Biochemical Pharmacology 61 (2001) 517-525

Ca& " -dependent production of reactive oxygen metabolites by human
neutrophils in response to fluorinated propranolol analogues
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Abstract

Fluorinated analogues of propranolol, namely trifluoroethyl propranolol (F3), pentafluoropropyl propranolol (F5), and heptafluorobutyl
propranolol (F7), were found to induce reactive oxygen metabolite (ROM) production in human neutrophils in a dose-dependent manne
Preincubation of neutrophils with the calcium chelator BAPTA-AM or the tyrosine kinase inhibitor genistein inhibited this ROM production.
Direct measurements of intracellular calcium revealed that these analogues caused a transient increase in intracellular calcium. In additi
these fluorinated analogues of propranolol caused a transient increase in actin polymerization. The effects of these compounds were fo
to be dependent upon the degree of fluorination of the parent compound. Propranolol, on the other hand, had no direct effect on RO
calcium, or actin polymerization when added alone to neutrophils, although it did modify responses of cells to various stimuli. Wherea
ROM production induced by the chemotactic peptide formyl-methionyl-leucyl-phenylalanine was enhanced in a dose-dependent manner, 1
response to the particulate stimulus, latex beads, was abolished. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction The neutrophils constitute the first line of defense against
invading microorganisms. The cells are capable of chemo-
The antioxidant properties of propranolol have been ad- taxis towards the invaders, phagocytosis, and intracellular
vocated for a number of years [1-4]. The suggestion of yjjing of ingested microbes in a well-coordinated manner
antioxidant activity for propranolol suffered a serious set- that ensures stimulus—response coupling. Intracellular kill-
back when reports that propranolol inhibited xanthine oxi- jng occurs via several mechanisms of which transient pro-
dase [5], one of many enzymes that produce reactive oxygenguction of ROM is a major player [11,12]. The neutrophils’
species, could not be confirmed. The antioxidant role for yon-mitochondrial oxidase system reduces molecular oxy-
propranolol is thought to be mediated by its ability to partition gen to ROM in response to many soluble and particulate
within plasma membranes and scavenge ROM, especiallystimuli. Thus, activation of this oxidase system provides a
products of lipid peroxidation [6,7]. Since partitioning into the good model for studying the antioxidant properties of pro-
plasma membrane is an attribute of hydrophobicity, the possi- pranolol and its fluorinated analogues. Here, we demon-
bility existed that increasing hydrophobicity of propranolol by - strate that whereas propranolol per se had no direct effect on
fluorination [8—10] would increase its putative antioxidant Rowm production, its fluorinated analogues activated ROM
effects. In the present work, we tested the effect(s) of propran-production directly and in a dose-dependent manner. The
olol and its fluorinated analogues on human neutrophil. extent of activation was dependent upon the degree of
fluorination. This activation was accompanied by transient
Abbreviations:PA, phosphatidic acid; ROM, reactive oxygen metab- actin polymerization and transient calcium mobilization.
olites; fMLP, formyl-methionyl-leucyl-phenylalanine; BAPTA-AM, 1,2-  Inhibition of calcium mobilization or tyrosine phosphoryla-
bis(2-aminophenoxy)ethaméN,N’,N'-tetra-acetic acid, AM, tetra-acetoxym-  tion inhibited ROM production by these analogues. Pre-
ethylester; and 2, 7 DECFDA, 6-carboxy-2,7-dichlorodihydrofluorescein treatment of cell with propranolol abolished the ability of

diacetate.
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7854. oxidant rather than antioxidant role for fluorinated ana-
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2. Materials and methods temperature. Propranolol or fluorinated propranolol (1.5—
200 uM) was added to the cells and 1@Q- samples were
2.1. Materials drawn at different time intervals and fixed as above. Fixed

samples were washed and permeabilized in 0.5% Triton

Racemic propranolol was supplied by Berk Pharma- X-100 in PBS for 5 min, washed three times with PBS, and
ceuticals and fluorinated analogues, namely heptafluorobu-then stained with rhodamine-phallacidin (0,3®1) for 1 hr
tyl propranolol (F7), pentafluoropropyl propranolol (F5), atroom temperature. Fluorescence intensity of washed cells
and trifluoroethyl propranolol (F3), were synthesized as was measured using flow cytometry (FACScan, Becton
described previously [13]. Fura-2-AM (1-(2,5- Dickinson).
carboxyoxazol-2-yl)-6-aminobenzofuran-5oxyl)-2-(2-
amino-5-methylphenoxy)-ethand;N,N’,N’-tetra- 2.5. Measurement of calcium
acetoxymethyl ester), BAPTA-AM, genistein, 2,7 DCFDA,
and rhodamine-phallacidin were all purchased from Molec-  Neutrophils were loaded with 1-(2,5-carboxyoxazol-2-
ular Probes. All other reagents were Analar grade and wereyl)-6-aminobenzofuran-5oxyl)-2-(2-amino-5-methylphe-

purchased from Sigma and BDH Chemicals. noxy)-ethaneN,N,N’,N’-tetra-acetoxymethyl ester (fura-2-
AM) as described previously [21]. The cells were washed,
2.2. Preparation of human neutrophils placed on glass coverslips, and allowed to adhere for 15 min

at room temperature. Coverslips with adherent cells were

Human peripheral blood neutrophils were prepared by rinsed with Krebs—HEPES. Coverslips were secured be-
dextran sedimentation of heparinized whole blood obtained tween two plates of a custom-designed coverslip holder,
from healthy donors and centrifuged through Ficoll-Paque placed onto a heated microscope stage (33°), and intracel-
as described previously [14]. Contaminating red blood cells lular free calcium ([C&"],) measurements were performed
were removed by hypotonic lysis with isotonic NEI. The on individual cells using the lonVision dual-excitation sys-
remaining cells were suspended in Krebs—HEPES mediumtem (ImproVision) as described previously [14].
(pH 7.4) containing 120 mM NacCl, 1.3 mM CaClL.2 mM
MgSQO,, 4.8 mM KCI, 1.2 mM KHPG,, 25 mM HEPES,
and 0.1% BSA and were further purified through neutrophil 3. Results
isolation medium (Cardinal Associates). Final purity and
viability were both between 98-99% as indicated by flow 3.1. Effect of fluorinated propranolol on reactive oxygen
cytometry and trypan blue dye exclusion tests. species production in human neutrophils

2.3. Measurement of reactive oxygen species production Luminol-dependent chemiluminescence was used to in-
vestigate the effect of propranolol and its fluorinated ana-
The production of ROM by neutrophils was measured logues on reactive oxygen species production by human
using luminol-dependent chemiluminescence (LDCL) as neutrophils. Treatment of cells with propranolol (50-300
described previously [15-17]. To confirm ROM production, wM) had no apparent effect on ROM production in resting
we used 2,7 DCFDA essentially as described previously human neutrophils. However, the response to fMLIRKL)
[18]. Briefly, 1 neutrophils were incubated withdM 2,7 was enhanced by propranolol in a dose-dependent manner
DCFDA (room temperature for 15 min). Cells were washed with maximum potentiation occurring at 2QM (Fig. 1a).
and allowed to adhere to glass coverslips (10 min at room Both the S-(+) and R-(—) propranolol enantiomers were
temperature). Coverslips were washed and secured betweerequally active. In contrast, the response to activation by
two plates of a custom-designed coverslip holder, placed particulate stimuli (unopsonized latex beads) was inhibited
onto a microscope stage, and viewed using the Leica TCSby pretreatment of neutrophils with propranolol (Fig. 1b).
confocal microscope (Leica-Kaki). Images were obtained at  Heptafluorobutyl propranolol (F7), induced a rapid and
a temporal resolution of 400 msec/image. Changes in fluo- dose-dependent increase in ROM that peaked within min-
rescence were color-coded and displayed at the specifiedutes (Fig. 2a). The time for peak ROM production varied

time intervals. between preparations of neutrophils from different donors
(range 1-8 min). Other fluorinated analogues, namely pen-
2.4. Actin polymerization measurements tafluoropropyl propranolol and trifluoroethyl propranolol

(F5 and F3, respectively), were also effective with the
The extent of actin polymerization was measured by the degree of activation being dependent upon the number of
increase in binding sites for rhodamine-phallacidin as de- fluorine atoms in the substituted side chain. Unless other-
scribed previously [19,20]. Briefly, neutrophils (1@iL) wise stated, data presented in the figures refer to results
were incubated at 37° for 10 min in a stirred temperature- obtained with the most potent analogue F7 as an example of
controlled chamber. Samples (100Q) were drawn and the  the effects of these compounds on human neutrophils.
cells fixed in 3.7% formaldehyde in PBS for 15 min at room To confirm the effect of F7 on ROM production, we
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a 200 also modify ROM responses. This possibility was tested
using the actin-depolymerizing agent cytochalasin B (CB)
| [23,24] and the actin-polymerizing agent jasplakinolide

20 mV

100 (Jas) [25,26]. Whereas CB (M) potentiated the effect of
1 min these analogues on ROM production, as exemplified in Fig.
4a where the ROM response to F7 was significantly en-
hanced, Jas (1@M) significantly reduced ROM production
75 by F7 (Fig. 4b), suggesting that the response to these ana-
logues was dependent upon the status of polymerized actin
within the neutrophils.

3.2. Effect of fluorinated propranolol on actin
polymerization in human neutrophils

One of the earliest events following neutrophil activation
is a rapid and transient increase in the cellular content of
polymerized actin [19,20,27]. Using flow cytometry to mea-
sure the binding of rhodamine-phallacidin to F-actin, we
found that fluorinated propranolol caused a rapid and tran-
sient increase in the number of binding sites for rhodamine-
phallacidin (Fig. 4c). This is consistent with a transient rise

B in actin polymerization, with an initial rapid phase reaching
0 0 a maximum in 10-20 sec, followed by a decay phase to
Fig. 1. Effects of propranolol on ROM production by human neutrophils as _preStImUIatory levels by 6080 sec. Interestmgl_y, this abll._
measured by luminol-dependent chemiluminescence. (a) fMLP-induced ity was also dependent upon the number of fluorine atoms in
ROM production by cells pretreated with propranolol for 2 min at the the substituted side chain. The maximum effect on actin
indicated doses (0—200M). Arrowheads indicate the time of addition of ~ polymerization occurred with the pentafluoropropyl pro-
the stimulus fMLP (1uM). (b) Latex bead (19¥mL)-induced ROM pre pranolol (F5, ZOQLM). propran0|0|, on the other hand, had

duction (left trace) is inhibited by pretreatment of cells with 00 of . P
propranolol. Arrowheads indicate the time of addition of the beads. The no apparent effect on the state of polymerlzed actin in

traces are representative of at least 5 experiments with neutrophils isolated€StiNg cells within the t'me_ scale of these experiments.
from three different donors. However, responses to fluorinated analogues were altered

by pretreatment of cells with propranolol. The degree of
alteration depended upon the analogue used, such that the
investigated its effect fluorimetrically using the ROM-sen- response to F7 was only marginally inhibited whereas re-
sitive dye 2,7 DCFDA [18]. We found that F7 induced a sponses to F5 and F3 were totally abolished by pretreatment
transient increase in 2,7 DCFDA fluorescence consistentof cells with propranolol (20Q.M).
with a rise in ROM production (Fig. 2b). The maximum
increase was noted at around 5 min, but again the time t03.3. Effect of fluorinated propranolol on calcium
reach peak ROM production was donor-dependent. Unlike homeostasis
propranolol, these compounds exhibited an additive effect
on latex bead-induced ROM production (Fig. 2c). Whether  The involvement of calcium in the molecular mechanism
these analogues acted on the same site that propranolobf F7-induced ROM production was suggested by our find-
binds to was tested by treating these cells with propranolol ing that pretreatment of neutrophils with BAPTA-AM abol-
(200 uM) prior to challenge with the analogues. Under such ished ROM production. We therefore tested the involve-
conditions, propranolol totally abolished the response to F7 ment of calcium directly using the calcium indicator fura-2.
(Fig. 2d). Resting neutrophils exhibited a calcium level of 623 nM.

To probe the mechanism through which F7 evokes ROM Upon treatment with F7 (1aM), intracellular free calcium
production, we tested the involvement of calcium, tyrosine transiently rose to 606- 22 nM (average peak calcium
phosphorylation, and actin polymerization. We found that concentration per cell) before decaying back to the pre-
pretreatment of neutrophils with the calcium chelator stimulatory levels (Fig. 5a and b). The response was both
BAPTA-AM (1 uM) or the tyrosine kinase inhibitors genistein  asynchronous and heterogeneous with the number of cells
(20 ng/mL) and herbimycin-A (Iug/mL) abolished ROM responding and the extent of the calcium transient being
production by fluorinated analogues (Fig. 3a—c). dependent upon the concentration of F7. The latter is dem-

Since the neutrophil oxidase system is under the control onstrated in Fig. 5¢c. This effect on intracellular calcium was
of filamentous (F)-actin [22—24], the possibility existed that dependent upon the degree of fluorination of the propranolol
agents which modify the state of intracellular actin would analogues, with the potency being B F5 > F3. The
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Fig. 2. Effect of the fluorinated analogue of propranolol (F7) on ROM production as measured by luminol-dependent chemiluminescence. (a) Esese—respo
traces of human neutrophils treated with F7 as indicated by the numbers on the left. (b) Confocal micrographs showing increased fluorescgmte intensit
2,7 DCFDA-labeled human neutrophils at the indicated time intervals (in seconds) in the bottom left corner of each image. The fluorescencedotitsity i
according to the color bar. Scale bar is 2. (c) Additive effect of F7 (10QuM) + beads (16 on ROM production by neutrophils. (d) Inhibition of
F7-induced ROM production by treatment of cells with propranolol (Prop, 20 prior to F7 (100uM).
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Fig. 3. Effect of fluorinated analogues of propranolol on ROM production. 0 . L L !
(a) Pretreatment of human neutrophils with BAPTA-AMM, 30 min at 0 100 200 300 400
room temperature, right-hand trace) abolishes ROM production due to F7
(100 MM)._(b) Inh_ibitipn of F7-induced ROM _production py pretreatment Time (SGC)
of cells with genistein (2Qung/mL). (c) Inhibition of F7-induced ROM
production by pretreatment of cells with herbimycin (@®1). The data are Fig. 4. Effect of fluorinated propranolol in the presence of F-actin-modi-
representative of at least 5 experiments with neutrophils obtained from fying agents. (a) The effect of cytochalasin B (CB, 4ll) on F7-induced
different donors. ROM production. (b) Effect of jasplakinolide (Jas, M) on F7-induced

ROM production. (c) Direct effect of fluorinated propranolol on actin
polymerization as measured by changes in the number of binding sites for

parent Compound propranolol on the other hand. had r]0rhodamine—phallacidin. The effect on actin polymerization is most evident

. . with pentafluoropropyl propranolol (F5, 2Q0M). Each data point is the
apparent effect on calcium homeostasis (Table 1). mean= SEM. N = 3. o

4. Discussion partition within biological membranes and scavenge reac-
tive oxygen metabolites, especially lipid peroxides [6,7].

The antioxidant role of beta-blockers has been advocatedSince fluorination increases hydrophobicity [8,9], thus en-
by a number of investigators [28—30]. This role was sug- hancing partitioning of these compounds to the plasma
gested to be mediated by the ability of these compounds tomembrane, we investigated the antioxidant/pro-oxidant
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Fig. 5. Changes in calcium homeostasis following stimulation with fluorinated propranolol. (a) Intracellular calcium maps of resting (time @dnsec) a
F7-stimulated neutrophils at the indicated time intervals (in seconds). The calcium maps are color-coded such that high calcium is indicatedlbyswarm

(b) Calcium changes in a single neutrophil following treatment with F7. This is a representative experiment performed with cells obtained $tahreg lea
different donors. (c) Dose—response relationship between the extent of the calcium transient (peak calcium) and the concentration of F7sused. This i
representative experiment of at least 4 experiments performed on neutrophils obtained from three different donors.

properties of propranolol and its fluorinated analogues using suggesting a pro-oxidant role. In contrast, the neutrophil
human neutrophils as a biological source of ROM. response to the particulate stimulus, latex beads, was totally
We found that pretreatment of neutrophils with propran- abolished by pretreatment with propranolol, suggesting an
olol had no apparent effect on ROM in resting neutrophils, antioxidant role. This apparent anomaly may underlie the
although the response to ROM-inducing stimuli was mod- conflicting reports in the literature regarding the antioxidant
ified. Formylated peptide fMLP-induced ROM production role of beta-blockers. Since ROM can be generated via at
was enhanced by pretreatment of the cells with propranolol, least two molecular mechanisms fCadependent and -in
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Table 1
A summary of the potency of propranolol and its analogues on the various parameters examined

Structure ROM ACTIN Calcium

Q-CH,-CH-CH,-NH-CH (CH,),
H 0 0 0

Propranolol

G

O-CH,-CH-CH,-NH-CH,-CF,-CH,-CF,
H + + +

Trifluoroethyl propranolol , F3

:

O-CH,-CH-CH,-NH-CH,-CF,-CF,
- ++ +++ ++

Pentafluoropropyl propranolel, F5

:

O-CH,-CH-CH,-NH-CH,-CF,-CF,-CF,
H +++ ++ +++

Heptafluorobutyl propranolol, F7

i

Potency is graded from no effect (0) to maximum effeet{+).

dependent [31]), we propose that the observed differences inbe acting via the calcium-dependent pathway of ROM pro-
response to propranolol may be dependent upon the mechduction, whereas beads induce ROM production in a calci-
anism of ROM generation. um-independent manner [20]. However, since latex beads

In contrast to propranolol, fluorinated analogues acti- are often stabilized with polyanions and these analogues are
vated the neutrophils directly. The potency of these ana- positively charged at physiological pH, the possibility ex-
logues depended on the degree of fluorination, with F7 isted that the effect of analogues on ROM production by
being the most potent in many of the responses investigatedbeads may be a result of clustering of the beads, thereby
This activation caused a transient calcium rise, a transientaltering the ROM response. This possibility seems unlikely
actin polymerization, and increased ROM production. Fur- for the following reasons: (i) visual examination of the
thermore, inhibition of the calcium transient abolished beads failed to show any clusters after treatment with the
ROM production, suggesting that the analogues affected theanalogues and (ii) neutrophils displayed an additive re-
calcium-dependent mechanism of ROM production. Al- sponse when challenged with beads and fluorinated ana-
though attempts at correlating calcium transient and ROM logues simultaneously. The finding that agents which mod-
production in response to the fluorinated analogues have notfy the cellular actin status also modified ROM production
been carried out, a direct correlation is likely to be the case. in response to these analogues confirms previous work il-
This is supported by the following: (i) inhibition of calcium lustrating that ROM production in neutrophil is inversely
transient by BAPTA-AM inhibited ROM production; (i)  proportional to the level of polymerized actin [22—24].
calcium transient always precedes ROM production; and  Occupation of 3-adrenoceptor by many agonists has
(iif) simultaneous measurement of calcium transient and been demonstrated to modulate or inhibit calcium-depen-
ROM production has reported a direct correlation between dent responses, including ROM production by human neu-
ROM production and the extent of the calcium transient at trophils [32—34]. Whether fluorinated propranolol acts
the time of onset of ROM production [21]. through receptor occupation or membrane perturbation has

Interestingly, whereas propranolol inhibited ROM pro- yet to be determined. It is noteworthy, however, that occu-
duction by latex beads, its fluorinated analogues had anpation of B-adrenoceptors leads to inhibition of inflamma-
additive effect, suggesting a divergent molecular mecha- tory responses in these cells [32]. Our data show that flu-
nism of action for propranolol and its analogues. This ad- orinated propranolol stimulates rather than inhibits
ditive effect was not surprising, since the analogues seem toinflammatory responses.
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Propranolol was demonstrated to cause accumulation ofA. Al-Assiri, and M.M. Hammami for stimulating discus-
PA by inhibition of PA phosphohydrolase, the enzyme sions and suggestions.
responsible for the production of diacylglycerol (DG) from
PA [35-37]. Phosphatidic acid has been established as a
second messenger for the generation of ROM in human References
neutrophils [35]. Whereas PA accumulation per se did not
trigger ROM production in human neutroph"S, fMLP-in- [1] Mak IT, Arroyo CM, Weglicki WB. Inhibition of sarcolemmal car-
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