLO) reduction

1 0 0.11 ( 0.01 5.1 ( 1 46 0.18 ( 0.02 yes
9 0 0.085 ( 0.008 2.2 ( 0.2 26 0.14 ( 0.006 yes

10 0 0.25 ( 0.02 14 ( 2 56 0.17 ( 0.009 yes
11 0 0.58 ( 0.3 42 ( 12 72 3.1 ( 0.3 yes
20 0.3 0.065 ( 0.009 0.36 ( 0.03 5.5 0.065 ( 0.005 yes
21 0.31 0.083 ( 0.008 0.43 ( 0.02 5.2 0.057 ( 0.004 yes
22 0.75 0.35 ( 0.05 0.36 ( 0.06 1 no effect no
23 0.44 0.38 ( 0.2 26 ( 6 68 no effect no
24 -0.11 0.16 ( 0.02 3.1 ( 0.7 19 0.14 ( 0.009 yes

a All IC50 values are expressed in micromolar units.
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ratio of all the derivatives against 12-HLO, and yet this
cannot be considered selective because the inhibition is
equally effective for both enzymes (12-HLO/15-HLO )
1). It is unclear what specific physical properties make
NDGA and its derivatives less potent against 12-HLO
than 15-HLO, and more study is required.

As stated previously, the blocked phenolic derivatives
do not inhibit any of the lipoxygenases; however, a select
group does activate 15-HLO but not SLO or 12-HLO:
4, AC50 ) 0.3 ( 0.1 µM, 22% increase in activity; 5, AC50
) 0.3 ( 0.1 µM, 77% increase; 6, AC50 ) 0.5 ( 0.1 µM,
70% increase; 7, AC50 ) 0.2 ( 0.05 µM, 110% increase;
8, AC50 ) 0.2 ( 0.05 µM, 70% increase (AC50 is defined
as the activation concentration at 50% activation). The
effect is not due to a nonspecific detergent interaction
because this is particular to only a few NDGA deriva-
tives of this class and because standard detergents, such
as cholate (IC50 ) 1000 µM) and Triton X-100 (IC50 )
15 µM), inhibit 15-HLO. The percent activation of 15-
HLO with NDGA derivatives increases for all activators
in the absence of cholate, and yet their potency de-
creases (data not shown). This is suggestive of a
competition between cholate and the activators for the
same site on 15-HLO and is consistent with our previous
results, which indicate a unique allosteric binding site
in 15-HLO.21,22 These activators can now be investigated
in whole cell assays in order to determine a possible
biological role for the activation of 15-HLO.

Conclusion
Our diverse collection of NDGA derivatives have

clearly established that phenolic alcohols are essential
for inhibition of both 12- and 15-HLO, and if they are
masked, all inhibitory properties are lost. For SLO and
15-HLO, the inhibitor potency can generally be affected
by the strength of the electron-withdrawing substituent
on the phenolic ring of NDGA, but there are exceptions
for 12-HLO. The NDGA derivatives, especially 11, are
preferentially selective against 15-HLO over 12-HLO,
which suggests that they are a good class of molecules
for selective inhibition against 15-HLO. Finally, par-
ticular NDGA ester derivatives activate 15-HLO, indi-
cating a unique allosteric site that may be related to
the biological role of 15-HLO.

Experimental Section
The synthetic procedures for the novel compounds are

discussed in more detail in the Supporting Information.17 The
kinetic and fluorescence experimental details were published
previously, and any modifications are discussed in the Sup-
porting Information section.4
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