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ABSTRACT The enzymes of arachidonate metabolism via
the lipoxygenase pathway in human platelet cytosol have been
characterized and partially purified. The lipoxygenase activity
has a pH optimum of 7.3 and reaches half-maximal activity at
an arachidonate concentration of 80 ,sM. The oxidation of
arachidonate by these enzymes is inhibited by reagents that
modify sulfhydryl groups. Two separable lipoxygenase activities
can be detected by chromatography of platelet cytosol on
Sephadex G-150 and of partially purified preparations on
DEAE-Sephadex. One of these has an apparent Mr of 100,000.
A second enzyme species behaves as a M, 160,000 entity con-
taining, in addition to lipoxygenase, a peroxidase activity that
catalyzes the conversion of 12L-hydroperoxy-5,8,10,14-icosa-
tetraenoic acid (HPETE) to 12L-hydroxy-5,8,10,14-icosatetrae-
noic acid (HETE). Aspirin, indomethacin, sodium salicylate,
phenylbutazone, ibuprofen, naproxen, and sulindac, but not
acetaminophen or phenacetin, give rise to increased levels of
HPETE in the lipoxygenase pathway. This increase in HPETE
levels is the result of the ability of these drugs to inhibit directly
the enzymatic conversion of HPETE to HETE.

Human platelets can metabolize exogenously added arachi-
donate to 12L-hydroxy-5,8,10,14-icosatetraenoic acid (HETE)
as well as to prostaglandin synthetase (fatty acid cyclo-oxyge-
nase) products (1). In the presence of concentrations of aspirin
or indomethacin that totally inhibit cyclo-oxygenase, platelet
suspensions synthesize increased amounts of HETE from ara-
chidonate, thereby indicating that the lipoxygenase pathway
is distinct from cyclo-oxygenase activity (2). Moreover, when
horse platelets are stimulated by thrombin or other aggregating
agents, nearly 75% of the arachidonate released from endoge-
nous sources by the action of phospholipases is metabolized via
lipoxygenase (3, 4), suggesting some important function for
these arachidonate metabolites.
The possible biological roles of the products of the metabo-

lism of arachidonate via lipoxygenase have not been elucidated.
However, HETE, the end product of this metabolic route in
human platelets (1, 5), may have chemotactic activity for
human polymorphonuclear leukocytes (6, 7). Moreover, a lipid
fraction from Escherichia coli that is chemically and chroma-
tographically similar to HETE has chemotactic activity with
human polymorphs and rabbit alveolar macrophages (8). In
addition, the labile lipoxygenase product (5), 12L-hydroper-
oxy-5,8,10,14-icosatetraenoic acid (HPETE), may have im-
portant, as yet unrecognized, biological functions. For example,
the release of anaphylactic mediators from guinea pig lung is
increased by hydroperoxy fatty acids (9, 10). Furthermore,
various fatty acid hydroperoxides which are analogs of HPETE

inhibit the formation of prostacyclin via prostacyclin synthetase
in porcine aorta (11) and other tissues (12).
The anti-inflammatory, analgesic, and antipyretic drugs

aspirin and indomethacin inhibit cyclo-oxygenase in vitro (13,
14) whereas sodium salicylate does not (13, 15, 16) despite the
fact that it is an active drug when administered in vivo (17-21).
However, all three drugs have recently been shown to interfere
with arachidonate metabolism via lipoxygenase in various cell
types by reversibly inhibiting the conversion of HPETE to
HETE (22), suggesting that this effect may contribute to the
mechanism of action of these drugs. Because these drugs share
a common site of action and because this inhibition by aspi-
rin-like drugs suggests the presence of a specific HPETE per-
oxidase activity, it was of special interest to investigate further
the metabolism of arachidonate via lipoxygenase. To this end,
the enzymes of this metabolic route in human platelets have
been partially characterized and purified and the effects of
some non-aspirin-like analgesic, antipyretic, or anti-inflam-
matory drugs have been examined.

MATERIALS AND METHODS
Arachidonic acid was obtained from P-L Biochemicals. [1-
14C]Arachidonate (57 mCi/mmol; 1 Ci = 3.7 X 1010 becquerels)
was from Amersham. Precoated thin-layer chromatography
plates, Sil G-25 without gypsum, were from Brinkmann In-
struments. Burroughs Wellcome provided aspirin, acetami-
nophen, and phenacetin. Clinoril (sulindac) and indomethacin
were from Merck, Sharp and Dohme, Motrin (ibuprofen) was
from Upjohn, Naprosyn (naproxen) was from Syntex, and
phenylbutazone was from Ciba-Geigy.

Purification of the Enzymes of Arachidonate Metabolism
Via Lipoxygenase. One unit of human blood from subjects who
had received no aspirin-like compounds during the preceding
4 weeks was collected in 0.15 vol of the anticoagulant citrate/
dextrose. Platelets were then collected by differential centrif-
ugation. Whole blood was centrifuged for 20 min at 300 X g
at room temperature and the platelet-containing plasma was
withdrawn from above the pelleted erythrocytes. After addition
of EDTA (to a final concentration of 1 mM), the platelet-con-
taining plasma was cooled to 0°C and centrifuged at 2000 X
g for 20 min. The pelleted platelets were resuspended and lysed
by freeze-thawing three times in 25 mM Tris-HCI at pH 7.7.
Platelet cytosol was prepared from the frozen-thawed ho-
mogenate by centrifugation at 0° for 1 hr at 100,000 X g in a
type 65 rotor (Beckman) in a Sorvall OTD-2. Solid ammonium
sulfate was added to the resulting supernatant to a final con-
centration of 30% saturation, and the precipitated material was

Abbreviations: HETE, 12L-hydroxy-5,8,10,14-icosatetraenoic acid;
HPETE, 12L-hydroperoxy-5,8,10,14-icosatetraenoic acid.
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FIG. 1. Dependence of the lipoxygenase enzymes on the con-
centration of arachidonate. Two hundred micrograms of platelet
100,000 X g supernatant protein was assayed.

removed by centrifugation at 20,000 X g at 0°C in a Sorval
RC-5B. Additional ammonium sulfate was added to the su-

pernatant to a final concentration of 70% saturation, and the
precipitate was collected by centrifugation as described above.
The pellet was dissolved in a minimal volume of 25 mM Tris-
HCl at pH 7.7 and was dialyzed against the same buffer for 5
hr. The dialyzed enzyme was adjusted to pH 6 with 0.1 M HCO
and centrifuged. The supernatant was readjusted to pH 7.7 with
0.1 M NaOH. This solution served as the starting material for
further purification.

Assay of the Enzymes of Arachidonate Metabolism Via
Lipoxygenase. Assays were conducted in 25 mM Tris-HCl (pH
7.4) at 37°C unless otherwise noted. The 0.1-ml reaction mix-
tures containing various concentrations of [1-'4C]arachidonate
were initiated by the addition of the enzyme solution. In order
to terminate the assay, 2.4 ml of chloroform/methanol, 1:1
(vol/vol), and 0.9 ml of 0.1% formic acid were added, and the
suspension was vortexed and immediately cooled in ice. After
centrifugation at 500 X g for 10 min at 0°C, the organic layer
was withdrawn and evaporated under dry N2. The residue was
redissolved in a minimal volume of chloroform/methanol, 1:2
(vol/vol), and spotted on silica thin-layer chromatography
plates. Chromatograms were developed with an ascending
solvent consisting of ligroine/diethyl ether/glacial acetic acid,
50:50:1 (vol/vol). Products were located by autoradiography
and the appropriate regions of the plates were scraped off and
assayed for radioactivity.

Identification of HPETE and HETE as Reaction Products.
The two products formed from arachidonate by the action of
the enzymes of the lipoxygenase pathway were located by au-

toradiography after thin-layer chromatography as described
above. The one migrating with an RF of 0.33 cochromato-
graphed with biologically produced HETE identified previ-
ously (9, 10). The second product had an RF of 0.37. After re-

duction with sodium borohydride in methanol, this product
cochromatographed with HETE. When reaction mixtures were
subjected to high-pressure liquid chromatography on a Spectra
Physics 3500 HPLC equipped with a Spectra Physics 4.6 mm
X 25 cm 5-,um Spheresorb silica column and eluted with hex-
ane/2-propanol/glacial acetic acid, 991:8:1 (vol/vol) at 1
ml/min, two products were observed. The first, eluting with
a retention time of 18 min, cochromatographed with HETE
on thin-layer chromatography and yielded a gas chromato-
graph/mass spectrum characteristic of HETE (23). The second,

Table 1. Effect ot sulfhydryl reagents on human
lipoxygenase activity

Lipoxygenase
Treatment activity, %

None 100
lodoacetamide 7
N-Ethylmaleimide 23
p -Chloromercuriphenylsulfonate 23

Human platelet 100,000 X g supernatant was incubated for 1 hr at
0C with 1 mM iodoacetamide, N-ethylmaleimide, or p-chloromer-
curiphenylsulfonate in 25 mM Tris-HCl (pH 7.7) and then dialyzed
overnight against 25 mM Tris-HCl (pH 7.7). Aliquots were assayed
with 200 pM [1-14C]arachidonate.

eluting at 28 min, cochromatographed on thin-layer chroma-
tography with the putative HPETE identified above and with
chemically synthesized 12-HPETE (24) on high-pressure liquid
chromatography and thin-layer chromatography. After re-
duction with triphenylphosphine, this compound cochroma-
tographed with HETE in thin-layer and high-pressure chro-
matography systems and yielded the same gas chromato-
graph/mass spectrum described above. Finally, addition of the
putative HPETE to reaction mixtures containing lipoxygenase
and peroxidase activities gave rise to a product cochromato-
graphing with HETE. Therefore, these data are consistent with
this reducible compound being HPETE.

RESULTS
Characterization of the Lipoxygenase System. When

platelets prepared by differential centrifugation from freshly
drawn human blood were lysed in hypotonic medium by re-
petitive freeze-thawing, >60% of the lipoxygenase activity
appeared in the 100,000 X g supernatant (269 nmol/min total
activity in the supernatant vs. 161 nmol/min in the pellet from
1 g of platelet protein). The presence of lipoxygenase activity
in the cytosol is consistent with the known localization of this
enzyme in bovine platelets (5). The activity remaining in the
particulate fraction may be the same as that reported by Ho et
al. (23) but has not yet been investigated further. Metabolism
of arachidonate by the cyclo-oxygenase pathway was not ob-
served in the platelet supernatant (data not shown).
The production of HPETE and HETE by the sequential

lipoxygenase and peroxidase activities of human platelet
100,000 X g supernatant was linear for at least 4 min at 37°C
(data not shown). The oxidation of arachidonate was linear with
protein concentrations up to 3 mg/ml (data not shown). As with
the particulate lipoxygenase activity (23), the cytosolic enzymes
were active over a broad range of pH with an optimum at 7.3
(data not shown). The concentration of substrate necessary to
achieve half-maximal oxidation of arachidonate by lipoxyge-
nase was approximately 80 jytM (Fig. 1).
The oxidation of arachidonate via lipoxygenase was inhibited

by reagents that modify sulfhydryl moieties. Incubation of the
enzyme preparation with 1 mM iodoacetamide, N-ethyl-
maleimide, or p-chloromercuriphenylsulfonate led to loss of
activity, suggesting the presence of essential sulfhydryl groups
(Table 1). In addition, dialysis of lipoxygenase preparations
against 50 mM EDTA, pH 7.6/1 mM dithiothreitol, but not
against 50 mM Tris-HCl, pH 7.6/1 mM dithiothreitol, led to
a loss of >90% of the activity (data not shown), suggesting that
a metal ion may also be necessary for enzymatic activity.

Resolution and Partial Purification. When cytosol from
frozen-thawed human platelets was chromatographed on a
Sephadex G-150 column, two peaks of lipoxygenase activity
were observed (Fig. 2). One of these eluted with an apparent

Biochemistry Siegel et al.
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FIG. 2. Gel filtration of platelet cytosol. Platelet 100,000 X g
supernatant (0.5 ml) was applied to a 0.9 x 50 cm Sephadex G-150
column previously equilibrated with 25mM Tris-HCl, pH 7.7/0.1 M
NaCl; 1.0-ml fractions were collected. Aliquots were assayed with 200
AM [1-'4C]arachidonate. 0, A280 nm; 0, HPETE; 0, HETE.

Mr of approximately 100,000 and produced predominantly
[1-14C]HPETE when assayed with [1-'4C]arachidonate. The
other protein peak eluted with an estimated Mr of 160,000 and
produced HPETE and much larger amounts of HETE. Because
the production of HETE from arachidonate presumably re-

quires the prior synthesis of HPETE (5), this protein fraction
from the Sephadex column must contain a lipoxygenase species
and a peroxidase activity capable of converting the hydroperoxy
to the hydroxy fatty acid. On the other hand, it is possible that
the peak of estimated Mr 160,000 could represent a complex
between the lipoxygenase and a protein that is not a peroxidase
but that provides the reducing equivalents for a putative per-

oxidase activity inherent in the lipoxygenase. However, when
column fractions were assayed in the presence of 0.13 mM
guaiacol, exactly the same pattern of HPETE and HETE for-
mation as illustrated in Fig. 2 was obtained (data not shown).
This supports the hypothesis that the lack of significant per-

oxidase activity in the Mr 100,000 fraction is due to lack of
enzyme and not to a lack of reducing agent.

Lipoxygenase activity can be partially purified from lysed
human platelet cytosol by ammonium sulfate fractionation, acid
precipitation, and column chromatography. Application of the
neutralized pH 6 supernatant to a DEAE-Sephadex column
followed by elution with a linear KCI gradient yielded two
peaks of lipoxygenase activity (Fig. 3). The protein eluting at
lower ionic strength contained both lipoxygenase and peroxi-
dase activities because incubation of these fractions with [1-
14C]arachidonate resulted in the formation of [1-14C]HPETE
and larger amounts of [1-14C]HETE. These enzymatic activi-
ties, therefore, correspond to those of the Mr 160,000 fraction
observed upon gel filtration of the platelet cytosol. A second
peak of lipoxygenase containing little or no peroxidase activity
(that is, high HPETE but relatively low HETE production) was

eluted at higher KC1 concentrations. This activity was similar
to that of the Mr 100,000 fraction from Sephadex G-150.
A summary of the partial purification of these two protein

species is shown in Table 2. The lipoxygenase activity in the
peak eluting at higher ionic strength (peak 2) was purified
approximately 100-fold and the fraction containing lipoxyge-
nase and peroxidase activities was enriched nearly 25-fold in
comparison to human platelet homogenates.

Effect of Anti-Inflammatory, Analgesic, and Antipyretic
Drugs. Since Siegel et al. (22) reported that aspirin, indo-
methacin, and sodium salicylate appear to interfere with ara-

chidonate metabolism via the lipoxygenase pathway by in-

FIG. 3. Purification of the lipoxygenase enzymes on DEAE-
Sephadex. The neutralized supernatant from the acid precipitation
step of the purification scheme (see Table 2) was applied to a 1.5 X
30 cm DEAE-Sephadex A-25 column. Elution was achieved with a

linear gradient from 0 to 0.5 M KCl in 25 mM Tris-HCl (pH 7.7).
Fractions (5 ml) were assayed with 200 MM [1-14C]arachidonate. (a)
A280 nm profile. (b) 0, HPETE; *, HETE.

hibiting conversion of HPETE to HETE in human platelets and
other tissues, it became of interest to investigate whether the
non-aspirin-like drugs phenylbutazone, acetaminophen,
phenacetin, ibuprofen, naproxen, and sulindac have similar
effects. When the metabolism of arachidonate in human
platelet cytosol containing lipoxygenase and peroxidase ac-

tivities was measured in the presence of various concentrations
of phenylbutazone, there was an increase in the amount of
HPETE and a relative decrease in the amount of HETE pro-

duced (Fig. 4). The concentration of phenylbutazone necessary
for the half-maximal increase in HPETE concentration was

approximately 50 AM. However, whereas aspirin, salicylate,
indomethacin, and phenylbutazone similarly affect the me-

tabolism of arachidonate via lipoxygenase, acetaminophen and
phenacetin appear to be inactive in this system (Table 3).
The more recently introduced propionic acid derivatives

ibuprofen and naproxen are inhibitors of prostaglandin syn-

thetase (25). In addition, the acetic acid derivative sulindac is
converted in vivo to a metabolically active cyclo-oxygenase
inhibitor (25). However, as observed with aspirin-like drugs and
phenylbutazone, these anti-inflammatory drugs also increased
HPETE levels (Table 3). The relatively high sulindac concen-

Table 2. Purification of human platelet lipoxygenases
Activity

Total Total, Specific,
protein, nmol/ nmol/

Fraction mg min min/mg Recovery

Homogenate 888 190 0.2 1.00
Cytosol 247 269 1.1 1.42
30-70'% (NH4)2SO4 71 168 2.4 0.88
pH 6 supernatant 43 136 3.2 0.72
DEAE-Sephadex:
Peak 1 (lipoxygenase/

peroxidase) 6.4 35.8 5.6 0.19
Peak 2 (lipoxygenase) 2.3 50.4 21.9 0.27

All assays contained 200,gM [1-14C]arachidonate.

30 4C
Fraction
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FIG. 4. Effect of phenylbutazone on arachidonate metabolism
via lipoxygenase. Human platelet 100,000 X g supernatant (100 Mg
of protein) was assayed with 80MM [1-14C]arachidonate and various
concentrations of phenylbutazone in 50 mM Tris-HCl at pH 7.4.
Values are +5%. 0, HPETE; 0, HETE.

tration required for this effect probably reflects the lack of
conversion to its active metabolite in this system.
To investigate whether aspirin-like drugs directly inhibit the

conversion of HPETE to HETE, lysed platelet 100,000 X g
supernatants were incubated with chemically synthesized (24)
[1-14C]HPETE at 2 ,M. Whereas <10% of the added HPETE
was recovered after a 1-min incubation at 37°C, nearly 22% of
the hydroperoxy fatty acid remained when assays contained
sodium salicylate or aspirin and 65% when indomethacin was
present (Fig. 5).

Anti-inflammatory drugs inhibited the conversion of HPETE
to HETE catalyzed by partially purified preparations of platelet
lipoxygenase pathway enzymes as well as by platelet superna-
tants. Assay of enzyme preparations obtained after Sephadex
G-150 chromatography of 100,000 X g supernatants from lysed
human platelets confirmed the sensitivity of HPETE peroxidase
activity to indomethacin inhibition. In the absence of drug,
fractions containing both lipoxygenase and peroxidase activities
converted arachidonate to HPETE and larger amounts of
HETE (Figs. 2 and 6). However, when these same fractions
were assayed in the presence of indomethacin, there was a
marked increase in HPETE recovered and a relative decrease
in HETE, indicating that HPETE peroxidase is inhibited (Fig.
6). The marked increase in totaf lipoxygenase activity in the
presence of indomethacin is probably due to the fact that
HPETE is a potent activator of platelet lipoxygenase (26).

Table 3. Inhibition of HPETE peroxidase activity by anti-
inflammatory, analgesic, or antipyretic drugs

Addition* HPETE/(HPETE + HETE)

None 0.31
2 mM aspirin (500 AM)* 0.81
2 mM sodium salicylate (100 MM) 0.98
200MM indomethacin (25 MM) 0.60
156MM phenylbutazone (50 AM) 0.80
5 mM acetaminophen 0.38
5 mM phenacetin 0.28
500 AM ibuprofen (200 MM) 0.52
500MM naproxen (200 MM) 0.67
2.5 mM sulindac (1 mM) 0.69

Human platelet 100,000 X g supernatant was assayed in the pres-
ence of the various drugs and 80MM [1-'4C]arachidonate in 50mM
Tris-HCl at pH 7.4. All ratios are ±0.05.
* Concentration for half-maximal effect (ED50) is in parentheses.

c

E

w

I-I
w

0A

1001
80

60

40.

20

FIG. 5. Effect of aspirin-like drugs on the conversion of HPETE
to HETE. [1-14C]HPETE at 2.4 MuM was incubated in 1.0 ml of 50 mM
Tris-HCl (pH 7.4) containing lysed human platelet 100,000 X g su-
pernatant (0.90 mg of protein) for 1 min at 37°C in the absence or
presence of 2 mM sodium salicylate, 2 mM aspirin, or 250,MM in-
domethacin. Three separate experiments were performed with assays
in duplicate. Recovery of radioactivity was constant in the presence
of the various agents. Incubations containing boiled platelet prepa-
rations gave the same results as those with buffer alone.

DISCUSSION
One of the more interesting observations of the present studies
is the appearance of two proteins containing lipoxygenase ac-
tivity in human platelet 100,000 X g supernatants (Figs. 2 and
3). One of these activities appears to copurify with a peroxidase
activity capable of converting HPETE to HETE. The fact that
the lipoxygenase and peroxidase activities purify together on
Sephadex G-150 (Fig. 2) and DEAE-Sephadex (Fig. 3) suggests
that they might be components of the same Mr 160,000 protein
acting as a functional complex, but more evidence is necessary
to establish such a complex. In addition, the fact that aspirin,
indomethacin, sodium salicylate, phenylbutazone, ibuprofen,
naproxen, and sulindac inhibit the conversion of HPETE to
HETE (Figs. 4-6; Table 3; ref. 22) further supports the con-
clusion that an enzyme with HPETE peroxidase activity exists
in human platelets. Because human glutathione peroxidase is
not inhibited by aspirin and indomethacin (H. White, personal
communication), it is not a likely candidate for the source of
this peroxidase activity.
The origin of the Mr 100,000 lipoxygenase species is not

known. It may have arisen by separation from a cytosolic
complex of lipoxygenase and peroxidase activities prior to
column chromatography, by liberation from human platelet
microsomes during lysis by freeze-thawing, or by proteolysis.
Attempts to isolate an HPETE peroxidase have been severely
hampered by limited supplies of [1-14C]HPETE.

Because of the similarity of drugs on HPETE peroxidase
activity, it is tempting to extrapolate from the platelet model
and speculate that at least some of the pharmacological actions
of these drugs in tissues other than platelets may be related to
this perturbation of arachidonate metabolism via the lipoxy-
genase pathway. For example, because prostacyclin appears
to be hyperalgesic ($, 27) and HPETE analogs inhibit prosta-
cycin synthetase (11, 12, 28), some of the activity of these drugs
against the hyperalgesia caused by inflammation may be ex-

plained by their common ability to increase levels of HPETE,
even though some hydroperoxides may be hyperalgesic at high
concentrations (29). Although certain hydroperoxides may

t Ferreira, S. H. (1978) Proceedings of the Seventh International
Congress of Pharmacologists, Paris, 420 (Abstr.).
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FIG. 6. Effect of indomethacin on a partially purified lipoxyge-
nase/peroxidase preparation. Platelet cytosol was chromatographed
on a Sephadex G-150 column as described in Fig. 2. Aliquots were
assayed with 80,uM [1-14C]arachidonate in the presence (Upper) or
absence (Lower) of 200MM indomethacin. 0, HPETE; 0, HETE; O,
HPETE plus HETE.

activate cyclo-oxygenase (30), low concentrations of HPETE
inhibit human platelet prostaglandin and thromboxane pro-

duction from arachidonate (26). Therefore, the ability of so-

dium salicylate to inhibit prostaglandin production in vivo (18,
21) but not in vitro (13, 15, 16) may be explained by this drug's
ability to increase HPETE.levels. Moreover, because hydro-
peroxy fatty acids enhance the release of anaphylactic mediators
from perfused guinea pig lungs (9, 10), the acute allergic re-

sponses to aspirin-like drugs (31) may be the result of these
patients' extreme sensitivity to HPETE peroxidase inhibition
or the resultant increase in HPETE.
HETE appears to be chemotactic (6-8). Therefore, inhibition

of HETE production may be in part related to some of these
drugs' anti-inflammatory activity [i.e., blockage of recruitment
of phagocytic cells (32, 33)].

Because the physiological and pharmacological properties
of HPETE or its potential metabolites (34-36) are largely un-

known, it is difficult to speculate on the possible consequences

of increased levels. However, it is notable that acetaminophen
and phenacetin, whose mechanisms of action have not yet been
elucidated (37-40), do not affect arachidonate metabolism via
lipoxygenase (Table 3):

It will be important to study the roles of HPETE and HETE
in normal and pathological states. As the functions of these
compounds are elucidated, it may be possible to explain the
biochemical basis and relative importance of these lipoxygenase
products, as well as cyclo-oxygenase metabolites, in the action
of anti-inflammatory, analgesic, and antipyretic drugs.

We thank Drs. H. White, R. Vinegar, E. Lapetina, and K. Chan-
drabose for valuable discussions.
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