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ABSTRACT

U-73122 (1-[6-[[17-B-3-methoxyestra-1,3,5(10)-trien-17-ylJamino]
hexyl]-1H-pyrrole-2,5-dione) is a widely used antagonist of phos-
phoinositide-specific phospholipase C (PLC) and is frequently
used to define a role of PLC in receptor-mediated elevation of
intracellular calcium concentration ((Ca®*]). In human polymor-
phonuclear leukocytes (PMNLs), U-73122 inhibited increases in
[Ca?*); induced by G protein-coupled receptor (GPCR) agonists
(N-formyl-methionyl-leucyl-phenylalanine or platelet-activating
factor; IC5, of ~2 to 4 uM), but it failed to suppress responses
induced by ionomycin or thapsigargin. 5-Lipoxygenase (5-LO) is a
Ca?*-regulated enzyme that can be activated in leukocytes by
stimuli that elevate [Ca®*],. Attempts to investigate the involve-
ment of PLC in cellular 5-LO activation revealed that U-73122
suppresses 5-LO product synthesis regardless of the stimulus
and independently of Ca®*. Thus, U-73122 blocked 5-LO product

synthesis induced by cell stress, involving 5-LO phosphorylation
pathways in the absence of Ca®* with an ICs, of ~2 uM. Direct
inhibition of 5-LO by U-73122 was evident in PMNL homogenates
(IC5q Of ~2.4 uM), and isolated human recombinant 5-LO enzyme
was potently inhibited by U-73122 (IC5, of ~30 nM). Thiols (glu-
tathione) strongly blunted the effect of U-73122 on isolated 5-LO.
On the other hand, depletion of cellular thiols by N-ethylmaleimide
strongly increased the efficacy of U-73122 to inhibit 5-LO in intact
cells or corresponding homogenates, suggesting that U-73122
may interfere with sulfhydryl groups on 5-LO. Since 5-LO prod-
ucts induce increases in [Ca®"]; via GPCRs, caution should be
used when interpreting data where U-73122 is used as tool to
determine a direct role of PLC in receptor-mediated Ca®* mobi-
lization.

The aminosteroid U-73122 is widely used as a tool to in-
vestigate the involvement of the phosphoinositide-specific
phospholipase C (PLC) in signal transduction, particularly in
studies attempting to characterize pathways leading to in-
tracellular Ca®?" mobilization upon agonist challenge (Bleas-
dale et al., 1989, 1990; Smith et al., 1990). PLC isoenzymes
are activated in response to many extracellular stimuli and
hydrolyze phosphatidylinositol bisphosphate (PIP,) to gener-
ate diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
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(IP,); the latter releases Ca®* from internal stores (Rhee,
2001). Detailed analysis of U-73122 actions confirmed that
the compound directly blocks PLC isoenzymes in vivo and in
vitro (Bleasdale et al., 1990; Smith et al., 1990; Hou et al.,
2004). U-73343, a closely related inactive analog, where the
pyrrolidindione was substituted for pyrroledione, is com-
monly used as a negative control that fails to block agonist-
induced Ca%* mobilization (Bleasdale et al., 1990).

Several reports have described actions of U-73122 that
could not be clearly connected to PLC inhibition, and it was
suggested that molecular targets for U-73122 other than PLC
may exist (Alter et al., 1994; Berven and Barritt, 1995; Gri-
erson and Meldolesi, 1995; Wang, 1996; Pulcinelli et al.,
1998; Walker et al., 1998; Hughes et al., 2000). For example,

ABBREVIATIONS: U-73122, 1-[6-[[17-B-3-methoxyestra-1,3,5(10)-trien-17-yl] amino]hexyl]-1H-pyrrole-2,5-dione; PLC, phospholipase C; PIP,,
phosphatidylinositol bisphosphate; DAG, diacylglycerol; IP5, inositol 1,4,5-trisphosphate; LO, lipoxygenase; LT, leukotriene; MAPK, mitogen-
activated protein kinase; GPCR, G protein-coupled receptor; [Ca®*], intracellular calcium concentration; U-73343, 1-[6-[[178-3-methoxyestra-
1,3,5(10)-trien-17-ylJamino]hexyl]-2,5-pyrrolidine-dione; AA, arachidonic acid; fMLP, N-formyl-methionyl-leucyl-phenylalanine; GSH, glutathione;
NEM, N-ethylmaleimide; PAF, platelet-activating factor; HPLC, high-performance liquid chromatography; PMNL, polymorphonuclear leukocyte;
PBS, phosphate-buffered saline; RT, room temperature; DMSO, dimethyl sulfoxide; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraace-

tic acid; AM, acetoxymethyl ester.
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much higher doses are required to suppress PLC activity
compared with those needed to inhibit Ca?" mobilization
under the same assay conditions (Smith et al., 1990; Muto et
al., 1997; Pulcinelli et al., 1998), and evidence was provided
for separate effects of U-73122 on PLC and Ca®* channels
(Berven and Barritt, 1995; Grierson and Meldolesi, 1995;
Wang, 1996; Pulcinelli et al., 1998). Nevertheless, despite the
numerous observations of PLC-independent effects, the mol-
ecules that are targeted by U-73122 are less defined. Thus
far, only the histamine H; receptor was unraveled as an
additional molecular target of U-73122 (Hughes et al., 2000).

5-Lipoxygenase (5-LO) is the key enzyme in the biosynthe-
sis of leukotrienes (LTs), which are important mediators of
inflammatory and allergic reactions (Funk, 2001). Activation
of 5-LO in the cell involves the initial conversion of the active
site iron from the ferrous to the ferric state and is accompa-
nied by a translocation process of the enzyme to the nuclear
membrane, where it cofunctions with the 5-LO-activating
protein (for review, see Werz, 2002). Such an initial cellular
activation of 5-LO can be mediated by elevated Ca®* levels
and/or 5-LLO phosphorylation at serine residues by members
of the mitogen-activated protein kinase (MAPK) family
(Werz, 2002), as well as by DAGs, such as 1-oleoyl-2-acetyl-
glycerol (Bauldry et al., 1991; Albert et al., 2003). In fact,
several stimuli capable to induce 5-LO product synthesis,
including ligands of G protein-coupled receptors (GPCRs) but
also nonreceptor-coupled stimuli such as thapsigargin or
ionophores, elevate [Ca®*];, cause formation of DAGs, and
stimulate MAPKs.

Since elevation of [Ca®"],, generation of DAGs, and MAPK
activation are known to occur via PLC-dependent pathways,
it was conceivable to investigate the role of PLC in agonist-
induced 5-LO product synthesis using U-73122 as a pharma-
cological tool. We found that 5-LO product synthesis is po-
tently suppressed by U-73122 in intact cells at similar
concentrations required to inhibit the mobilization of Ca®* by
ligands transducing signals via G protein/PLC pathways.
However, cellular 5-LO also was suppressed by U-73122 un-
der conditions involving PLC-independent activation path-
ways, and U-73122 also blocked 5-LO activity in cell-free
systems. Detailed analysis of 5-LO inhibition demonstrates
that in vitro, U-73122 is a direct and potent inhibitor of 5-L.O
at concentrations that are far below those needed to inhibit
PLC.

Materials and Methods

Materials. The plasmid pT3-5L0 was kindly provided by Dr. Olof
Radmark (Karolinska Institutet, Stockholm, Sweden). U-73122 was
from Calbiochem (San Diego, CA); U-73343 and Fura-2 were from
Alexis (Griinberg, Germany); AA, ionomycin, N-formyl-methionyl-
leucyl-phenylalanine (fMLP), glutathione (GSH), N-ethylmaleimide
(NEM), platelet-activating factor (PAF), and thapsigargin were from
Sigma Chemie (Deisenhofen, Germany); [*H|PIP, was from GE
Healthcare Bio-Sciences (Freiburg, Germany); and HPLC solvents
were from Merck (Darmstadt, Germany).

Cells. Human platelets and polymorphonuclear leukocytes
(PMNLs) were freshly isolated from leukocyte concentrates obtained
at St. Markus Hospital (Frankfurt, Germany) as described previ-
ously (Albert et al., 2002). In brief, venous blood was taken from
healthy adult donors, and leukocyte concentrates were prepared by
centrifugation at 4000g, 20 min, 20°C. PMNLs were immediately
isolated by dextran sedimentation, centrifugation on Nycoprep cush-

ions (PAA Laboratories GmbH, Linz, Austria), and hypotonic lysis of
erythrocytes. PMNLs (107 cells/ml; purity >96-97%) were finally
resuspended in PBS containing 1 mg/ml glucose (PG buffer), and 1
mM CaCl,, (PGC buffer) or 1 mM EDTA was added, as indicated.

Platelets were isolated from supernatants (800g, 10 min, RT) after
centrifugation of leukocyte concentrates on Nycoprep cushions (see
above). The supernatant was mixed with PBS, pH 5.9 [3:2 (v/v)],
centrifuged (2000g, 15 min, RT), and the pelleted platelets were
resuspended in PBS, pH 5.9/0.9% NaCl [1:1 (v/v)], washed by cen-
trifugation (2000g, 10 min, RT) and finally resuspended in PBS,
pH 7.4.

Measurement of Intracellular Ca®>* Levels. PMNLs (107/ml
PGC buffer) were incubated with 2 uM Fura-2/AM for 30 min at
37°C, washed, resuspended in 1 ml of PGC buffer, and transferred
into a thermally controlled (37°C) fluorimeter cuvette in a spectroflu-
orometer (Aminco-Bowman series 2) with continuous stirring. The
fluorescence emission at 510 nm was measured after excitation at
340 and 380 nm, respectively. Intracellular Ca%* levels were calcu-
lated according to the method of Grynkiewicz et al. (1985). F .
(maximal fluorescence) was obtained by lysing the cells with 1%
Triton X-100 and F,;, by chelating Ca®" with 10 mM EDTA.

Expression and Purification of 5-L.O from Escherichia coli.
Expression of 5-LO, performed in E. coli JM 109 cells transfected
with pT3-5L0, and purification of 5-LO by ATP affinity chromatog-
raphy (A2767; Sigma Chemie) was performed as described previ-
ously (Fischer et al., 2003). Partially purified 5-LO was immediately
used for in vitro activity assays.

Determination of 5-Lipoxygenase Products in Intact
PMNLs. To assay 5-LO product formation in intact cells, 7.5 X 10¢
freshly isolated PMNLs were finally resuspended in 1 ml of PG or
PGC buffer. After preincubation with U-73122 or vehicle (DMSO) at
37°C, 5-LO product formation was started by addition of the indi-
cated stimuli with or without exogenous AA as indicated. The con-
centration of DMSO was kept to <0.3% (v/v), and the final volume
was 1 ml. After 10 min at 37°C, the reaction was stopped, and formed
5-LO metabolites were extracted and analyzed by HPLC as described
previously (Werz et al., 2002b). 5-LO product formation is expressed
as nanograms of 5-LO products per 10° cells, which includes LTB,
and its all-trans isomers 5(S),12(S)-dihydroxy-6,10-trans-8,14-cis-ei-
cosatetraenoic acid and 5(S)-hydro(pero)xy-6-trans-8,11,14-cis-eico-
satetraenoic acid. Cysteinyl LTs (LTC,, D,, and E,) were not de-
tected, and oxidation products of LTB, were not determined.

Determination of Product Formation of 5- and 15-Lipoxy-
genase in Cell-Free Systems. For determination of 5- and 15-L.O
activity in homogenates, freshly isolated PMNLs (7.5 X 10°) were
resuspended in 1 ml of PBS containing 1 mM EDTA, sonicated (3 X
10 s) at 4°C, and 1 mM ATP was added. For determination of the
activity of recombinant isolated 5-LO, partially purified 5-LO (0.5 pg
in 5 pl) was added to 1 ml of a 5-L.O reaction mix (PBS, pH 7.4, 1 mM
EDTA, 1 mM ATP, and 25 pg/ml y-globulin), and test compounds or
vehicle (DMSO) was added as indicated. The concentration of DMSO
was kept to <0.3% (v/v). After 5 to 10 min at 4°C, samples were
prewarmed for 30 s at 37°C, and 2 mM CacCl, and AA at the indicated
concentrations were added to start 5- and 15-L.O product formation.
The reaction was stopped after 10 min at 37°C, and the formed
metabolites were analyzed by HPLC as described for intact cells.
15(S)-Hydro(pero)xy-5,8,11-cis-13-trans-eicosatetraenoic acid was
analyzed as products of 15-LO.

Determination of 12-Lipoxygenase Product Formation in
Homogenates of Platelets. Platelets (1 X 10%) were resuspended in
1 ml of PBS (containing 1 mM EDTA) and cooled on ice for 5 min.
After sonication (3 X 5 s), U-73122 was added (5—10 min at 4°C), the
samples were preincubated for 30 s at 37°C, and the incubation was
started by the addition of Ca®?" and AA (2 mM and 40 uM final
concentrations, respectively). After 10 min at 37°C, incubations were
stopped, and 12(S)-hydro(pero)xy-5,8-cis-10-trans-14-cis-eicosatet-
raenoic acid was extracted using C18 solid phase extraction columns
and analyzed by HPLC as described previously (Albert et al., 2002).

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

Determination of PLC Activity in Vitro. PLC activity in
100,000g supernatants of PMNLs was assayed by measuring the
hydrolysis of PIP, into inositol phosphates as described previously
(Wang and Kuo, 1997).

Statistics. The program GraphPad Prism 3.0 was used for statis-
tical comparisons (GraphPad Software Inc., San Diego, CA). Statis-
tical evaluation of the data was performed using Student’s ¢ test
for unpaired observations. A P value of <0.05 was considered
significant.

Results

U-73122 Selectively Inhibits Receptor-Coupled Ca®*
Mobilization in PMNLs and Blocks PLC Activity in
Vitro. The efficacy and selectivity of U-73122 to suppress
PLC-mediated Ca®" mobilization in PMNLSs was determined.
For control, U-73343, the inactive analog of U-73122, was
used. In agreement with others (Bleasdale et al., 1990; Smith
et al., 1990; Hou et al., 2004) and with our recent report
(Feisst and Werz, 2004), U-73122 dose dependently inhibited
the mobilization of Ca®?* induced by the GPCR ligands fMLP
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Fig. 1. U-73122 inhibits receptor-mediated Ca®?* mobilization in PMNLSs
and suppresses PLC activity in vitro. A, Ca®" mobilization. Freshly
isolated PMNLs (10”/ml PGC buffer) were loaded with 2 uM Fura-2/AM.
Cells were preincubated with U-73122 at the indicated concentrations for
20 min at RT and stimulated with 100 nM fMLP, 100 nM PAF, 1 uM
ionomyecin, or 1 uM thapsigargin at 37°C. The fluorescence was measured
and [Ca®"]; was calculated as described in text. Results are expressed as
the percentage of the Ca®?* level (mean + S.E.; n = 3—4) versus control
cells without inhibitor (100%). Stimulation with fMLP, PAF, ionomycin,
and thapsigargin elevated the [Ca®"]; levels from 53.7 + 3.1 nM to 174 =
13.4, 249 = 35, 412.7 * 61.4, and 167 = 34 nM, respectively. B, PLC
activity in vitro. Supernatants of PMNLs (100,000g) were prepared, and
the hydrolysis of PIP, into inositol phosphates was assayed as described
in text. Results are given as mean + S.E.; n = 4.
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and PAF in PMNLs, with IC,, of ~2 and 4 uM, respectively
(Fig. 1A). In contrast, U-73122 was hardly effective in cells
stimulated by ionomycin or thapsigargin, which circumvent
PLC signaling for Ca®* mobilization (Fig. 1A). U-73343 up to
10 uM failed to significantly inhibit Ca®" mobilization, re-
gardless of the stimulus (data not shown).

Next, the effect of U-73122 on soluble PLC activity in
100,000g supernatants from PMNLs was analyzed. The com-
pound concentration dependently inhibited total PLC activ-
ity, with an IC;, of ~10 uM (Fig. 1B), which is in agreement
with the values determined in previous studies (Smith et al.,
1990; Pulcinelli et al., 1998).

U-73122 Generally Inhibits 5-LO Product Formation
in Intact PMNLs. Elevation of [Ca®"]; is a determinant for
5-LO activation, and diverse agonists capable to increase
[Ca%*]; induce the formation of 5-LO products in various cell
types (Werz, 2002). PMNLs were stimulated with agonists
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Fig. 2. U-73122 inhibits 5-LO product formation in intact PMNLs.
Freshly isolated PMNLs (7.5 X 10%/ml PG buffer) were preincubated with
U-73122 at the indicated concentrations for 20 min at 37°C. A, cells were
supplemented with 1 mM CaCl, and stimulated with ionomycin (1 uM) in
the presence or absence of 40 uM AA. 5-LO products formed in the
absence of U-73122 (control) were 29.3 = 2.5 and 107.3 = 25.7 ng/10° cells
for stimulation with ionomycin and ionomycin plus AA, respectively. B,
five minutes after addition of U-73122, cells were preincubated with 1
mM EDTA plus 30 uM BAPTA/AM or with 1 mM CaCl, for 15 min at
37°C as indicated. Cells were then stimulated with 300 mM NaCl. After
3 min, 40 uM AA was added and after another 10 min, 5-LLO products
were extracted and determined by HPLC as described under Materials
and Methods. 5-LO products formed in the absence of U-73122 (control)
were 55 + 4.6 and 48.3 + 6.4 ng/10° cells for stimulation with NaCl plus
1 mM EDTA and 30 uM BAPTA/AM and NaCl plus CaCl,, respectively.
Results are given as mean + S.E.; n = 3 to 4.
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that do (fMLP and PAF) and do not (ionomycin) use PLC-
dependent pathways to induce Ca®?" mobilization. Also, to
circumvent effects of U-73122 on AA supply by cPLA,, 5-LO
product synthesis was examined in the presence of exog-
enously added AA (40 puM).

U-73122 suppressed 5-LO product synthesis in PMNLs
under all stimulation conditions. In agreement with previous
findings (for review, see Werz, 2002), for PMNLSs stimulated
with fMLP or PAF, 5-LO product formation was low (<1
ng/10° cells). Thus, attempts to obtain reliable concentration-
response curves for U-73122 and to determine IC;, values
with high precision failed. For PMNLs stimulated with iono-
mycin (that causes substantial 5-LO product synthesis;
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Fig. 3. U-73122 inhibits 5-LO product formation in broken cells: effects
on 12- and 15-LO. Whole homogenates of human PMNLs or platelets,
corresponding to 7.5 X 10° PMNL/ml or 1 X 10° platelets/ml PG buffer
containing 1 mM EDTA were prepared as described in text. To homoge-
nates of PMNLs, 1 mM ATP was added. Homogenates were preincubated
with the indicated concentrations of U-73122 for 5 to 10 min on ice.
Samples were prewarmed at 37°C for 30 s, and AA (40 uM) together with
2 mM CaCl, was added. After another 10 min at 37°C, 5-, 12-, and 15-L.O
activities were determined as described in text. Product formation of 5-,
12-, and 15-LO without U-73122 (controls) was 156 + 16.5, 3.1 + 0.6, and
25.3 * 4.4 ng/10° cells. Results are given as mean + S.E.; n = 3 to 4.

5-LO product formation
(percentage of control)

0 0.01 003 01 03 1 3
MM U-73122

Fig. 4. U-73122 inhibits the activity of isolated 5-LO in vitro. Human
recombinant 5-LO was expressed in E. coli and partially purified as
described in text. 5-LO (0.5 pg) was added to a 5-LO reaction mix
containing the indicated concentrations of U-73122. After 5 to 10 min on
ice, the samples were prewarmed for 30 s at 37°C. The 5-LO reaction was
started by addition of AA (3, 10, or 30 uM as indicated) in the presence of
2 mM CacCl,. After 10 min at 37°C, formed 5-LO products were extracted
and determined by HPLC. 5-LO products formed in control incubations
(no U-73122) at 3, 10, or 30 uM AA were 68.9 = 4.7, 219.9 + 25.7, and
244.4 + 78.7 ng/ml, respectively. Results are given as mean + S.E.;
n = 3.

29.3 + 2.5 ng/10° cells), the concentration-response curves
are presented in Fig. 2A. As can be seen, U-73122 concentra-
tion dependently inhibited 5-LLO product synthesis with an
IC;, value of ~1.8 uM. Also, in the presence of exogenous AA,
U-73122 suppressed 5-LO product synthesis (IC;, of ~6 uM).
U-73343 was less efficient and the IC;, value was >10 uM
(data not shown). Moreover, when 5-LO was activated by
phosphorylation using a stimulus [hyperosmotic (300 mM)
NaCl] that does not elevate [Ca®*]; in PMNLs (Werz et al.,
2002a,b), U-73122 still suppressed 5-L.LO product formation
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Fig. 5. Comparison of NEM with U-73122 in 5-LO inhibition: effects of
glutathione. A, chemical structures of U-73122, U-73343, and NEM. B,
inhibition of 5-LO by NEM and U-73122. Partially purified recombinant
5-LO (0.5 ng) was added to a 5-LO reaction mix containing the indicated
amounts of U-73122 or NEM, respectively. C, effects of GSH. Partially
purified recombinant 5-LO (0.5 pg) was added to a 5-LO reaction mix
with or without 1 mM GSH containing the indicated amounts of U-73122.
After 5 to 10 min on ice, the samples were prewarmed for 30 s at 37°C, the
5-LO reaction was started by addition of 10 uM AA in the presence of 2
mM CaCl, and after another 10 min at 37°C, formed 5-LO products were
extracted and determined by HPLC. 5-LO product formation of controls
(no U-73122) was 219.9 * 25.7, 252.7 = 72.2, and 226.7 * 52.1 ng/ml in
the absence of additive, in presence of NEM, and in presence of GSH,
respectively Results are given as mean + S.E.; n = 3.
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(Fig. 2B). Finally, when PMNLs were depleted from extra-
and intracellular Ca®* using EDTA and BAPTA/AM, respec-
tively, U-73122 reduced 5-L.O product synthesis induced by
300 mM NaCl with the same potency (Fig. 2B).

U-73122 Inhibits 5-LO Activity under Cell-Free Assay
Conditions: Effects on 12- and 15-LOs. Direct inhibition
of 5-LLO under cell-free conditions by U-73122 was investi-
gated using whole homogenates of human PMNLs. Under
optimized assay conditions (presence of Ca®*, ATP, and 40
uM AA as substrate), U-73122 dose-dependently inhibited
5-LO activity in homogenates with an IC;, of ~2.4 uM (Fig.
3), whereas U-73343 (10 uM) was less efficient (39 = 8%
inhibition). Also, in the absence of the stimulatory cofactors
ATP and Ca?", U-73122 inhibited 5-LO with same efficacy
(data not shown). Thus, U-73122 seems to directly inhibit
enzymatic activity of 5-LO.

Besides 5-LO, the effect of U-73122 was tested for its
ability to inhibit the closely related human platelet-type
12-LO as well as 15-L.O from (eosinophilic) PMNLs. U-73122
up to 10 uM failed to significantly suppress the activity of
12-LO in platelet homogenates (Fig. 3). Similarly, crude
15-LO in homogenates of (eosinophilic) PMNLs was not sig-
nificantly inhibited by U-73122 up to 10 uM.

U-73122 Inhibits the Activity of Isolated 5-LO. Next,
U-73122 was tested for inhibition of isolated human recom-
binant 5-LO expressed in E. coli. U-73122 concentration de-
pendently and potently inhibited product formation of iso-
lated 5-LO at a substrate concentration of 10 uM AA, with an
IC;, of =30 nM (Fig. 4). U-73343 up to 10 uM caused no
suppression of 5-LO activity (data not shown). To check
whether the potency of U-73122 is affected by the levels of
substrate, 5-LO inhibition was determined at various AA
concentrations (3, 10, and 30 uM). As shown in Fig. 4, high
AA concentrations (30 uM) rather improved the potency of
U-73122, indicating that U-73122 does not act in a substrate-
competitive manner.

U-73122 represents a pyrrole-2,5-dione, capable to react
with thiol groups. In contrast, the inactive analog U-73343
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possesses a pyrrolidin-2,5-dione moiety, which does not react
with thiols (Fig. 5A). NEM represents a truncated pyrrole-
2,5-dione analog of U-73122, which is highly thiol-reactive.
However, NEM up to 30 uM failed to inhibit isolated 5-L.O
(Fig. 5B), indicating that the thiol-reactive pyrrole-2,5-dione
moiety is not solely responsible for 5-LO inhibition and that
the aminosteroid backbone of U-73122 also is of importance.

Inhibition of 5-LO by U-73122 was examined in presence of
1 mM GSH to provide excess of thiols to saturate the reactive
pyrrole-2,5-dione moiety. In fact, GSH strongly decreased the
potency (=~100-fold) of U-73122 to inhibit isolated 5-LO, shift-
ing the IC;, value from 30 nM to about 3 uM (Fig. 5C).

Depletion of Cellular Thiols Restores Potent 5-LO
Inhibition by U-73122 in Intact Cells and Correspond-
ing Homogenates. Since the potency of U-73122 for inhibi-
tion of 5-LO in intact cells and corresponding homogenates is
much reduced compared with isolated 5-LO, it seemed pos-
sible that cellular thiols could impair the efficacy of U-73122.
Depletion of intact PMNLs from endogenous thiols by pre-
treatment with 50 uM NEM strongly improved the potency of
U-73122. Thus, the IC4, for 5-LO in PNMLs stimulated with
ionomycin plus 10 uM AA shifted from 7 to 0.6 uM, when
cells had been depleted from thiols by NEM (Fig. 6A). In
analogy to intact cells, removal of thiols by NEM (30 uM)
from PMNL homogenates also shifted the IC;, of U-73122 to
significantly lower values (2.2 versus 0.45 uM; Fig. 6B). In
contrast, NEM (50 uM) did not at all affect the potency of
U-73122 for inhibition of isolated 5-LO in the absence of
thiols (data not shown).

Discussion

U-73122 was originally described as a research tool that
selectively inhibits receptor-coupled PLC-dependent pro-
cesses (Bleasdale et al., 1989, 1990; Smith et al., 1990), and
a correlation between the effects of U-73122 and a role for
PLC in agonist-induced Ca®* mobilization has been drawn in
more than a thousand publications to date. In fact, U-73122
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Fig. 6. Depletion of cellular thiols by NEM increases the potency of U-73122 for 5-LO inhibition. A, effects of NEM in intact cells. Freshly isolated
PMNLs (7.5 X 10%ml PG buffer) were preincubated with U-73122 at the indicated concentrations in the presence or absence of 50 uM NEM for 20
min at 37°C. Then, cells were supplemented with 1 mM CaCl, and stimulated with ionomycin (1 uM) plus 10 uM AA. After 10 min, 5-LO products
were extracted and determined by HPLC as described in text. 5-LO product formation of controls was 134.3 + 34.2 and 77.1 = 16.5 ng/10° cells in the
absence and presence of NEM, respectively. B, effects of NEM in homogenates. Whole homogenates of human PMNLs, corresponding to 7.5 X 10°
cells/ml PG buffer containing 1 mM EDTA, were supplemented with 1 mM ATP, NEM (30 uM), and U-73122 as indicated. After 5 to 10 min on ice,
samples were prewarmed at 37°C for 30 s, AA (20 uM) together with 2 mM CaCl, was added, and after another 10 min, 5-LO products were determined
as described in text. 5-LO product formation of controls (no U-73122) was 76.8 + 10.1 and 60.4 + 16.9 ng/10° cells in the absence and presence of NEM,

respectively. Results are given as mean + S.E.; n = 3 to 4.
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blocks agonist-induced IP; formation by cellular PLC and
suppresses the activity of PLC in cell-free assays (Bleasdale
et al., 1990; Smith et al., 1990; Alter et al., 1994; Pulcinelli et
al., 1998; Hou et al., 2004), confirming that U-73122 is a
direct PLC inhibitor. However, much higher concentrations
of U-73122 are necessary to inhibit PLC activity in vitro (IC;,
= 9-70 uM) compared with those required to suppress IP;-
mediated release of Ca®" in intact cells (IC;, = 0.5-5 uM)
(Bleasdale et al., 1990; Smith et al., 1990; Muto et al., 1997;
Pulcinelli et al., 1998; Feisst and Werz, 2004). In some stud-
ies, U-73122 even blocked receptor-coupled Ca®* mobiliza-
tion without reducing IP; production (Alter et al., 1994; Hell-
berg et al., 1996). Therefore, U-73122 may act at other
targets than PLC related to Ca®?" signaling, for example, at
Ca?* channels (Berven and Barritt, 1995; Grierson and Mel-
dolesi, 1995; Macrez-Lepretre et al., 1996; Pulcinelli et al.,
1998).

In this study, we identified 5-LLO as a molecular target of
U-73122, with substantially superior sensitivity toward the
drug compared with PLC isoenzymes. Ca®?" and/or phosphor-
ylation activates 5-LO (Werz et al., 2002a,b,c), and indeed,
typical stimuli known to induce 5-L.O product synthesis (e.g.,
fMLP, PAF, cytokines, or immune complexes) are all capable
to elevate [Ca®*]; and to evoke MAPK activation (Werz,
2002). Since these agonists transduce signals via G proteins
leading to the stimulation of PL.C (Rhee, 2001), a role for PL.C
in Ca®"-mediated 5-LO activation seems conceivable. How-
ever, aiming to demonstrate a role of PLC in agonist-induced
5-LO activation, we found that U-73122 inhibits 5-L.O also in
cell-free assays, even at concentrations that are more than
100-fold lower than those required to inhibit PLC in vitro
(Muto et al., 1997; Pulcinelli et al., 1998; Hou et al., 2004).

In intact cells or homogenates, 5-L.O inhibition by U-73122
was significantly reduced compared with isolated 5-LO, pre-
sumably related to the ability of U-73122 to react with en-
dogenous cellular thiols. Thus, the pyrrole-2,5-dione moiety
is highly thiol-reactive (Majima et al., 1995), and inclusion of
GSH strongly impaired the potency of U-73122 for inhibition
of isolated 5-LO. Moreover, the inactive pyrrolidin-2,5-dione
analog, lacking thiol-reactivity (Bleasdale et al., 1990; Smith
et al., 1990), was not active on isolated 5-LO. On the other
hand, depletion of cellular thiols restored efficient 5-LO in-
hibition in intact cells and homogenates. Therefore, the pyr-
role-2,5-dione moiety seems to be a determinant. Neverthe-
less, since NEM caused no 5-LO inhibition, also the
aminosteroid backbone might be essential. Direct 5-LO in-
hibitors are categorized as redox inhibitors, iron-chelating
compounds, and nonredox (competitive)-type inhibitors
(Werz, 2002). At present, the molecular mode of action of how
U-73122 inhibits 5-LO is not clear. Presumably, U-73122
reacts with an essential SH-group on the 5-LO protein,
thereby rendering 5-LO catalytically inactive.

In conclusion, U-73122 is a potent inhibitor of 5-LO in vivo
and in vitro and may represent a new lead for the develop-
ment of novel 5-LO inhibitors. U-73122 was shown to sup-
press inflammatory responses in neutrophils (Smith et al.,
1990, 1996), typically induced by 5-LO products (Samuels-
son, 1983; Funk, 2001). In animal models, U-73122 blocked
carrageenan-induced hind paw edema, leukocyte accumula-
tion, and infiltration, and it was effective in models of peri-
tonitis and ear edema (Hou et al., 2004). Since 5-L.O products
(i.e., LTs) bind to specific GPCRs, resulting in PL.C activation

and thus mobilization of Ca®" (Yokomizo et al., 1997; Lynch
et al., 1999; Falgueyret and Riendeau, 2000), it is conceivable
that a certain agonist may first induce (PLC-independent)
formation of LTs, that in turn induce Ca®* mobilization via a
GPCR/PLC pathway. Under these conditions, U-73122 may
abolish the Ca®* signal due to inhibition of 5-LO indepen-
dently of PLC. Thus, caution should be taken when interpret-
ing results using U-73122 as a tool to identify a role of PLC
in signaling pathways leading to Ca®* mobilization.

Acknowledgments

We thank Sven George for expert technical assistance.

References

Albert D, Biirkert E, Steinhilber D, and Werz O (2003) Induction of 5-lipoxygenase
activation in polymorphonuclear leukocytes by 1-oleoyl-2-acetylglycerol. Biochim
Biophys Acta 1631:85-93.

Albert D, Zundorf I, Dingermann T, Muller WE, Steinhilber D, and Werz O (2002)
Hyperforin is a dual inhibitor of cyclooxygenase-1 and 5-lipoxygenase. Biochem
Pharmacol 64:1767-1775.

Alter CA, Amagasu M, Shah K, Jolly YC, Major C, and Wolf BA (1994) U-73122 does
not specifically inhibit phospholipase C in rat pancreatic islets and insulin-
secreting beta-cell lines. Life Sci 54:107-112.

Bauldry SA, Wykle RL, and Bass DA (1991) Differential actions of diacyl- and
alkylacylglycerols in priming phospholipase A2, 5-lipoxygenase and acetyltrans-
ferase activation in human neutrophils. Biochim Biophys Acta 1084:178-184.

Berven LA and Barritt GJ (1995) Evidence obtained using single hepatocytes for
inhibition by the phospholipase C inhibitor U73122 of store-operated Ca?* inflow.
Biochem Pharmacol 49:1373-1379.

Bleasdale JE, Bundy GL, Bunting S, Fitzpatrick FA, Huff RM, Sun FF, and Pike JE
(1989) Inhibition of phospholipase C dependent processes by U-73, 122. Adv
Prostaglandin Thromboxane Leukot Res 19:590-593.

Bleasdale JE, Thakur NR, Gremban RS, Bundy GL, Fitzpatrick FA, Smith RJ, and
Bunting S (1990) Selective inhibition of receptor-coupled phospholipase C-
dependent processes in human platelets and polymorphonuclear neutrophils.
J Pharmacol Exp Ther 255:756—-768.

Falgueyret J and Riendeau D (2000) LTA(4)-derived 5-oxo-eicosatetraenoic acid:
pH-dependent formation and interaction with the LTB(4) receptor of human
polymorphonuclear leukocytes. Biochim Biophys Acta 1484:51-58.

Feifit C and Werz O (2004) Suppression of receptor-mediated Ca?* mobilization and
functional leukocyte responses by hyperforin. Biochem Pharmacol 67:1531-1539.

Fischer L, Szellas D, Rddmark O, Steinhilber D, and Werz O (2003) Phosphorylation-
and stimulus-dependent inhibition of cellular 5-lipoxygenase activity by nonredox-
type inhibitors. FASEB J 17:949-951.

Funk CD (2001) Prostaglandins and leukotrienes: advances in eicosanoid biology.
Science (Wash DC) 294:1871-1875.

Grierson JP and Meldolesi J (1995) Calcium homeostasis in mouse fibroblast cells:
affected by U-73122, a putative phospholipase C beta blocker, via multiple mech-
anisms. Br J Pharmacol 115:11-14.

Grynkiewicz G, Poenie M, and Tsien RY (1985) A new generation of Ca?* indicators
with greatly improved fluorescence properties.  Biol Chem 260:3440-3450.

Hellberg C, Molony L, Zheng L, and Andersson T (1996) Ca®" signalling mechanisms
of the beta 2 integrin on neutrophils: involvement of phospholipase C gamma 2 and
Ins(1,4,5)P3. Biochem J 317:403—409.

Hou C, Kirchner T, Singer M, Matheis M, Argentieri D, and Cavender D (2004) In
vivo activity of a PLC inhibitor, U73122, in acute and chronic inflammatory
reactions. J Pharmacol Exp Ther 309:697-704.

Hughes SA, Gibson WJ, and Young JM (2000) The interaction of U-73122 with the
histamine H1 receptor: implications for the use of U-73122 in defining H1 receptor-
coupled signalling pathways. Naunyn-Schmiedeberg’s Arch Pharmacol 362:555—
558.

Lynch KR, O’Neill GP, Liu Q, Im DS, Sawyer N, Metters KM, Coulombe N, Abramo-
vitz M, Figueroa DJ, Zeng Z, et al. (1999) Characterization of the human cysteinyl
leukotriene CysLT1 receptor. Nature (Lond) 399:789-793.

Macrez-Lepretre N, Morel JL, and Mironneau J (1996) Effects of phospholipase C
inhibitors on Ca?" channel stimulation and Ca?" release from intracellular stores
evoked by alpha 1A- and alpha 2A-adrenoceptors in rat portal vein myocytes.
Biochem Biophys Res Commun 218:30-34.

Majima E, Goto S, Hori H, Shinohara Y, Hong YM, and Terada H (1995) Stabilities
of the fluorescent SH-reagent eosin-5-maleimide and its adducts with sulfhydryl
compounds. Biochim Biophys Acta 1243:336-342.

Muto Y, Nagao T, and Urushidani T (1997) The putative phospholipase C inhibitor
U73122 and its negative control, U73343, elicit unexpected effects on the rabbit
parietal cell. J Pharmacol Exp Ther 282:1379-1388.

Pulcinelli FM, Gresele P, Bonuglia M, and Gazzaniga PP (1998) Evidence for sepa-
rate effects of U73122 on phospholipase C and calcium channels in human plate-
lets. Biochem Pharmacol 56:1481-1484.

Rhee SG (2001) Regulation of phosphoinositide-specific phospholipase C. Annu Rev
Biochem 70:281-312.

Samuelsson B (1983) Leukotrienes: mediators of immediate hypersensitivity reac-
tions and inflammation. Science (Wash DC) 220:568-575.

Smith RJ, Justen JM, McNab AR, Rosenbloom CL, Steele AN, Detmers PA, Ander-
son DC, and Manning AM (1996) U-73122: a potent inhibitor of human polymor-

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

phonuclear neutrophil adhesion on biological surfaces and adhesion-related effec-
tor functions. J Pharmacol Exp Ther 278:320-329.

Smith RJ, Sam LM, Justen JM, Bundy GL, Bala GA, and Bleasdale JE (1990)
Receptor-coupled signal transduction in human polymorphonuclear neutrophils:
effects of a novel inhibitor of phospholipase C-dependent processes on cell respon-
siveness. J Pharmacol Exp Ther 253:688—697.

Walker EM, Bispham JR, and Hill SJ (1998) Nonselective effects of the putative
phospholipase C inhibitor, U73122, on adenosine Al receptor-mediated signal
transduction events in Chinese hamster ovary cells. Biochem Pharmacol 56:1455—
1462.

Wang JP (1996) U-73122, an aminosteroid phospholipase C inhibitor, may also block
Ca?" influx through phospholipase C-independent mechanism in neutrophil acti-
vation. Naunyn-Schmiedeberg’s Arch Pharmacol 353:599—-605.

Wang JP and Kuo SC (1997) Impairment of phosphatidylinositol signaling in ace-
tylshikonin-treated neutrophils. Biochem Pharmacol 53:1173-11717.

Werz O (2002) 5-Lipoxygenase: cellular biology and molecular pharmacology. Curr
Drug Targets Inflamm Allergy 1:23—44.

Werz O, Burkert E, Fischer L, Szellas D, Dishart D, Samuelsson B, Raddmark O, and

U-73122 Inhibits 5-Lipoxygenase =~ 1757

Steinhilber D (2002a) Extracellular signal-regulated kinases phosphorylate 5-li-
poxygenase and stimulate 5-lipoxygenase product formation in leukocytes. FASEB
J 16:1441-1443.

Werz O, Burkert E, Samuelsson B, Rddmark O, and Steinhilber D (2002b) Activation
of 5-lipoxygenase by cell stress is calcium independent in human polymorphonu-
clear leukocytes. Blood 99:1044-1052.

Werz O, Szellas D, Steinhilber D, and Radmark O (2002¢) Arachidonic acid promotes
phosphorylation of 5-lipoxygenase at Ser-271 by MAPK-activated protein kinase 2
(MK2). J Biol Chem 277:14793-14800.

Yokomizo T, Izumi T, Chang K, Takuwa Y, and Shimizu T (1997) A G-protein-
coupled receptor for leukotriene B4 that mediates chemotaxis. Nature (Lond)
387:620-624.

Address correspondence to: Dr. Oliver Werz, Institute of Pharmaceutical
Chemistry, University of Frankfurt, Marie-Curie Strasse 9, D-60439 Frank-
furt, Germany. E-mail: o.werz@pharmchem.uni-frankfurt.de

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

