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Macrophage recognition of apoptotic cells depends on exter-
nalization of phosphatidylserine (PS), which is normally main-
tained within the cytosolic leaflet of the plasma membrane by
aminophospholipid translocase (APLT). APLT is sensitive to
redox modifications of its –SH groups. Because activated mac-
rophages produce reactive oxygen and nitrogen species, we
hypothesized that macrophages can directly participate in apo-
ptotic cell clearance by S-nitrosylation/oxidation and inhibition
of APLT causing PS externalization. Here we report that expo-
sure of target HL-60 cells to nitrosative stress inhibited APLT,
induced PS externalization, and enhanced recognition and
eliminationof “nitrosatively”modified cells byRAW264.7mac-
rophages. Using S-nitroso-L-cysteine-ethyl ester (SNCEE) and
S-nitrosoglutathione (GSNO) that cause intracellular and extra-
cellular trans-nitrosylation of proteins, respectively, we found
that SNCEE (but not GSNO) caused significant S-nitrosylation/
oxidation of thiols inHL-60 cells. SNCEE also strongly inhibited
APLT, activated scramblase, and caused PS externalization.
However, SNCEE did not induce caspase activation or nuclear
condensation/fragmentation suggesting that PS externalization
was dissociated from the common apoptotic pathway. Dithio-
threitol reversed SNCEE-induced S-nitrosylation, APLT inhibi-
tion, and PS externalization. SNCEE but not GSNO stimulated
phagocytosis of HL-60 cells. Moreover, phagocytosis of target
cells by lipopolysaccharide-stimulated macrophages was signif-
icantly suppressed by an NO� scavenger, DAF-2. Thus, macro-
phage-induced nitrosylation/oxidation plays an important role
in cell clearance, and hence in the resolution of inflammation.

Programmed cell death (apoptosis), aimed at harmless elim-
ination of irreparably damaged or unwanted cells, and subse-
quent removal of apoptotic cells are strongly coupled with the

regulation of normal tissue function and structure, both in the
developing and adult organism (1–4).Moreover, recognition of
apoptotic cells and their clearance by macrophages play an
active role in the resolution of inflammation, through produc-
tion of anti-inflammatory cytokines, down-regulation of pro-
inflammatorymediators (1, 2), andmacrophage generation and
release of reactive oxygen and nitrogen species (5). Dysregula-
tion and ineffective clearance of apoptotic cells result in post-
apoptotic cytolysis (6) and cause pro-inflammatory conditions
that are associated with a number of autoimmune and chronic
inflammatory diseases such as systemic lupus erythematosus
(7), chronic obstructive pulmonary disease (8), chronic granu-
lomatous disease (9), and asthma (3).
Phagocytic recognition of apoptotic cells requires a remark-

able rearrangement of their membrane surface. Most notably,
collapse of plasma membrane phospholipid asymmetry,
appearance of phosphatidylserine (PS),2 an essential “eat-me”
signal, on the cell surface (10), and its interactions with special-
ized binding proteins (11, 12) are involved in recognition, teth-
ering, and engulfment of apoptotic cells by phagocytes (13).
Moreover, externalized PS is essential for triggering of anti-
inflammatory responses in macrophages (2, 4, 7). Therefore,
failure to externalize PS may disrupt the clearance of apoptotic
cells in vivo and contribute to perpetuating a calamitous pro-
inflammatory environment (14).
Normally PS is confined exclusively to the cytoplasmic sur-

face of the plasma membrane (15); maintenance of this asym-
metric PS distribution is because of energy (ATP)-dependent
aminophospholipid translocase (APLT) responsible for the
inward translocation of amino phospholipids (15, 16). During
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apoptosis, APLT is inactivated causing egress of PS from the
inner to the outer leaflet of the plasmamembrane (17–19). The
mechanisms of apoptotic APLT inactivation remain to be elu-
cidated. Reportedly, APLT is not a substrate for apoptosis-ac-
tivated caspases suggesting that alternativemechanismsmay be
involved (20). In line with this, PS externalization can be
divorced from the common caspase-initiated pathway of apo-
ptosis (21, 22). Connor and Schroit (23) demonstrated that
reversible PS externalization can be induced by –SH reagents in
non-apoptotic cells. Conversely, certain cell types can undergo
apoptosis without PS externalization (24, 25), but the resistance
to PS externalization in these cells can be completely reversed
by treatment with thiol reagents (23, 25). Apparently, the sen-
sitivity of catalytically competent cysteines of APLT to oxida-
tion/alkylation may be important in the regulation of the
enzyme activity during apoptosis (5, 16–18, 26).
S-Nitrosylation is another redox-related mechanism partici-

pating in themodification of protein cysteines (27). A variety of
enzymes contain essential cysteines whose S-nitrosylation
results in changed catalytic activity (28). The two major path-
ways for protein S-nitrosylation are as follows: 1) trans-nitrosy-
lation resulting from the transfer of the nitrosyl functionality
from a donor S-nitrosothiol (commonly S-nitrosoglutathione
or other lowmolecular weight thiol) to a recipient cysteine, and
2) direct nitrosylation by peroxynitrite (ONOO�) (formed as a
product of the reaction between radical species, nitric oxide
(NO�) and superoxide (O2

. )) (29). Importantly, during inflam-
mation, NADPHoxidase and inducible nitric-oxide synthase in
activated macrophages massively produce O2

. and NO�, respec-
tively, to yield ONOO� (30, 31). The latter can readily S-ni-
trosylate low molecular thiols (32) and hence generate pools of
trans-nitrosylating species ready to attack protein cysteines
(27).
We hypothesized that activated macrophages can directly

participate in the clearance of target (apoptotic) cells and
bystander cells by causing S-nitrosylation/oxidation and inhi-
bition of APLT and inducing PS externalization independently
of the execution of the common caspase-dependent pathway of
apoptosis. In this study, we demonstrate that exposure of target
HL-60 cells to nitrosative stress indeed inhibits APLT, induces
PS externalization, and enhances recognition and elimination
of “nitosatively” modified cells by RAW 264.7 macrophages.
We suggest that this novel mechanism of macrophage-induced
nitrosative stress contributes to effective clearance of apoptotic
cells and regulates switching of the acute inflammatory reac-
tion to an anti-inflammatory phase of the response.

EXPERIMENTAL PROCEDURES

Reagents—16:0–12:0 NBD-PS, 1-palmitoyl-2-[12-[(7-nitro-
2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-
phospho-L-serine (ammonium salt), and 16:0–12:0 NBD-PC,
1-palmitoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]
dodecanoyl]-sn-glycero-3-Phospho-choline (ammonium salt),
were fromAvanti Polar Lipids Inc. (Alabaster, AL). Dithiothre-
itol (DTT), S-nitrosoglutathione (GSNO), dithionite, HEPES,
glucose, MgCl2, CaCl2, KCl, NaCl, acetonitrile, phenylmethyl-
sulfonyl fluoride, lipopolysaccharide (LPS), and Hoechst 33342
were from Sigma. S-Nitroso-L-cysteine-ethyl ester (SNCEE)

was synthesized as described previously (33). DAF-2, DAF-
2DA, and ThioGloTM-1 were purchased from Calbiochem.
DHE-DA and Cell Tracker Orange were from Molecular
Probes (Eugene, OR).
Cell Culture—HL-60 human promyelocytic leukemia cells

(American Type Culture Collection) were grown in RPMI 1640
with phenol red supplemented with 12.5% heat-inactivated
fetal bovine serum at 37 °C in a humidified atmosphere (5%
CO2 plus 95% air). Cells from passages 45–50 were used for the
experiments. The density of the cells at collection time was
0.5 � 106 cell/ml. RAW 264.7 macrophages (American Type
Culture Collection) were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal bovine
serum (Invitrogen), 100 units/ml penicillin, and 100 �g/ml
streptomycin in a humidified atmosphere (5% CO2 plus 95%
air) at 37 °C.
Measurement of Thiol Contents—Low molecular weight thi-

ols and protein thiol contents in the cells were determined flu-
orometrically using ThioGloTM-1 as described previously (18).
Briefly, cells treated with either SNCEE (50–300 �M) or GSNO
(50–300 �M) for 30 min at 37 °C were collected by centrifuga-
tion, washed, and resuspended in PBS. GSH was measured in
cell lysates prepared by freezing and thawing cells. Immediately
after addition of ThioGloTM-1 to the cell lysates, fluorescence
was measured in a Packard FusionTM Multifunctional Plate
Reader (PerkinElmer Life Sciences) using excitation 390 � 15
nm and emission 515 � 30 nm. Protein sulfhydryls were deter-
mined as an additional increase in fluorescence response after
addition of SDS (4 mM) to cell lysates.
Measurement of S-Nitrosothiols—The content of S-nitroso-

thiols was determined by fluorescence HPLC using DAF-2 that
specifically reacts with NO� (but not with other NOx, ONOO�,
NO2

�, or NO3
�), yielding fluorescent DAF-2 triazole (34).

Briefly, samples (50�l) weremixedwithDAF-2 (5�M) in 2.5ml
of PBS and exposed to UV irradiation (15 min at room temper-
ature) using an Oriel UV light source (model 66002) (Oriel
Instruments, Stratford, CT) and cut-off filter (Balzers, �330
nm) (35). After UV irradiation, chloroform (200 �l) was added
to precipitate proteins, and samples were centrifuged at
14,000 � g for 5 min. Supernatant was used for the measure-
ments. Fluorescence HPLC (Eclipse XDB-C18 column, 5 �m,
150� 4.6mm;mobile phase was composed of 25mM disodium
phosphate buffer, pH 7.0, acetonitrile (94:6 v/v), Ex � 495 nm,
Em� 515 nm)was performed on a Shimadzu LC-100ATHPLC
system equipped with fluorescence detector (RF-10Axl) and
autosampler (SIL-10AD). The data obtainedwere exported and
processed using Shimadzu RF-5301 PC personal software. A
standard curve was established using GSNO as the standard.
APLT and Scramblase Activity Assays—APLT and scram-

blase activity were measured using NBD-PS and NBD-PC,
respectively, as described previously (36, 37). HL-60 cells (5 �
106) were exposed to SNCEE (50–300 �M) or GSNO (50–300
�M) for 30 min at 37 °C in serum-free RPMI 1640 medium
without phenol red. At the end of incubation, the cells were
washed twice and suspended in ice-cold incubation buffer (136
mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 5 mM glucose, 500 �M
phenylmethylsulfonyl fluoride, 10 mM HEPES, pH 7.5) and
incubated with either NBD-PS or NBD-PC (10 �M) for 10 min
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at 4 °C. Then the cells were pelleted by centrifugation, resus-
pended in the same buffer (5 � 106 cells/ml), and placed in a
water bath (at 28 °C) to initiate internalization of NBD-PS. For
measurements of scramblase activity, 2mMCaCl2 was added to
the incubation medium. A Shimadzu RF-5301PC spectroflu-
orophotometer was employed for these measurements using
the following instrumental conditions: Ex� 470 nm, Em� 540
nm; slits 5 and 10 nm, respectively. We normalized the differ-
ences in fluorescence intensities recorded immediately after
removal of unbound of NBD-PS by centrifugation and the
responses obtained from residual noninternalized NBD-PS
(after allowing its internalization for given periods of time) in
the presence and absence of a reducing agent, dithionite, to the
fluorescence intensity of bound NBD-PS before initiation of its
internalization (at 28 °C). Specifically, the percent of internal-
ized NBD-PS was calculated using the following equation: %
internalized NBD-PS � (FLt � FL0)/(FLtotal � FL0) � 100,
where FLt is the fluorescence intensity measured in the pres-
ence of sodium dithionite (10 mM) at a given time point; FLtotal
is the fluorescence response from bound plus internalized
NBD-PS measured in the absence of dithionite; FL0 is the fluo-
rescence intensity from the cells with NBD-lipid before the ini-
tiation of internalization but measured in the presence of
dithionite.
To estimate possible effects of endocytosis on the uptake of

NBD-PS, HL-60 cells were incubated (30 min at 37 °C) in the
presence of amixture containing several commonly used inhib-
itors of endocytosis (38) as follows: nystatin (25 �g/ml), genis-
tein (200 �M), chlorpromazine (6 �g/ml), and brefeldin A (10
�g/ml). The cells were then washed with serum-free RPMI
1640medium and incubated in the presence and in the absence
of SCNEE (300 �M for 30 min at 37 °C). At the end of incuba-
tion, cells were washed with PBS, and the activity of APLT was
determined as described above.
Two-dimensional High Performance Thin Layer Chromatog-

raphy (HPTLC)—HL-60 cells with integrated NBD-PS (1.7
nmol � 106 cells for 10 min at 4 °C) were incubated at 28 °C for
20min.At the end of incubation, lipidswere extracted using the
Folch procedure (39) and separated by two-dimensional
HPTLC on Silica G plates (Whatman and Schleicher &
Schuell). The plates were first developed with a solvent system
consisting of chloroform, methanol, 28% ammonium hydrox-
ide (65:25:5, v/v). After drying the plates with a forced air
blower to remove the solvent, the plates were developed in the
second dimension with a solvent system consisting of chloro-
form:acetone:methanol:glacial acetic acid:water (50:20:10:10:5,
v/v). NBD-PSwas localized by exposure ofHPTLCplates toUV
light by using a Fluor-STM Multimager (Bio-Rad). The phos-
pholipids were visualized by exposure to iodine vapors. The
identified spots were scraped, and the silica was transferred to
tubes. Lipid phosphorus was determined by the submicro-
method as described by Bottcher et al. (40). In addition, TLC
plates were scanned, and fluorescence of NBD-PS on plates was
estimated using Fluor-STM Multimager.
PS Exposure on Cell Surface—PS exposure on the surface of

cells was determined by flow cytometric detection of annexin V
staining using a protocol outlined in the annexin V-fluorescein
isothiocyanate apoptosis detection kit (BioVision Research

Products, Mountain View, CA). Briefly, HL-60 cells (0.5 � 106)
exposed to either SNCEE (50–300 �M) or GSNO (50–300 �M)
for 30 min at 37 °C in serum-free RPMI 1640 medium without
phenol red, washed once with PBS, and resuspended in binding
buffer were stained with annexin V (0.5 �g/ml) and propidium
iodide (0.6 �g/ml) for 5 min at room temperature. After stain-
ing, cells were immediately analyzed using a FACScan flow
cytometer (BD Biosciences) with simultaneous monitoring of
green fluorescence (530 nm, 30 nm bandpass filter) for annexin
V-fluorescein isothiocyanate and red fluorescence (long pass
emission filter that transmits light �650 nm) associated with
propidium iodide. Ten thousand eventswere collected and ana-
lyzed using the LYSISTM II software (BD Biosciences).
Caspase-3/7 Activity Assay—Caspase-3/7 activity was meas-

ured using a luminescence Caspase-Glo� 3/7 assay kit (Pro-
mega, Madison, WI). HL-60 cells (4 � 105) were incubated in
serum-free RPMI 1640mediumwithout phenol red in the pres-
ence of SNCEE (300�M) orGSNO (300�M) for 30min at 37 °C.
At the end of the incubation, cells were washed twice, and
caspase-3/7 activity was measured. Luminescence was meas-
ured using a plate reading chemiluminometerML1000 (Dynat-
ech Laboratories). Activity of caspase-3/7 was expressed as
luminescence arbitrary units per mg of protein.
Nuclear Fragmentation—Nuclear condensation/fragmen-

tation of Hoechst 33342 (1 �g/ml)-labeled cells was evalu-
ated as described previously (22). Cells were scored using a
fluorescence microscope (Nikon ECLIPSE TE 200, Tokyo,
Japan) equipped with a digital Hamamatsu CCD camera
(C4742-95-12NBR).
Phagocytosis of HL-60 Cells by RAW 264.7 Macrophages—

RAW 264.7 macrophages were seeded into an 8-well chamber
slide (5 � 104 cells/well) and cultured overnight in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum.
Naı̈ve or nitrosatively modified HL-60 cells (i.e. treated in the
presence of SNCEE (50–300 �M) as described above) were
loadedwithCell TrackerOrangeTM (10�M) for 10min at 37 °C.
Cells were then washed twice and co-cultured with macro-
phages for 1 h at 37 °C. To inhibit caspase activation, HL-60
cells were pretreated with a pan-caspase inhibitor, Z-VAD-fmk
(10 �M, for 30min at 37 °C). To prevent oxidative damage lead-
ing to nonspecific changes in membrane biophysical proper-
ties, HL-60 cells pretreated with Z-VAD-fmkwere exposed to a
potent lipid antioxidant, etoposide (50 �M, for 1 h at 37 °C). In
the same experimentsmacrophages were stimulated by lipopo-
lysaccharide (LPS, 0.1�g/ml for 6 h at 37 °C) and zymosan (0.25
mg/ml for 1 h at 37 °C). After incubation, unbound target cells
were washed three times with RPMI 1640 medium and three
times with PBS and fixed with solution of 2% formaldehyde in
PBS containing Hoechst 33342 (1 �g/ml) for 1 h at 4 °C. The
cells were examined under a Nikon ECLIPSE TE 200 fluores-
cence microscope (Tokyo, Japan) equipped with a digital
Hamamatsu CCD camera (C4742-95-12NBR) and analyzed
using the MetaImaging SeriesTM software version 4.6 (Univer-
sal Imaging Corp., Downingtown, PA). A minimum of 300
macrophages was analyzed per experimental condition.
Results are expressed as the percentage of phagocytosis-pos-
itive macrophages.
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Superoxide Production—Intracellular production of O2
. was

assessed using the dihydroethidium (DHE) oxidation assay
(41). DHE has been specifically recommended for assessments
of superoxide production in cells because of its relatively high
specificity (41). Macrophages (0.3 � 106/well) were preincu-
bated with DHE-DA (10 �M for 10min at 37 °C) and then stim-
ulated by zymosan (0.25 mg/ml) for 1 h at 37 °C. At the end of
incubation, cells were washed three times with PBS, fixed with
a solution of 2% formaldehyde in PBS. Treated cells were then
examined under a Nikon ECLIPSE TE 200 fluorescence micro-
scope (Tokyo, Japan) equipped with a digital Hamamatsu char-
ge-coupled device camera (C4742-95-12NBR) and analyzed
using the MetaImaging SeriesTM software version 4.6 (Univer-
sal Imaging Corp.).
Nitric Oxide Production—Intracellular production of NO�

was assessed using the DAF-2DA oxidation assay (42). DAF-
2DAhas been extensively used for analysis of NOproduction in
cells. In contrast to other NO scavengers, DAF-2 does not
readily react with NO� metabolites (NO2

� and NO3
�) and reac-

tive nitrogen and oxygen species (O2
� , H2O2, or ONOO�) (34).

Acetylated DAF-2DA readily penetrates into cells and, after
hydrolysis, acts as a sensitive and one of relatively specific flu-
orogenic reagents for NO�. Naı̈ve and LPS-stimulated (0.1
�g/ml, for 6 h at 37 °C) macrophages (0.3 � 106/well) were
incubated with DAF-2DA (2�M, for 1 h at 37 °C) andwere then
incubated in the presence of zymosan (0.25 mg/ml) for 1 h at
37 °C. At the end of incubation, cells were washed three times
with PBS and fixed with a solution of 2% formaldehyde in PBS.
Treated cells were then examined under a Nikon ECLIPSE TE
200 fluorescence microscope (Tokyo, Japan) equipped with a
digital Hamamatsu charge-coupled device camera (C4742-95-
12NBR) and analyzed using the MetaImaging SeriesTM soft-
ware version 4.6 (Universal Imaging Corp.).
Statistics—The results are presented as eithermean� S.E. or

mean � S.D. values from at least three experiments, and statis-
tical analyses were performed by either paired/unpaired Stu-
dent’s t test or one-way ANOVA. The statistical significance of
differences was set at p � 0.05.

RESULTS

Exposure of Cells to SNCEE but Not GSNO Results in Eleva-
tion of S-NO Thiols and Depletion of Reduced Thiols—In our
initial studies, we employed two physiologically relevant trans-
nitrosylating reagents, SNCEE (33, 43) and GSNO (44). The
former readily enters cells and hence is expected to cause trans-
nitrosylation of proteins within intracellular environments; the
latter is poorly cell-permeable and therefore can trans-nitrosy-
late proteins in extracellular compartments.
UV-induced decomposition of S-nitrosothiols quantitatively

releases NO� (35). Therefore, we utilized UV exposure and
DAF-2 as a specific probe for released NO� to assess S-nitrosy-
lation in homogenates ofHL-60 cells.We found that the endog-
enous level of S-nitrosothiols inHL-60 cells was low and did not
exceed 50 pmol/mg protein, in line with data reported previ-
ously (43, 45). Incubation of HL-60 cells with SNCEE (50–300
�M) for 30min at 37 °C resulted in a robust and dose-dependent
accumulation of intracellular S-nitrosothiols (Fig. 1A). A 7-fold
increase in the S-nitrosothiol content (to 349 � 20 pmol/mg

protein) was detected after exposure of cells to 300 �M SNCEE
(Fig. 1A). In contrast, HL-60 cells exposed toGSNOrevealed no
significant accumulation of S-nitrosothiols as compared with
control untreated cells (Fig. 1A).
S-trans-Nitrosylation converts –SH cysteines in S-NOderiv-

atives (27, 28). Thus, a decrease in thiol content is expected as a
result of S-nitrosylation. Indeed, we found that SNCEE at a
concentration of 300 �M was able to significantly deplete low
molecular weight thiols (GSH) (Fig. 1B, panel a) as well as pro-
tein sulfhydryls (Fig. 1B, panel b) in HL-60 cells. Notably, the
loss of GSH and protein –SH groups significantly exceeded the
amounts of accumulated S-NO thiols on an absolute scale sug-
gesting that other types of oxidative protein modification
occurred during exposure of HL-60 cells to SNCEE. As
expected, the content of cellular thiols remained unchanged
after treatment with GSNO.Neither SNCEE nor GSNO caused
any significant cytotoxicity in the range of concentrations used,
as evidenced by trypan blue exclusion (data not shown).
SNCEE but Not GSNO Inhibits APLT in HL-60 Cells—Be-

cause APLT is very sensitive to oxidation of its sulfhydryl
groups (17, 26), we surmised that the S-nitrosylation/oxidation
that takes place after treatment of cells with SNCEE should
result in inhibition of the enzymatic activity. To test this, we
subjected HL-60 cells to nitrosative stress and measured APLT
activity, using fluorescently labeled PS, NBD-PS, as a probe.
NBD-PS was integrated into the outer leaflet of plasma mem-
brane, and its internalization byAPLTwasmonitored over time

FIGURE 1. Effect of SNCEE and GSNO exposure on the contents of reduced
low molecular weight thiols, protein –SH groups, and S-nitrosothiols in
HL-60 cells. A, accumulation of S-nitrosothiols in HL-60 cells after treatment
with SNCEE or GSNO. B, depletion of low molecular weight (panel a) and
protein –SH (panel b) in HL-60 cells exposed to SNCEE or GSNO. HL-60 cells
were incubated in the presence or absence of SNCEE and GSNO in serum-free
RPMI 1640 medium without phenol red for 30 min at 37 °C. At the end of
incubation, cells were washed with PBS, and reduced thiols and intracellular
S-nitrosothiols were measured as described under “Experimental Proce-
dures.” (*, p � 0.05 versus untreated cells, mean � S.E., ANOVA, n � 5.)
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(Fig. 2). The estimated amounts of NBD-PS that were taken up
by HL-60 cells over 20 min of incubation are about 65%; this
corresponds to the rate of uptake about 40 pmol/min/106 cells.
These numbers are in line with the reported estimates for PS
internalization (20, 46–49). Most importantly, after treatment
with SNCEE (300 �M), the amounts of internalized NBD-PS
and the rate of internalization were reduced to 43% of their
values in the absence of SNCEE. In contrast, HL-60 cells treated
with GSNO revealed no significant changes in APLT activity
(Fig. 2).
To determine whether NBD-PS remains intact after its

incorporation and uptake, we measured the contents of PS in
control cells and cells with incorporated NBD-PS. To this end,
we integrated NBD-PS into HL-60 cells under the same condi-
tions as those used for measurements of APLT activity. At the
end of the incubation, lipids were extracted and resolved by
two-dimensional HPTLC. We found that NBD-PS migrated
differently than PS. The corresponding spots of phospholipids
were scraped, and lipid phosphorus was determined. When
HL-60 cells were incubated in the presence of NBD-PS (1.7
nmol/106 cells, 10min at 4 °C), up to 0.61� 0.08 nmol/106 cells
of NBD-PS were integrated into the cells. No changes in the
content of fluorescently labeled PS were found after incubation
of HL-60 cells for 20 min at 28 °C (the incubation time stan-
dardly used in all experiments in which assessments of NBD-PS
internalization were performed). We estimated that after the
incubation, the amount of NBD-PS was 0.64 � 0.19 nmol/106
cells. We additionally assessed the amounts of NBD-PS in cells
bymeasuring its fluorescence after HPTLC separation. HPTLC
plates were scanned, and the fluorescence from NBD-PS spots
was quantified using Fluor-STM Multimager (Bio-Rad). Simi-
larly, no changes in the amounts ofNBD-PS inHL-60 cells were
found after 20 min of incubation.
In addition to inhibition of APLT, activation of scramblase,

an enzyme that translocates phospholipids both in- and out-
ward, may contribute to externalization of PS in HL-60 cells
treated with SNCEE. To test this, we performedmeasurements

of scramblase activity using fluorescently labeled PC, NBD-PC
as a substrate. In contrast to NBD-PS, �90% of exogenously
added NBD-PC remained on the surface of HL-60 cells over a
20-min incubation period. As expected, the addition of Ca2� to
the incubation medium did not cause a significant increase in
the scramblase activity such that 85 � 5% of total NBD-PC was
still localized on the cell surface. However, treatment of HL-60
cells with SNCEE caused translocation of NBD-PC from the
outer to the inner leaflet of plasmamembrane such that�70�
5% of the total amount of NBD-PC was localized in the outer
leaflet. An additional 7% of NBD-PC was internalized when
Ca2� was added to the incubation medium. Thus, the contri-
bution of Ca2� in the activation of scramblase activity in HL-60
cells was relatively small. The calculated maximal rates of
NBD-PC internalization (during initial 2 min of incubation)
were 18.9 � 0.3 and 27.7 � 0.8 pmol/min/106 cells in the
absence and in the presence of Ca2�, respectively. This is sig-
nificantly lower than the maximal rate of NBD-PS internaliza-
tion (40 pmol/min/106 cells). Given that scramblase translo-
cates phospholipids randomly (74, 75) and that normally the
amount of PS in plasma membrane of HL-60 cells does not
exceed 8.5% of total phospholipids resulting in the PC:PS ratio
of 5.1 (79), the physiological rate of PS scrambling should be an
order of magnitude lower that the rate of APLT-dependent
translocation. Furthermore, because most of PS is confined to
the inner leaflet of the plasma membrane, its internalization in
normal HL-60 cells is predominantly and specifically depend-
ent on APLT activity. However, after exposure to SNCEE (and
likely during apoptosis), not only inhibition of APLT activity
but also a 3-fold activation of scramblase may play a significant
role in PS externalization.
To determine the extent to which the uptake of NBD-PS was

selective for PS andmediated by the APLT, rather than by non-
specific endocytosis, we measured APLT activity in cells pre-
treated with a mixture of endocytosis inhibitors that included
nystatin (25 �g/ml), genistein (200 �M), chlorpromazine (6
�g/ml), and brefeldin A (10�g/ml).We found no differences in
the APLT activity between control cells and cells treated with
the inhibitors of endocytosis (96� 4% of the control value after
treatments with the inhibitors). In addition, the decrease of
APLT activity induced by SCNEE was also unaffected by the
inhibitors (45 � 2% of the control value after treatments with
inhibitors versus 43 � 3% without inhibitors).
SNCEE Triggers PS Externalization without Activating the

Common Apoptotic Pathway—Furthermore, we were inter-
ested in determining the extent to which S-nitrosylation of cel-
lular proteins and subsequent inhibition of APLT is associated
with changes in PS externalization in HL-60 cells. To this end,
cells were exposed to SNCEE (300 �M) for 30 min and subse-
quently co-stained with Hoechst 33342 (blue) and annexin V
(green) for visualization of nuclear condensation and PS expo-
sure, respectively. We found that cells readily externalized PS
on their surface in response to SNCEE as evidenced by the
appearance of typical patched fluorescent spots of annexin V
(Fig. 3A). No PS was detectable on the surface of nontreated
cells (Fig. 3A). To quantify the number of cells with externalized
PS, we used flow cytometric analysis. Less than 4.8 � 0.1% of
control cells exposed PS on their surface. SNCEE caused a dose-

FIGURE 2. Activity of APLT in cells subjected to nitrosative stress. HL-60
cells were incubated in the presence or absence of SNCEE and GSNO in
serum-free RPMI 1640 medium without phenol red for 30 min at 37 °C. At the
end of incubation, activity of APLT was measured using fluorescently labeled
NBD-PS as described under “Experimental Procedures.” (*, p � 0.05, SNCEE
versus untreated and GSNO-exposed cells, mean � S.E., ANOVA, n � 7.) Note
that cell-permeable SNCEE caused decreased APLT activity, but cell-imper-
meable GSNO did not.
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dependent and a significant increase in the number of cells with
externalized PS, 16.6 � 1.3% of cells externalized PS 30 min
after treatment with 300 �M SNCEE (Fig. 3B). Next, we studied
the time course of PS externalization. To this end, HL-60 cells
were exposed to SCNEE (300 �M) for 30 min and then washed
and further incubated in RPMI 1640 medium containing 12%
fetal bovine serum for 0.5, 2, 4, 6, and 18 h at 37 °C in 5%CO2.At
the end of incubation, cells were examined for PS externaliza-
tion. No further increase in the number of annexin V-positive
cells was observed after 2, 4, 6, and 18 h of incubation (Fig. 3C).

In addition, no nuclear condensation or fragmentation was
observed when HL-60 cells were exposed to SCNEE (Fig. 3A).
During apoptosis, PS externalization usually parallels caspase-3
activation (50). However, no activation of caspase 3/7 was
found in either SNCEE-treated cells (300�M, 30min) or in cells
incubated for 0.5, 2, 4, 6, and 18 h after the SNCEE treatment
(Fig. 3C). Thus, at the time when SNCEE-induced externaliza-
tion of PS was associated with phagocytosis of target cells, the
caspase-dependent pathways of apoptosis were not initiated.
This is in line with the reported data indicating that in normal
non-apoptotic cells caspase 3 is S-nitrosylated and that deni-
trosylation of caspase 3 is required for its catalytic activation
(51). Therefore, SNCEE-induced PS externalization was dis-
connected from the common caspase-dependent pathway of
apoptosis. No significant increase in the number of annexin
V-positive HL-60 cells (versus nontreated controls) was
observed after treatment with GSNO (Fig. 3B).
Dithiothreitol (DTT) Reverses SNCEE-induced APLT Inacti-

vation and PS Externalization in HL-60 Cells—Recently, we
have shown that vicinal di-thiols such as thioredoxin, dihydro-
lipoic acid, and DTT, in addition to their well known ability to
reduce disulfides, can also de-nitrosylate S-nitrosylated pro-
teins in live cells (43). Thus, we hypothesized that inhibition of
APLT activity and PS externalization on the cell surface
induced by nitrosative stress can be reversed byDTT.Measure-
ments of S-nitrosothiols revealed that �65% of intracellular
thiols were de-nitrosylated when DTT was added after SNCEE
treatment (Fig. 4C). Importantly, DTT was able to reverse
SNCEE-induced inhibition of APLT up to 91% of its rate char-
acteristic of control HL-60 cells (the rate of NBD-PS internal-
ization was as high as 38.8 � 1.5 pmol/min, insignificantly dif-
ferent from control HL-60 cells) (Fig. 4A). DTTwas also able to
reverse SNCEE-induced PS externalization (Fig. 4B). These
results demonstrate that SNCEE-induced nitrosative/oxidative
stress uncoupled fromapoptotic caspase activationwas respon-
sible for the inactivation of APLT and externalization of PS in
HL-60 cells.
RAW264.7Macrophages Elicit Enhanced Phagocytic Activity

toward “Nitrosylated” HL-60 Cells—Because externalized PS is
an important anduniversal recognition signal for engulfment of
apoptotic cells by macrophages, we further tested whether
exposure of non-apoptotic HL-60 cells to nitrosative stress
would be sufficient for their phagocytosis. HL-60 cells pre-la-
beled with Cell Tracker Orange were treated with SNCEE (300
�M) and then co-incubatedwith RAW264.7macrophages. Rel-
atively low levels of phagocytosis-positive macrophages (less
than 2.0%) were detected when control (nontreated) HL-60
cells were co-incubated with RAW 264.7 macrophages (Fig.
5A). In contrast, SNCEE-treated HL-60 cells were readily
engulfed by RAW 264.7 macrophages (Fig. 5A). The number of
positive macrophages was dependent on the concentration of
SNCEE and increased up to 15% after their co-incubation with
HL-60 cells exposed to 300 �M of SNCEE (Fig. 5B). To exclude
potential minimal activation of caspases, HL-60 cells were pre-
treated with the pan-caspase inhibitor Z-VAD-fmk. We found
that SNCEE caused a quantitatively similar pattern of engulf-
ment by macrophages both in the absence and in the presence
of Z-VAD-fmk. (Fig. 5B). To further test whether oxidative

FIGURE 3. PS externalization on the surface of HL-60 cells exposed to the
trans-nitrosylating agent, SNCEE. A, fluorescence micrographs of control
HL-60 cells (panel a) and cells treated with SNCEE (300 �M) (panel b) for 30 min
at 37 °C and stained with Hoechst 33342 (blue) and annexin V (green). Micro-
graphs are representative of three experiments. Arrows show cells with exter-
nalized PS. B, flow cytometric detection of PS externalization in HL-60 cells
treated with either SNCEE or GSNO. Control group represents cells without
any stimulation. (*, p � 0.05, SNCEE versus control and GSNO exposed cells,
mean � S.D., ANOVA, n � 7.) Insets show typical flow cytometry results in the
presence or absence of SNCEE (300 �M). C, caspase 3/7 activity (upper panel)
and PS externalization (annexin V positivity, lower panel) in HL-60 cells treated
with SCNEE (300 �M for 30 min at 37 °C), washed, and then incubated in RPMI
1640 medium containing 12% fetal bovine serum for 0.5, 2, 4, 6, and 18 h at
37 °C in 5% CO2.
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damage potentially leading to nonspecific changes in mem-
brane biophysical properties may be involved in recognition of
nitrosylated cells by macrophages, we used etoposide, a previ-
ously reported potent inhibitor of lipid peroxidation in HL-60
cells (18, 52), alongwithZ-VAD-fmk.We found that etoposide/
Z-VAD-fmk-pretreated cells incubated with SNCEE were
effectively recognized and engulfed by RAW 264.7 macro-
phages (Fig. 5B).

Activation of macrophages is associated with the generation
of reactive oxygen species and reactive nitrogen species known
to cause both S-nitrosylation and oxidation of low molecular
weight thiols and protein cysteines (31). Therefore, we were
anxious to further test our hypothesis in a physiologically more
relevant environment by using activated RAW 264.7 macro-
phages and HL-60 cells as a source of nitrosative stress and
target cells, respectively. First, we confirmed that LPS-stimu-
lated and zymosan-treated RAW 264.7 macrophages indeed
generate O2

. and NO�. By using DHE-DA and DAF-2DA as spe-
cific probes for O2

. andNO�, respectively (41, 42), we found that
generation of NO� in LPS/zymosan-stimulated DAF-2DA-
loaded RAW 264.7 macrophages was significantly increased
(Fig. 6A). Similarly, zymosan caused a robust intracellular pro-
duction of O2

. radicals as evidenced by the increased number of
DHE-positive cells (Fig. 6B). Furthermore, naı̈ve HL-60 cells
co-incubated with LPS-stimulated macrophages in the pres-
ence of zymosan for 1 h at 37 °Cwere readily engulfed (Fig. 7A).
The number of positive macrophages was increased to 26.4 �
1.7% (versus 2% in control with nonstimulated macrophages
without zymosan). The number of phagocytosis-positive mac-
rophages was significantly decreased when annexin V was
added to the incubation medium confirming the participation
of externalized PS as an essential recognition signal (Fig. 7B).
Moreover, DAF-2, a non-cell-permeable scavenger of NO�,
added to the incubation system was able to quench NO� pro-

FIGURE 4. Effect of DTT on APLT activity, externalization of PS, and reduc-
tion of S-nitrosothiols in HL-60 cells exposed to SNCEE. HL-60 cells were
exposed to SNCEE (300 �M) in serum-free RPMI 1640medium without phenol
red for 30 min at 37 °C. At the end of incubation cells were washed with PBS,
and the APLT activity (A), PS externalization (B), and content of S-nitrosothiols
(C) were measured as described under “Experimental Procedures.” (*, p �
0.05, SNCEE versus control and SNCEE � DTT, mean � S.E., ANOVA, n � 5.)

FIGURE 5. Phagocytosis of HL-60 cells exposed to nitrosative stress by
RAW 264.7 macrophages. A, typical micrographs of engulfment of control
HL-60 cells (panel a) and HL-60 cells exposed to 300 �M SNCEE (panel b) by
RAW 264.7 macrophages (labeled with Hoechst 33342). Arrows show HL-60
cells engulfed by macrophages. B, percent of phagocytosis-positive RAW
264.7 macrophages (*, p � 0.05, SNCEE versus control, mean � S.D., ANOVA,
n � 7). HL-60 cells were labeled with Cell Tracker OrangeTM and treated in the
absence or presence of SNCEE for 30 min at 37 °C. In some experiments HL-60
cells were pretreated with a pan-caspase inhibitor, Z-VAD-fmk (10 �M, for 30
min at 37 °C). To prevent nonspecific oxidative damage, HL-60 cells pre-
treated with Z-VAD-fmk were exposed to etoposide (50 �M, for 1 h at 37 °C).
The cells were co-incubated with RAW 264.7 macrophages for 1 h and subse-
quently analyzed for phagocytosis as described under “Experimental
Procedures.”
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duced by activated macrophages, which released 54 � 12 pmol
of NO�/106 cells. Importantly, DAF-2 significantly inhibited the
phagocytosis of HL-60 target cells by RAW 264.7 macrophages
(Fig. 7B), thus supporting the notion that macrophage-gener-
ated NO� contributes to efficient phagocytosis of target cells.

DISCUSSION

Nitrosative Stress Drives PS-dependent Clearance of Target
Cells—This work demonstrates for the first time that nitrosa-
tive stress causes inhibition of APLT, externalization of PS on
the cell surface, and subsequent elimination of these cells by
macrophages. The physiological significance of these findings
is underscored by the importance of effective apoptotic cell
clearance, whose success provides for safe elimination of
unwanted cells without accompanying excessive inflammation
and/or autoimmunity. Thus, paradoxically, NO�, a well known
participant of inflammatory and immune responses, acts also as
a regulator of these responses via controlling the process of
phagocytosis. Moreover, the role of this regulatory nitrosative
stress-driven pathway is also evident from the independence of
PS externalization on the common pathway of caspase-medi-
ated apoptosis. Of note, numerous studies have shown that
S-nitrosylation of the active-site cysteine residue of caspases
results in the inhibition of their catalytic activities (53–55), and
only denitrosylation of caspases allows the catalytic site to func-
tion (51). Our results clearly demonstrate that uptake of S-ni-
trosylated HL-60 cells by macrophages is not only independent
of the common caspase-driven pathway of apoptosis but is also
unlikely because of nonspecific lipid peroxidativemodifications
of membranes. HL-60 cells treated with both Z-VAD-fmk and
etoposide were effectively recognized and engulfed by macro-

phages. Although etoposide acts as a pro-apoptotic agent in
HL-60 cells after 4–8 h of exposure, during the initial 0.5–1-h
period, no pro-apoptotic manifestations (cytochrome c release,
caspase activation, and PS externalization) are detectable (18,
52).Most importantly, etoposide completely prevents oxidative
membrane modifications. This study shows that nitrosative
stress can enhance macrophage engulfment in the absence of
other indices of apoptosis. These findings are in line with our
previous studies showing that oxidative stress inactivates
caspases in human neutrophils, yet induces the simultaneous
caspase-independent PS externalization (9). Because the
engulfment and removal of dying cells define the “meaning” of
cell death (10), one may argue that nitrosative/oxidative stress
is ultimately a pro-death event or, at any rate, a pro-clearance
event, which could have important implications for the resolu-
tion of inflammation.

FIGURE 6. Nitric oxide and superoxide production in LPS-stimulated
zymosan-activated macrophages. A, evaluation of the number of NO�-pro-
ducing cells by fluorescence microscopy of DAF-2 oxidation to DAF-2 triazole.
Naı̈ve and LPS-stimulated (0.1 �g/ml, for 6 h at 37 °C) macrophages (0.3 �
106/well) were incubated with DAF-2DA (2 �M, for 1 h at 37 °C) and were then
treated with zymosan (0.25 mg/ml) for 1 h at 37 °C. At the end of incubation,
cells were washed three times with PBS, fixed with a solution of 2% formalde-
hyde in PBS, and examined under a Nikon ECLIPSE TE 200 fluorescence micro-
scope. B, evaluation of the number of O2

. -producing cells by fluorescence
microscopy of DHE oxidation. Macrophages (0.3 � 106/well) were preincu-
bated with DHE-DA (10 �M for 10 min at 37 °C) and then stimulated by zymo-
san (0.25 mg/ml) for 1 h at 37 °C. At the end of incubation, cells were washed
three times with PBS, fixed with a solution of 2% formaldehyde in PBS, and
examined under a Nikon ECLIPSE TE 200 fluorescence microscope. Photomi-
crographs in A and B are representative of three independent experiments.

FIGURE 7. Effect of nitrosative stress induced by stimulated RAW 264.7
macrophages on the phagocytosis of HL-60 cells. A, typical microphoto-
graphs of engulfment of HL-60 cells by LPS � zymosan-stimulated RAW 264.7
macrophages (arrows, upper right panel). In the presence of annexin V (AnV,
lower left panel) or DAF-2 (lower right panel) phagocytosis of HL-60 cells by
LPS � zymosan-stimulated RAW 264.7 macrophages is decreased. B, effect of
annexin V and DAF-2 on number of phagocytosis-positive LPS-stimulated
RAW 264.7 macrophages (*, p � 0.05, LPS � zymosan versus control; #, p �
0.05, LPS � zymosan � annexin V and versus LPS � zymosan � DAF-2 versus
LPS � zymosan; mean � S.E., ANOVA, n � 5). HL-60 cells were labeled with
Cell Tracker OrangeTM (10 �M for 10 min at 37 °C). Then cells were co-incu-
bated with LPS-stimulated RAW 264.7 macrophages in the presence of zymo-
san for 1 h and subsequently analyzed for phagocytosis as described under
“Experimental Procedures.”
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Role of trans-Nitrosylation and/or Peroxynitrite-dependent
Nitrosylation—Nitrosative stress generated by macrophages is
an essential step to control microbial pathogens and initiate
immune responses (56). At sites of inflammation, where the
concentrations of both O2

. and NO� are elevated (29), a highly
reactive intermediate,ONOO�, is formed (30, 31). The half-life
of ONOO� in the extracellular environment has been esti-
mated to be on the order of 10 ms, and both ONOO� and
peroxynitrous acid (ONOOH) can diffuse across biomem-
branes (30) and modify proteins through S-nitrosylation (32).
In addition to direct nitrosylation of protein cysteines,ONOO�

can also nitrosylate highly abundant intracellular low molecu-
lar weight thiols to yield S-nitrisothiols; the latter can then
trans-nitrosylate protein cysteines, including those of APLT, in
cells (27). Accumulation of low molecular weight S-nitrosothi-
ols has been detected in cerebrospinal fluid, plasma, and syno-
vial fluid of patients with a variety of inflammation-associated
diseases (57–60). However, as our data with GSNO demon-
strate, these extracellular S-nitrosothiols are not likely candi-
dates as effective regulators of PS externalization and
phagocytosis.
S-Nitrosylation and Oxidation of APLT Cysteines—Our

assessments of S-nitrosylated thiols accumulated inHL-60 cells
as compared with the loss of –SH groups in them suggest that
S-nitrosylation represents only a fraction of oxidatively/nitro-
satively modified proteins. We found significant oxidation of
protein –SH groups as well as low molecular weight thiols in
cells exposed to SNCEE,which can be related to both homolytic
decomposition of nitrosothiols and modification of sulfhydryls
to disulfides by reactive species derived from NO� (30, 61). It is
possible that both S-nitrosylation and oxidation of cysteine res-
idues were responsible for the loss of APLT activity. The inhi-
bition of APLT as well as PS externalization in cells exposed to
nitrosative stress were reversible by a strong reducing agent,
DTT. Moreover, this was accompanied by a significant de-ni-
trosylation of intracellular S-nitrosothiols. Recently, we have
reported that several vicinal thiols such as thioredoxin, dihy-
drolipoic acid, andDTT are catalytically active in de-nitrosylat-
ing S-nitrosylated proteins in model systems and cells (43). In
linewith the previously published finding that S-nitrosylation is
a reversible process (62, 63), our results indicate that DTT-
driven de-nitrosylation might contribute to the reconstituted
activity of the APLT enzyme. However, DTT is also a potent
reductant of disulfide bonds (23). Therefore, direct reduction of
S–S bonds as a potential mechanism of the APLT activity
recovery cannot be excluded. Nonetheless, in our experiments
with LPS-stimulated macrophages, phagocytosis of target cells
was significantly suppressed by the NO� scavenger DAF-2 (34).
This suggests that whether nitrosylation or oxidation is the
major contributor tomechanism(s) of APLTmodification, NO�

plays a prominent role in the execution of cell clearance.
Access of APLT Cysteine Residues to Nitrosylation—A num-

ber of proteins have been identified as targets for S-nitrosyla-
tion altering their function (28). For example, S-nitrosylation of
phosphatases, protein kinases, caspases, and tissue transglu-
taminases has been associated with the loss of catalytic activity
(28, 64). APLT is a lipid-selective ATPase involved in transport
of aminophospholipids (15), mainly PS, from the outer to the

inner leaflet of plasmamembrane (15, 16). As an integral mem-
brane protein (15, 16) containing cysteine residues (65, 66),
APLT is expected to be a potential target for S-nitrosylation. It
has been shown that the enzyme is sensitive to oxidation/alky-
lation of its –SH groups (17, 26). In addition, several reports
demonstrated that a cysteine residue is critical for activity or
conformational integrity of APLT (23). According to our pro-
posedmechanism, activatedmacrophages causeAPLTnitrosy-
lation and PS externalization indiscriminately in many
bystander cells. This is in line with the data of Brown and Savill
(67) who have demonstrated that activated macrophages
induced PS externalization in bystander leukocytes. Thus, any
cell in the vicinity of activated macrophages may become a tar-
get for phagocytosis. However, not only reactive oxygen and
nitrogen species (68, 69), but other factors as well, including
cytokines (70) and growth factors (71), contribute to responses
of bystander cells to activated macrophages. Our measure-
ments of APLT activity revealed a strong inhibitory effect of
SNCEE and inability of GSNO to inactivate the enzyme. Con-
sequently, PS was externalized and phagocytosis was stimu-
lated only in response to SNCEE but not to GSNO. Because
GSNO does not readily permeate cells, we conclude that func-
tionally critical sulfhydryl groups in the APLT protein are
locatedwithin the cytosolic domain of the enzyme or are buried
in a hydrophobic environment unavailable for GSNO (72). This
is also supported by other reports on the inhibitory effects of
sulfhydryl oxidation (by diamide) or cross-linking (by pyri-
dyldithioethylamine) of the translocase activity (23).Moreover,
successful attempts to reverse the inhibition byDTT, but not by
themembrane-impermeable reducing agentGSH, indicate that
at least one critical APLT cysteine is embedded in the mem-
brane or exposed to the cytoplasmic surface (23).
AlthoughAPLT selectively translocates aminophospholipids

(particularly PS) from the outer to the inner leaflet of plasma
membrane (73), “scramblase” activity randomly transports dif-
ferent phospholipids, including PS, in both directions. Thus
both inhibition of APLT and activation of scramblase can con-
tribute to the PS externalization. The scrambling of phospho-
lipids is dependent on transbilayer phospholipid gradient and
activated by Ca2� (74, 75). It has been shown that phospholipid
scrambling is enhanced by modification of one or more –SH
groups (76, 77) and is suppressed by the reducing agent DTT
(78). Thus it is possible that SNCEE-induced S-nitrosylation of
the scramblase sulfhydryl groups contributed to the activation
of scramblase and PS externalization.
Although inhibition of APLT is believed to be pivotal for the

externalization of PS during apoptosis, the role and contribu-
tion of scramblase 1 (PLSCR1) in disruption of PS asymmetry
across the plasma membrane are more debatable (74, 80–82).
Several reports provide evidence that scramblase activation
alone is not sufficient to cause PS externalization (19, 24, 83,
84). Moreover, it has been demonstrated that expression of
PLSCR1 is neither necessary nor sufficient for PS exposure dur-
ing Fas-triggered apoptosis (19). In addition, no correlation
between the level of expression of the phospholipid scramblase
and the capacity of these cells to externalize PS during apopto-
sis was found (24, 83). Finally, blood platelets from PLSCR1�/�

mice showed normal capacity to expose PS upon cell activation
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(84). However, results from different laboratories demonstrate
the importance of concomitant inhibition of APLT and activa-
tion of scramblase for PS exposure (75, 85–87). In line with this
view, our data suggest that SNCEE-induced S-nitrosylation and
subsequent PS exposure on the surface of HL-60 cells is
dependent on both APLT inactivation and scramblase activa-
tion, whereby the contribution of the former is likely to bemore
significant.

Nitrosative Stress as a Regulator
of the Inflammatory Response and
Cytokine Production—Disruption
of apoptotic cell removal may yield
pro-inflammatory conditions (6)
that are associated with a number of
autoimmune and chronic inflam-
matory diseases (3, 7–9). Moreover,
PS-dependent clearance of apopto-
tic cells by macrophages plays an
active role in the resolution of
inflammation, through production
of anti-inflammatory cytokines such
as transforming growth factor-�
and down-regulation of pro-inflam-
matory mediators such as tumor
necrosis factor-� (1, 2). In particu-
lar, failure to clear neutrophils
undergoing apoptosis resulting in
their accumulation is a hallmark of
chronic inflammation accompanied
by a persistent production of pro-
inflammatory cytokines (88, 89).
We and others have demon-

strated that the PS signaling path-
way turns off the production of
pro-inflammatory cytokines and
reactive oxygen and nitrogen spe-
cies by activatedmacrophages (2, 5).
Thus, nitrosative stress realized via
NO�-dependent macrophage pro-
cesses and causing PS externaliza-
tion in target cells acts as a novel
mechanism for regulation of the
inflammatory response. In line with
this, therapy of inflammatory con-
ditions using NO�-releasing drugs
has shown considerable promise.
Indeed, addition of an NO moiety
to nonsteroidal anti-inflammatory
drugs sufficiently reduced their tox-
icity and enhanced their therapeutic
effects (90, 91). Nanoparticles, espe-
cially SWCNT, are widely utilized
for improvements of drug delivery
and therapeutic efficacy of drugs
(92). Nonfunctionalized SWCNT,
however, are poorly recognized by
macrophages. Our recent studies
showed that coating of SWCNT

with PS resulted in a remarkable improvement in their recog-
nition by macrophages suggesting that PS acts as an eat-me
signal not only on the surface of apoptotic cells but also on
nanotubes (93). Therefore, PS-coated nanotubes may also be
utilized as a novel tool for the regulation of inflammatory
responses.
In conclusion, our work has established that nitrosative/ox-

idative modification of APLT enhances PS externalization in

FIGURE 8. Role of macrophage nitrosative/oxidative burst in the resolution of inflammation. During
acute inflammation, production and release of pro-inflammatory cytokines (such as tumor necrosis factor-�) as
well as recruitment of polymorphonuclear cells (PMNs) is followed by the arrival of monocytes that mature into
inflammatory macrophages (94). Polymorphonuclear cells eliminate pathogens (95) and/or amplify the inflam-
matory response by producing the pro-inflammatory cytokines (96); consequently polymorphonuclear cells
undergo apoptosis and are eliminated by macrophages (97). Activated macrophages massively generate nitric
oxide, NO�, and superoxide radicals, O2

. , whose interactions yield a highly reactive intermediate, peroxynitrite,
ONOO�. The latter can S-nitrosylate low molecular weight thiols as well as Cys residues in proteins. As a result,
inhibition of APLT and activation of scramblase in target cells can occur through either direct S-nitrosylation or
S-trans-nitrosylation of target cysteine residues in these enzymes. Subsequent disruption of membrane phos-
pholipid asymmetry causes PS externalization. Activated macrophages recognize and interact with PS-expos-
ing cells using one or more partially redundant receptor. This stimulates phagocytosis of target cells and
promotes release of anti-inflammatory cytokines such as transforming growth factor-� (98). Thus, recognition,
binding, and clearance of PS-positive cells by macrophages trigger the resolution of inflammation through
production of anti-inflammatory cytokines and down-regulation of pro-inflammatory mediators (99).
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target cells by inhibiting APLT activity and promotes the dis-
posal of these cells bymacrophages. Thus, nitrosative/oxidative
stress may significantly contribute to the clearance of effete
cells and, hence, to the resolution of inflammation (Fig. 8).
These findings suggest that nitric oxide produced by activated
macrophages, through its effects on PS-dependent phagocyto-
sis of neighboring target cells, is engaged in a feedback mecha-
nism limiting excessive inflammatory responses. Targeting of
these events could ultimately provide novel avenues for thera-
peutic intervention in chronic inflammatory diseases.
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