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Fluosol (Alpha Therapeutic Corporation, Los Angeles,
CA) an emulsion of perfluorocarbons with a high
oxygen-carrying capacity, was approved as an ad-

junct to alleviate myocardial ischemia during coro-

nary angioplasty. This drug also significantly en-

hances myocardial salvagepresumably related to an

action on the neutrophil. The mechanism by which
fluosol and its individual components, including the
detergent Pluronic F-68, affected neutrophilfunction
was examined. During the incubation of neutrophils
with fluosol, a rapid stimulation of superoxide an-
ion production and degranulation which progres-
sively increased over a 30-minute period was de-
tected. Neutrophils incubated with only Pluronic
F-68produced similar amounts ofsuperoxide anion.
Cytochalasin B, an inhibitor ofphagocytosis, signif-
icantly inhibited this superoxide anion generation.
As shown previously, neutrophils incubated withflu-
osol for 30 minutes and then subsequently stimu-
lated manifested a reduction in lysozyme release as

compared with untreated cells. Results ofan electron
microscopic examination confirmed the cellular up-
take of the fluosol within phagocytic vacuoles. Neu-
trophil viability determined by trypan blue was un-

affected after fluosol treatment. These observations
show that the fluosol emulsion, primarily through
micellesformed by the detergent Pluronic F-68, acti-
vates human neutrophils by serving as a phagocytic
stimulus, which produces a cell refractory to subse-
quent stimulation. (Am J Pathol 1992, 140:1081-
1087)

Perfluorochemicals are substances with a small particle
size, low viscosity, and high oxygen-carrying capac-
ity.1 Because of the insolubility of the perfluorocarbons,

an emulsion including detergents and phospholipids is
commonly formulated to affect miscibility of these com-
pounds. Fluosol, a formulation of two perfluorochemicals
containing egg yolk phospholipids and the Pluronic de-
tergent F-68, was originally investigated in clinical set-
tings as an alternative to blood transfusions.2'4 Recently,
this drug has been released for use as an oxygen carrier
to reduce myocardial ischemia during percutaneous
transluminal coronary angioplasty.56 Experimental stud-
ies have demonstrated that both intracoronary and intra-
venous administration of fluosol significantly reduces in-
farct size and improves ventricular function in the canine
preparation of regional ischemia.7 Preliminary observa-
tions suggest that infusion of fluosol to achieve recanal-
ization of the target artery in patients with acute anterior
myocardial infarction significantly enhances regional
ventricular function compared with angioplasty without
fluosol.lu

Numerous studies support a role for the neutrophil in
mediating further cellular injury during the perireperfusion
period after regional myocardial ischemia.' 1-13 We have
previously demonstrated that fluosol treatment in the ca-
nine model reduces the in vivo accumulation of neutro-
phils in the reperfused bed.9 Neutrophil responses in-
cluding chemotaxis and degranulation studied ex vivo
from these animals were markedly suppressed.79 The
neutrophil plays an important role in the acute inflamma-
tory response and the healing process after ischemia.
Therefore, the mechanisms of the beneficial effects of
fluosol must be understood before supporting ex-
panded use of this drug as an adjunctive therapy with
thrombolytics in patients with acute myocardial infarction.
We examined the effects on human neutrophil superox-
ide anion responses and lysozyme degranulation of the
complete fluosol emulsion, of its components, and of a

Supported in part the National Institutes of Health (grant R01-MC40829-
011) and Alpha Therapeutic Corporation, Los Angeles, California. Dr.
Forman is a recipient of a FIRST Award from the National Institutes of
Health.

Accepted for publication December 13, 1991.
Address reprint requests to Dr. John J. Murray, Division of Allergy/

Immunology, Vanderbilt University School of Medicine, 843 Light Hall,
Nashville, TN 37232-0111.

1081



1082 Ingram et al
AJP May 1992, Vol. 140, No. 5

new perfluorochemical preparation FMIQ (perfluoro
N-methyldecahydroisoquinoline) which does not contain
any detergent.

Materials and Methods

Superoxide dismutase (SOD), cytochrome C, formyl-
Met-Leu-Phe (FMLP), cytochalasin B, and 0.4% trypan
blue were obtained from Sigma Chemical Company, St.
Louis, Missouri. Hanks' balanced salt solution (HBSS)
was obtained from Gibco, Grand Island, New York. Flu-
osol and its components including perfluorodecalin, per-
fluorotripropylamine, Pluronic F-68, glycerol, and yolk
phospholipids were provided by Alpha Therapeutic Cor-
poration, Los Angeles, California. Since the Pluronic de-
tergent also contained butylated hydroxytoluene (BHT)
added as an antioxidant during the sterilization, purified
F-68 was also obtained from Wyandotte Chemicals, Wy-
andotte, Michigan. No difference in neutrophil response
was observed between the two preparations of the Plu-
ronic. The fluosol percentage indicated in the experi-
ments is the final dilution in the cell incubations of the
stock solution made by the manufacturer's recommen-
dation. The amount of components present in the fluosol
stock solution includes 2.7% (W:V) Pluronic F-68, 0.8%
glycerol, 0.4% phospholipids, 14% perfluorodecalin, and
6% perfluorotripropylamine. The fluosol emulsion and
components were prepared on the day of the experiment
and dilutions of this stock were made by adding HBSS.
FMIQ, an investigational oxygen carrier containing a sin-
gle perfluorochemical in a phospholipid emulsion with no
detergent, was also provided by Alpha Therapeutic Cor-
poration.

Neutrophil Suspensions

Human neutrophils were isolated from heparinized ve-
nous blood from healthy adult volunteers by Ficoll-
Hypaque density gradient centrifugation, as previously
described,14 and suspended in HBSS at pH 7.4 and kept
on ice until incubated.

Superoxide Radical Production

Superoxide radical anion production was assessed by
the reduction of ferricytochrome C using 5 x 106 neutro-
phils/ml. Initially, 500 ,ul of neutrophils were warmed to
37°C over a 5-minute preincubation. Each treated sam-
ple had a corresponding control in which 100 ,ul of su-
peroxide dismutase was added after the 5-minute prein-
cubation period to prevent reduction of ferricytochrome
C. In samples without superoxide dismutase, 100 ,ul
HBSS was added to give equivalent dilutions. After the

addition of 25 ,u of cytochrome C, 400 ,ul of fluosol was
added to the cells that were treated or untreated with
superoxide dismutase to give a final concentration of 1%,
5%, 10%, or 50%. Each treated sample had a corre-
sponding control that received an identical volume of
HBSS. For the time courses, only a single concentration
was examined compared with its superoxide dismutase
control in a single experiment. At the end of each incu-
bation period with fluosol, further cytochrome C reduction
was halted by immediately placing the samples on ice.
Reduction of cytochrome C by superoxide anion was
measured by spectrophotometry at 550 nm wavelength.9
Additional studies were completed with a 10% concen-
tration of FMIQ and 10% concentrations of the various
components of the fluosol emulsion. To address the
mechanism of action of fluosol on superoxide anion re-
lease, further experiments were done in which cytocha-
lasin B (10-5 mol/l), an inhibitor of phagocytosis, was
added at the beginning of the initial 5-minute warming
period. Each experimental time point was done in tripli-
cate, and the mean difference was calculated by sub-
tracting the average of the corresponding triplicates pre-
treated with superoxide dismutase. All cell preparations
were determined not to be spontaneously activated since
no difference in the absorbance occurred over a 60-
minute period in cells that were treated or untreated with
superoxide dismutase.

Degranulation

Neutrophil degranulation was assessed by assaying the
activity of released lysozyme by lysis of Micrococcus ly-
sodeikticus.9 Neutrophils (500 ,ul) were warmed to 37°C
over a 5-minute preincubation. The cells were then ex-
posed over a 60-minute period to an equal volume of
10% fluosol, 10% concentration of detergent component,
Pluronic F-68, or 10% FMIQ. Each treated sample had a
corresponding control that received an identical volume
of HBSS. In other studies, neutrophils (500 ulI) were pre-
incubated with an equal volume of a 50% concentration
of fluosol or HBSS for 30 minutes. After the incubation
period, the neutrophils were washed in HBSS and sub-
sequently stimulated with FMLP for 60 minutes. All sam-
ples were centrifuged at 40C, and lysozyme activity in the
supernatant was measured by its ability to lyse Micrococ-
cus Iysodeikticus as measured spectrophotometrically at
450 nm.

Neutrophil Viability

Neutrophils were incubated with fluosol at the indicated
dilutions for 30 minutes. A drop of cells was mixed with a
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drop of trypan blue and examined under a coverslip at a
magnification of 400x. Each dilution of fluosol was ex-
amined in at least three separate preparations of cells.
Viability was assessed by examination of 300 cells in
each preparation for nuclear staining.

Electron Microscopic Examination

Cells were allowed to incubate for 60 minutes at37C with
and without an equal volume of fluosol. They were cen-
trifuged, the supernatant was removed, and the cell pellet
was fixed with 3% buffered glutaraldehyde and embed-
ded in Epon. Ultrathin sections were cut and stained with
uranyl acetate lead citrate, and examined with a Zeiss
109 IGF electron microscope. The number of cells that
contained fluosol micelles was quantitated by counting
50 cells randomly.

Statistical Analysis

Each experiment was performed on three to five occa-
sions on separate days using different donor cells. Only
one treatment condition was examined compared with its
control on a given day. Within each experiment, triplicate
treated and corresponding control determinations were
completed for each time point, and the values averaged
before statistical analysis. Data are expressed as the
mean ± standard error of the mean (SEM) of the average
value of the triplicates greater than the corresponding
control values in each experiment. Significance (P <

0.05) was determined by a paired t-test comparing the
treated with untreated cells within each experiment.

Results

No superoxide radical generation or lysozyme release
was detected in neutrophils incubated with HBSS over 60
minutes. As noted previously, neutrophils exposed to flu-
osol for 30 minutes, washed, and subsequently stimu-
lated with FMLP showed a 67 ± 5% reduction in
lysozyme as compared with those cells that were incu-
bated with HBSS alone.15 In contrast, a rapid and signif-
icant generation of superoxide anion was observed from
neutrophils incubated with 1% to 50% fluosol (Figure 1).
The amount of superoxide anion released plateaued at
30 minutes for all dilutions of fluosol. A significant en-
hancement of lysozyme release after 15 minutes incuba-
tion was also seen with fluosol (Figure 2).

The individual constituents of fluosol were investi-
gated to determine if one could account for the superox-
ide anion generation from neutrophils. The phospholipids
and Pluronic F-68 were found to produce significant su-
peroxide anion release from neutrophils (Figure 3a). The
phospholipid component, however, contributed only a
small part to the total of the superoxide anion production
compared with fluosol, whereas stimulation by the Plu-
ronic detergent F-68 alone equalled that of the entire
emulsion. The perfluorochemical preparation FMIQ,
which contained only phospholipids and no detergent,
produced a minimal stimulation of superoxide anion pro-
duction equivalent to the amount of the phospholipid
component alone. Determination of lysozyme release af-

Figure 1. Effect offluosol on superoxide an-
ion generation by unstimulated human neu-
trophils. The amount of superoxide anion is
shown at various time points throughout a
60-minute incubation period with 1%, 5%,
10%, or 50% fluosol, *P < 0.05. Note that the
fluosol enhanced release of superoxide an-
ion within 10 minutes of incubation.
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Figure 2. Degranulation of neutrophils by a 10% dilution offlu-
osol, Pluronic F-68, or FMIQ. The bars represent the increased
release of lysozyme more than untreated neutrophil incubations at
15 minutes, *P < 0.05.

ter 15 minutes incubation also showed that fluosol and
Pluronic F-68 significantly enhanced degranulation,
whereas no effect was noted with FMIQ (Figure 2).

Both the detergent Pluronic F-68 and phospholipids
are present several hundred fold greater than their critical
micelle concentrations for dissolution of the dense per-
fluorocarbons of fluosol. The micelles formed in the
emulsion measure up to 0.6 microns in diameter. To in-
vestigate whether superoxide anion generation resulted
from phagocytosis of the fluosol micelles, we preincu-
bated the neutrophils with cytochalasin B, which disrupts
microfilaments, to inhibit phagocytosis before exposure

to fluosol. Neutrophils incubated with cytochalasin B
showed a significant reduction in the amount of superox-
ide anion produced for a 30-minute period with all con-

centrations of fluosol (mean reduction, 64 ± 4%) (Figure
3b). Cytochalasin B significantly reduced the superoxide
production to the Pluronic F-68 by 98 ± 1%. To show that
the inhibition by cytochalasin B was not due to general-
ized inhibition in the same preparation of neutrophils, cy-
tochalasin B pretreatment significantly enhanced the
amount of superoxide anion generation by 53 ± 3% in
response to FMLP (10 [Lmol/l) which is reported to occur
for receptor coupled stimulation of the neutrophil.

The viability of the neutrophils was examined after a

30-minute exposure to fluosol and was not different from
the control cells. Neutrophil viability assessed by trypan
blue exclusion was observed in 97% of untreated neu-

trophils and in the preparations treated with 1, 5, 10, and
50% fluosol, 96, 97, 96, and 96%, respectively.

Neutrophils were incubated with and without an equal
volume of fluosol for 60 minutes and examined by elec-
tron microscopy for evidence of phagocytosis. Neutro-
phils containing fluosol particles in phagocytic vacuoles
are shown in a representative electron micrograph in

Figure 4, and this was present in 30% of the cells that
were counted.

Discussion

Fluosol has been released as an adjunct therapy to im-
prove oxygen delivery during percutaneous transluminal
coronary balloon angioplasty.5'6 This perfluorochemical
preparation has also been shown to significantly reduce
infarct size in a canine model of regional ischemia.7-9
Data from these studies show that intravenous infusion of
a low dose of fluosol during the early reperfusion period
substantially reduces infarct size and improves regional
ventricular function.7 Adjunctive therapy with fluosol after
emergent coronary angioplasty has also been shown to
improve regional ventricular function in patients with an-
terior myocardial infarction.10 As the oxygen-carrying
ability alone of fluosol did not seem to provide an ade-
quate explanation for the striking beneficial effects ob-
served in reperfusion injury, alternative mechanisms of
action were investigated.

Neutrophils are known to play an important role in the
acute inflammatory response.1"18 However, numerous
studies suggest that these cells may produce further cel-
lular injury after reperfusion of previously ischemic myo-
cardium.1921 Activated neutrophils produce a variety of
cytotoxic substances, including superoxide anion and
proteolytic enzymes, which could damage potentially vi-
able myocardial and endothelial cells during the early
reperfusion period.2223 This exaggerated inflammatory
response has been postulated to play an important role in
the pathogenesis of myocardial reperfusion injury.

In our previous studies, we observed that fluosol sub-
stantially reduced neutrophil influx into canine myocardial
reperfused tissue.9 Furthermore, in ex vivo studies, neu-
trophils obtained after fluosol infusion showed suppres-
sion of various neutrophil functions, such as chemotaxis
and lysozyme release.79 In these studies, neutrophils
were preincubated with fluosol either in vitro or in
vivo.791415 These neutrophils were subsequently
washed and stimulated before measurement of func-
tional responses. Superoxide anion release, degranula-
tion, and chemotaxis were markedly decreased in the
neutrophils that were pretreated with fluosol.79l4,15
These observations, along with previous ischemic dog
model studies, led to the initial hypothesis that fluosol
may suppress neutrophil function.

Since the neutrophil plays a pivotal role in reperfusion
injury as well as subsequent healing, we investigated the
mechanism of action of fluosol on neutrophil function. In
this current study, we initially examined the effects of flu-
osol on unstimulated neutrophils during various periods
of incubation with the drug. Surprisingly, fluosol was
found to stimulate neutrophils per se. After 5 minutes of
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Figure 3. A: Superoxide anion generation in 0
response to the components offluosol. The
bars shou, the amount of superoxide anzion
released from neutrophils at the enid
of a 30-minute incubation period with 10%
fluosol or its various components. FDA =
fluosol; F-68 = Pluronic F-68; GLY = glvc- 9
erol; PL = egg yolk phospholipids;
PFD = perfluorodecalin; PFTP = perfluoro- _
tripropylamine. The amount of each cotmpo-
nent added was equivalent to the amount
present in a 10% fluosol solutioni (see Mlate- 0 7
rial and lethods for concentrations of each *-
componen2t contained in.fluosol). The perflu- =

7
6

orocarboni preparations could not be tested
directly because they did nzot dissolve in the 5
cell buffer due to their high densit,. The su- o
peroxide anion production to a neuw perflu - x
orocarbon preparation FVIQ at a 10% dilu- X L 4
tion i also shoun. B: Effect of ci'tocbalasin B °
on superoxide anzion generationi by, fluosol F 3

administration. 1%, 5%, or 10% fluosol or a C
Pluronic F-68 uwere inculbated uwith nieutro- D 2
phils that either had been preincubated uwith C/)
or u'ithout cytochalasin B. The bars illustrate
the amount ofsuperoxide anioni releasefrom
neutrophils incubated u'ith the various cotn-
centrations offluosol or F-68 (the equivalent 0

amount in a 10% fluosol dilution) for a -30-
minute timeperiod in thepresence or absenice
of cytochalasin B, *1) < 0.05. Cytochalas

incubation with a 1% concentration of fluosol (which is
lower than levels obtained during in vivo studies demon-
strating myocardial salvage), neutrophils released a sig-
nificant amount of superoxide anion. This release pla-
teaued at 30 minutes of incubation. Similarly, fluosol was
found to stimulate degranulation. These observations
demonstrate that neutrophil functions may not be sup-
pressed by fluosol, but rather directly activated by it pre-
dominantly through phagocytosis. This is supported by
the observation that cytochalasin B, an inhibitor of phago-
cytosis, significantly attenuates superoxide anion release
with various concentrations of fluosol. Furthermore, it ap-
pears in our study that the detergent F-68 is the compo-
nent of fluosol by its formation of micelles which acts as

the phagocytic stimulus to activate superoxide anion pro-
duction. This action is distinct from the known activity of
some detergents to activate NADPH (nicotinamide ade-
nine dinucleotide phosphate, reduced) oxidase.24

15% F,uoso] 1CX% e I JOSo IP uronic F68

in B - +

B

_ +
- +

As in the in vivo studies, we obtained histologic evi-
dence for the phagocytosis of fluosol in vitro.7'9 Active
uptake of the fluosol occurred without evidence of toxic-
ity as trypan blue exclusion remained high. Thus, in pre-

vious studies from our laboratory, preincubation with flu-
osol may have caused the neutrophils to be activated,
generating superoxide anion and undergoing degranu-
lation, before addition of the stimulant.9 14 15 To confirm
this hypothesis, we performed additional experiments.
Neutrophils that had been preincubated with 50% con-

centration of fluosol for 30 minutes showed a 67 + 5%
reduction in lysozyme degranulation when stimulated
with the chemoattractant FMLP as compared with control
cells. This compares favorably with prior in vitro studies
by Virmani et al who showed a 66% reduction in super-
oxide release when neutrophils were incubated over the
same period.15 These pretreated neutrophils would be
subsequently refractory to additional activation and may
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--Figure 4. Electron photomicrograph of neu-
trophil exposed to fluosol for 30 minutes

~~~~1~~~~~t4. ~~~~~~~~~showingphagocytosedfluosolparticles within
;~~~~~~~~~~~- ~~~~~~~~~membrane bound vesicles. Note large vacu-

ole (arrow) with small fluosol particles in it,(magnification X 18,000).

account for the previously reported "suppression" of neu-
trophil function by fluosol.

This study demonstrates that fluosol, even in low con-
centrations, significantly enhances neutrophil superoxide
anion production in vitro. Uncontrolled neutrophil activa-
tion in injured tissue has been implicated in the patho-
genesis of numerous clinical processes, including myo-
cardial reperfusion injury. Peripheral activation of neutro-
phils would result in the release of cytotoxic mediators
throughout the circulation with subsequent inactivation
via protective circulating enzymes such as superoxide
dismutase. Activation by a phagocytic stimulus has the
additional advantage of distributing cytotoxic lysozomal
contents to a nonreleasable pool located in the phago-
some within the cell. Furthermore, activation of these cells
would result in the removal from the systemic circulation
before reaching the coronary vascular bed during the
critical period of reperfusion. These effects may contrib-
ute to the enhanced myocardial salvage previously ob-
served, although further in vivo studies are required to
confirm other potential beneficial effects of fluosol such
as oxygen delivery and antiplatelet effects.

However, prolonged suppression of immune re-
sponses could have deleterious effects on infarct healing
and ventricular function such as observed with cortico-
steroids.25'26 In previous studies, we have shown that
fluosol does not alter infarct healing or impair ventricular
function since its effects on neutrophils are probably tran-
sient due to the short plasma half-life (8 hours).8'27'28 One
potential adverse effect of fluosol is the prolonged organ
half-life due to retention of the emulsion in the reticuloen-
dothelial system producing potential hepatotoxicity.29
The demonstration that the detergent component Plu-
ronic F-68 is the component of the emulsion that activates
superoxide anion generation suggests that it may be a

clinically more appealing drug since it undergoes rapid
renal clearance.

This study suggests a possible approach for the treat-
ment of various disease processes in which indiscrimi-
nate neutrophil-mediated cellular injury at the site of tis-
sue damage may play an important role in their patho-
genesis. Other approaches such as anti-inflammatory
agents, neutrophil antibodies, and cobra venom factor
have been used to inhibit or deplete the function of neu-
trophils in an attempt to limit reperfusion injury.' 1-13,30
However, these strategies either may not totally abolish
all of the potential cytotoxic effects of neutrophils or still
leave a critical mass of circulating neutrophils. The de-
velopment of agents that cause persistent activation of
neutrophils throughout the peripheral circulation may
prove to be an effective mechanism for reducing neutro-
phil-mediated injury after reperfusion of the ischemic my-
ocardium.
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