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Microparticles are lipid bilayer– enclosed vesicles produced
by cells under oxidative stress. MP production is elevated in
patients with diabetes, but the underlying cellular mechanisms
are poorly understood. We hypothesized that raising glucose
above the physiological level of 5.5 mM would stimulate
leukocytes to produce MPs and activate the nucleotide-bind-
ing domain, leucine-rich repeat pyrin domain– containing 3
(NLRP3) inflammasome. We found that when incubated in
buffer with up to 20 mM glucose, human and murine neutro-
phils, but not monocytes, generate progressively more MPs with
high interleukin (IL)-1� content. Enhanced MP production
required generation of reactive chemical species by mitochon-
dria, NADPH oxidase, and type 2 nitric-oxide synthase (NOS-2)
and resulted in S-nitrosylation of actin. Depleting cells of capon
(C-terminal PDZ ligand of neuronal nitric-oxide synthase pro-
tein), apoptosis-associated speck-like protein containing C-ter-
minal caspase recruitment domain (ASC), or pro-IL-1� pre-
vented the hyperglycemia-induced enhancement of reactive
species production, MP generation, and IL-1� synthesis. Addi-
tional components required for these responses included inosi-
tol 1,3,5-triphosphate receptors, PKC, and enhancement of fil-
amentous-actin turnover. Numerous proteins become localized
to short filamentous actin in response to S-nitrosylation,
including vasodilator-stimulated phosphoprotein, focal ad-
hesion kinase, the membrane phospholipid translocation en-
zymes flippase and floppase, capon, NLRP3, and ASC. We
conclude that an interdependent oxidative stress response to
hyperglycemia perturbs neutrophil cytoskeletal stability leading
to MP production and IL-1� synthesis.

Microparticles (MPs)2 are 0.1- to 1-�m diameter vesicles
produced via an outward budding of the cell membrane in

response to several stimuli (1). Healthy individuals have blood-
borne MPs, and some MPs are 2–10-fold higher in those with
types 1 and 2 diabetes mellitus (2–7). Reasons why this eleva-
tion occurs, and more generally the cellular mechanisms
involved with MP production, are poorly understood. In this
study, we investigated MP generation by leukocytes in response
to elevations of glucose concentration pertinent to diabetes (6).
Leukocyte-derived MPs have adverse effects on healing and
play a role in endothelial injury and progression of atheroscle-
rosis (6, 8 –11).

Hyperglycemia triggers cells to increase production of mito-
chondrial reactive oxygen species (ROS) (12). We recently
reported a mechanism whereby mitochondrial ROS play a role
in MP production in response to elevations of carbon dioxide,
and we hypothesized that similar events may occur due to
hyperglycemia (13). We reported that MP production by
human and murine neutrophils involves ROS production
from both mitochondria and NADPH oxidase (Nox) and also
requires activity of type 2 or inflammatory nitric-oxide synthase
(NOS-2). These events lead to S-nitrosylation of cytosolic actin,
increased actin reorganization/turnover, and activation of
phospholipid transporters (13, 14). The complexity and simi-
larity of the response pattern for different stimuli suggested to
us that it may represent a virtual leitmotif for MP production.
Activation of Nox is central to MP generation in response to
several stimuli (13–15), and there are several pathways by
which mitochondrial reactive species can activate Nox (12, 16).

Interleukin (IL)-1� production via the NLRP3 inflam-
masome is intimately associated with both oxidant production
and MP production formation (13, 17). Therefore, we investi-
gated whether IL-1� production also occurred as part of the
MP generation scheme. IL-1� is synthesized without a leader
peptide so it cannot utilize the conventional secretory pathway
(endoplasmic reticulum–Golgi–plasma membrane). IL-1�
packaging into MPs for secretion has been described (13,
18 –20). Moreover, several studies have demonstrated that dia-
betic nephropathy, retinopathy, and endothelial dysfunction
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are linked to the NLRP3 inflammasome (21–23). IL-1� auto-
stimulation also establishes a feed-forward process that
amplifies inflammation and worsens type 2 diabetes by con-
tributing to insulin secretory dysfunction and pancreatic
�-cell apoptosis (24).

As part of this project, we also investigated whether a protein
known as the C-terminal PDZ ligand of neuronal nitric-oxide
synthase (capon), or nitric-oxide synthase-1 adaptor protein, is
involved with leukocyte responses. This was done because vari-
ants of the gene coding for capon have been associated with
lower extremity amputations and peripheral neuropathy in
those with diabetes, but not among those who do not have
diabetes (25). More recently, several single nucleotide polymor-
phisms (SNPs) were associated with impaired healing and
amputations among diabetics (26). Others have found associa-
tions between some capon gene variants and the incidence of
diabetes among users of various medications, as well as varia-
tions in therapeutic efficacy of some hyperglycemic medica-
tions (27–30). Capon gene variants may play an inconsistent
role in diabetes onset in the general population (31, 32) and
increase susceptibility to some infections (33).

Knowledge of how capon influences cell functions is limited.
When first identified, capon was shown to interact with neuro-
nal (type 1) NOS and to help regulate nitric oxide production at
post-synaptic sites in neurons of the CNS (34 –37). However,
capon is present in many different cells/organs, and its subcel-
lular localization differs due to alterations in its N- and C-ter-
minal regions and to the bridging proteins with which capon
interacts (38, 39). Whereas capon does not directly link with
NOS-2 or (endothelial) NOS-3 isoforms, indirect associations
are suggested in studies of skeletal muscle regeneration (36, 40).
We hypothesized that capon may influence NOS-2 activity and
thus impact MP production. We approached this study by com-
paring responses to hyperglycemia using cells either replete
with capon or depleted by previous incubation with small
inhibitory RNA (siRNA). To aid with following the results, Fig.
1 depicts a schematic mechanism for MP and IL-1� production
based on the data generated in this project.

Results

Glucose-induced MPs by leukocytes

Leukocytes were isolated from human and mouse blood; the
neutrophils and monocytes were separated and then incubated
ex vivo in buffer with various glucose concentrations. When
compared with a physiological glucose concentration of 5.5
mM, human neutrophils exhibited increases in MP production
with progressively higher concentrations of glucose (Fig. 2).
Mouse neutrophils exhibited a similar response, although they
generated only about one-fifth as many MPs as human cells
(Fig. 3). Interestingly, neither human nor murine monocytes
generated MPs when incubated with 11 or 20 mM glucose for up
to 4 h (data not shown).

MP generation could not be attributed to alterations of neu-
trophil viability, which did not differ significantly across all glu-
cose concentrations (shown in Fig. 3). Additionally, enhanced
MP production was not attributable to increased osmolality.
For example, in solutions containing 5.5 mM glucose and 14.5

mM mannitol, a non-metabolizable sugar alcohol, murine neu-
trophils generated no more MPs than in 5.5 mM glucose after
incubation for 2 h (0.06 � 0.01 MPs/cell, n � 3).

Proteins required for MP production by neutrophils

Mechanisms for MP generation were investigated using
murine neutrophils because unlike human cells they are suffi-
ciently robust to maintain viability during overnight incuba-
tions with siRNA to deplete specific proteins. Our mechanistic
hypothesis was shaped by prior work showing roles for reactive

Figure 1. Biochemical mechanism for high glucose–mediated MP pro-
duction. Data suggest that the initial event triggering MP generation by ele-
vated glucose is enhanced mitochondrial production of reactive species such
as superoxide (O2

. ) and H2O2. These act on endoplasmic reticulum IP3 recep-
tors, followed by activation of protein kinase C isoforms that increase Nox
activity. The data demonstrate an interactive role for agents generated by
several enzymes. Therefore, we indicate that Nox-derived O2

. feeds back to
cause further mitochondrial oxidant production and also reacts with nitric
oxide (�NO) and reactive agents produced by interactions involving these two
radical species leading to formation of cytosolic SNO-actin. Actin turnover is
enhanced by linkage of VASP to SNO-actin, and accelerated polymerization
hastens linkage of Rac 1/2 and FAK that are depicted in the figure with dotted
lines. FAK links NOS-2 with actin, enhancing its activity. There is also linkage of
floppase and flippase to cytosolic actin, which may impact enzyme activity
and are required for the membrane phospholipid changes ultimately
required for formation. Apoptosis-associated Speck protein with CARD
domain (ASC) also links to short-filamentous (F)-actin, and the assembled
NLRP3 inflammasome, including pro-IL-1�, mediates caspase activation to
produce active IL-1�. Activated caspase also feeds back to increase Nox activ-
ity. High glucose also triggers an increase in capon linkage to short F-actin,
and this relationship is required for NOS-2 activation, which in turn is required
for perpetuation of enhanced actin turnover via SNO-actin production.

Figure 2. MP production by human neutrophils. MP were counted in sus-
pensions of neutrophils (5.5 � 105/ml in PBS containing 1 mM CaCl2, 1.5 mM

MgCl2, and 5.5 to 20 mM glucose) and incubated for the indicated times. MPs
were also isolated from suspensions after 2-h incubations, and content of
IL-1� was measured. These values are shown in boxes to the right in the figure.
All data shown are mean � S.E., n � 4, *, p � 0.05.
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species generated by mitochondria, Nox, and NOS-2 to stimu-
late MP production (13).

As shown in the first two columns of Table 1, we found no
significant MP production by cells in 20 mM glucose that were
depleted of mitochondrial uncoupling protein 2 (UCP2). The
overnight siRNA incubation protocols typically depleted about
80% of the targeted protein, as assessed by Western blottings.
Fig. 4 shows results for UCP2 depletion, for example, where
siRNA reduced cell content by 85.4 � 4.3%, n � 4. Depletion of
the gp91phox subunit of Nox (reduced cell content by 84.4 �
4.3%, n � 4) had a similar effect on MP production by hyper-
glycemia (Table 1).

A role for NOS-2 was shown by lack of MP generation using
cells from NOS-2 knock-out mice. Consistent with these
results, no significant increase in MP production was found
when wild-type cells were incubated in buffer containing
ebselen (an anti-oxidant), genepin (a UCP inhibitor), 1400W (a
NOS-2 inhibitor), and Nox2ds (a small peptide inhibitor of
Nox) but not to the scrambled sequence control peptide to
Nox2ds. Inhibition was also seen with cytochalasin D, indicat-
ing a role for actin turnover.

From prior work we hypothesize that a close relationship
exists between MP generation and NLRP3 inflammasome acti-
vation (13). When cells were depleted of ASC, which serves as a
platform for inflammasome oligomerization (41) using siRNA
(reduced cell content by 86.6 � 3.4%, n � 3), no enhanced MP
production occurred. A similar inhibitory effect occurred when
cells were depleted of pro-IL-1� (siRNA reduced cell content
by 95.7 � 1.4%, n � 3), which is also incorporated into the
inflammasome during activation (42). Once fully formed, the
inflammasome activates caspase-1 (in humans, or �11 in
mice). We found (Table 1) that incubating cells with a mem-
brane-permeable caspase inhibitor, Ac-YVAD-cmk, also abro-
gates responses to 20 mM glucose.

MP production was also inhibited when cells were depleted
of the type 2 endoplasmic reticulum inositol 1,3,5-triphosphate
(IP3) receptor (cell content was reduced by 91.6 � 3.5%, n � 4),
when incubated with 2-aminoethoxydiphenyl borate, an IP3
inhibitor, and when incubated with GF 109203X, a PKC inhib-
itor. Finally, no enhanced MP production occurred with cells
depleted of capon (siRNA reduced cell content by 73.4 � 3.4%,
n � 4).

Glucose-induced elevation of IL-1� content in MPs

The concentration of IL-1� in MPs generated by neutrophils
increased when cells were incubated in buffer containing ele-
vated glucose concentrations. The IL-1� concentration in MPs
generated by human cells incubated with various glucose con-
centrations is shown in the right margin in Fig. 2. The concen-
tration of IL-1� in mouse MPs also increased with high glucose,
and values are listed in the second two columns of Table 1. As
shown, inhibition or depletion of proteins required for glucose-
induced MP production also abolished elevations in IL-1�
concentration.

The NLRP3 inflammasome can also trigger activation of
IL-18, which is similar in structure to IL-1�. We found, how-
ever, no significant increase in IL-18 occurred in MPs generated
by murine neutrophils. IL-18 content of MPs generated by neu-
trophils incubated in 5.5 mM glucose for 2 h was 12.7 � 1.5 (n �
4) and after incubation in 20 mM glucose 10.5 � 1.6 (n � 4, not
significantly different) pg/million MPs.

Reactive species generation by high glucose

Mitochondrial activity in murine neutrophils was probed by
assessing fluorescence of MitoSOX Red, which increased lin-
early at nearly twice the rate when cells were incubated with
20 mM glucose versus 5.5 mM glucose (Fig. 5, A). Studies were
performed with all agents that inhibited glucose-enhanced
MPs and IL-1� production, and each also abrogated the
increase in MitoSOX Red fluorescence (third set of two col-
umns in Table 1).

To gain further insight into neutrophil-reactive species gen-
eration, cells were loaded with the redox active agent 2,7-dihy-
drodichlorofluorescein diacetate (DCF-DA) and fluorescence-
monitored (Fig. 5, B). An enhanced rate was found after cells
had been exposed to 11 or 20 mM glucose. Moreover, all agents
that inhibited glucose-enhanced MPs, IL-1� production, and
MitoSOX Red fluorescence also abolished the increase in DCF
fluorescence (fourth set of two columns in Table 1).

Actin S-nitrosylation

MPs were not generated by high glucose using neutrophils
from NOS-2 KO mice, when gp91phox was depleted, or with
cells exposed to the specific inhibitors 1400 W or Nox2ds.
Many of the more highly reactive species generated by reactions
between nitric oxide and ROS can cause protein S-nitrosyla-
tion. S-Nitrosylation of murine neutrophil proteins was sur-
veyed by the biotin-switch assay, which covalently adds a disul-
fide-linked biotin to the labile S-nitrosylation (SNO-) sites on
proteins.

Fig. 6 is a representative Western blot probed for biotin-
containing proteins in cells incubated in 5.5 mM versus 20 mM

Figure 3. MP production at 2 h by mouse (open squares) and human
(closed circles) neutrophils. Cell suspensions of neutrophils (5.5 � 105/ml in
PBS containing 1 mM CaCl2, 1.5 mM MgCl2, and 5.5 to 20 mM glucose) were
incubated for 2 h, and individual data points as well as mean � S.E. bars are
shown. Viability of cell preparations at the end of the incubations are shown
in boxes at the top of the figure as mean � S.E.
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glucose. Samples labeled with a � were exposed to UV light for
5 min after incubation for 30 min, and then left undisturbed for
the remainder of 1 h before the biotin-switch assay was per-
formed. UV light will photo-reverse cysteine S-nitrosylation
(14). In separate trials, the prominent band at 	43 kDa was cut
from nitrocellulose paper, subjected to amino acid sequencing,
and identified as actin. Protein loading in each lane of Fig. 6 is
shown by the actin band at the bottom. Numbers below the
figure reflect the mean (� S.E., n � 4) ratio of band densities
(biotin/actin). As shown, the ratio was statistically significantly
elevated in cells incubated with 20 mM glucose and not exposed
to UV light. UV light had no significant effect on cells exposed
to 5.5 mM glucose. Moreover, as shown in Table 1, UV light also
abrogated hyperglycemia-induced MP generation, MitoSOX,
and DCF fluorescence increases, and production of IL-1� in
MPs.

Agents generated by reactions between superoxide and nitric
oxide can also cause protein nitration. We probed neutrophil
lysates for nitrotyrosine and found several faint bands, even
with cells incubated at 5.5 mM glucose, and a notably more
prominent band at 	70 kDa when cells were incubated with 11
and 20 mM glucose (Fig. 7). Amino acid sequencing identified
this protein as a heat-shock cognate 71-kDa protein.

Actin turnover

Actin polymerization was assessed as free barbed end (FBE)
formations in murine neutrophils permeabilized so they would
take up pyrene-actin. An enhanced rate of actin polymerization
occurred when cells were assayed after incubation in 20 mM

versus 5.5 mM glucose, and this was abrogated by exposure to
UV light (Fig. 8) production (43).

Cytoskeletal protein associations based on Triton solubility

We next evaluated associations of cytoplasmic actin with
capon and with proteins known to be involved with actin turn-
over and MP production (13–15, 43– 45). After 1-h exposures
in buffer equilibrated with 5.5 or 20 mM glucose, neutrophils
were incubated with the membrane-permeable protein cross-
linker DTSP and then lysed. Cell lysates were separated into
Triton-soluble G-actin, short filamentous (sF-) actin, and Tri-
ton-insoluble F-actin fractions and subjected to Western blot-
ting. These were analyzed looking for differences in protein-
band densities relative to actin. Data shown in Fig. 9 indicate
that in the sF-actin fraction of cells incubated in 20 mM glucose,
there were marked increases in associations between actin and

Table 1
Impact of various agents on 5.5 versus 20 mM glucose-exposed neutrophil MP production, MP IL-1� concentration, MitoSOX Red, and DCF-DA
fluorescence
The isolated murine neutrophils (5.5 � 105/ml PBS containing 1 mM CaCl2, 1.5 mM MgCl2, and 5.5 mM or 20 mM glucose) were incubated for up to 2 h. MPs/PMN reflects
increases in MPs in suspensions of 550 neutrophils over 2 h. MitoSOX reflects fluorescence from cells incubated with 5 �M MitoSOX Red for 10 min, washed, and then
incubated in buffer for up to 2 h. DCF fluorescence was assessed when 10 �M DCF-DA was added to cell suspensions at the end of 2-h incubations. All values are mean �
S.E. (n � number of independent trials). Abbreviations and manipulations are as follows: KO, neutrophils from NOS-2 knock-out mice; 1400W, incubation with 1 mM
1400W; Nox2ds, incubation with 10 �M Nox2ds, a peptidic inhibitor that mimics a sequence in the cytosolic B loop of Nox2; Scrmb-Nox2ds, incubations performed with
10 �M control, scrambled sequence peptide to Nox2ds; Cont-si cells incubated with control, scrambled sequence siRNA for 20 h prior to the experiment; Capon si, cells
incubated with siRNA specific to capon for 20 h prior to the experiment; UCP2si, cells incubated with siRNA specific to uncoupling protein 2 for 20 h prior to the
experiment; genepin, incubation with 5 �M genipin, a UCP inhibitor, during a 2-h study; IP3si, cells incubated with siRNA specific to the inositol 1,4,5-trisphosphate
receptor type 2 for 20 h prior to the experiment; APB, incubation with 100 �M 2-aminoethoxydiphenyl borate, an IP3 receptor inhibitor during a 2-h study; GF 109203X,
incubation with 5 �M of the protein kinase C inhibitor during a 2-h study; ebselen, incubation with 1 mM of the antioxidant during a 2-h study; UV, cells incubated for 30
min and then to UV light for 5 min and incubated for the remainder of 2 h prior to assays; Cyto D, incubation with 5 �M cytochalasin D during a 2-h study; ASCsi, cells
incubated with siRNA specific to ASC for 20 h prior to the experiment; pro-IL-1� siRNA, cells incubated with siRNA specific to pro-IL-1� for 20 h prior to the experiment;
Ac-YVAD-cmk, cells incubated with 50 �M Ac-YVAD-cmk, a caspase inhibitor, during a 2-h study.

MPs/PMN pg IL-1�/million MPs MitoSox (fluorescence/min) DCF (fluorescence/min)
5.5 mM 20 mM 5.5 mM 20 mM 5.5 mM 20 mM 5.5 mM 20 mM

PBS 0.05 � 0.02 (8) 2.9 � 0.4 (8)a 1.6 � 0.3 (8) 14.1 � 1.9 (8) 13.2 � 0.1 (8) 19.9 � 0.1 (8)a 1.2 � 0.1 (8) 5.6 � 0.2 (8)a

NOS KO 0.08 � 0.03 (5) 0.04 � 0.01 (5) ND ND 13.3 � 0.2 (4) 13.1 � 0.1 (4) 1.5 � 0.2 (4) 1.6 � 0.1 (4)
1400W 0.02 � 0.01 (5) 0.01 � 0.06 (5) 1.6 � 0.4 (3) 1.7 � 0.4 (3) 12.8 � 0.1 (4) 13.3 � 0.1 (4) 1.2 � 0.2 (4) 1.5 � 0.2 (4)
Nox2ds 0.03 � 0.02 (5) 0.01 � 0.09 (5) 1.3 � 0.3 (3) 1.7 � 0.8 (3) 13.1 � 0.1 (4) 13.1 � 0.1 (4) 1.3 � 0.3 (4) 1.5 � 0.3 (4)
Scrmb- Nox2 0.03 � 0.02 (5) 2.8 � 0.2 (5)a 1.8 � 0.4 (3) 13.4 � 1.4 (3)a 12.3 � 0.2 (8) 20.3 � 0.1 (4)a 1.4 � 0.3 (4) 5.8 � 0.2 (4)a

Control si 0.04 � 0.03 (8) 3.1 � 0.2 (8)a 1.8 � 0.2 (8) 13.8 � 0.4 (8)a 12.8 � 0.1 (8) 19.9 � 0.1 (8)a 1.3 � 0.2 (8) 5.3 � 0.4 (8)a

gp9Phox si 0.13 � 0.02 (4) 0.12 � 0.1 (4) 1.4 � 0.3 (3) 1.7 � 0.3 (3) 12.8 � 0.2 (4) 13.3 � 0.1 (4) 1.1 � 0.2 (4) 1.3 � 0.6 (4)
Capon si 0.03 � 0.02 (5) 0.11 � 0.1 (4) 1.4 � 0.3 (3) 1.7 � 0.3 (3) 12.9 � 0.1 (4) 12.9 � 0.1 (4) 1.3 � 0.2 (4) 1.5 � 0.5 (4)
UCP2si 0.12 � 0.04 (4) 0.11 � 0.06 (4) 1.4 � 0.3 (3) 1.7 � 0.3 (3) 13.3 � 0.2 (4) 13.4 � 0.1 (4) 1.2 � 0.4 (4) 1.9 � 0.3 (4)
Genepin 0.05 � 0.06 (5) 0.06 � 0.06 (5) 1.6 � 0.4 (3) 1.6 � 0.5 (3) 12.6 � 0.1 (4) 13.2 � 0.1 (4) 1.2 � 0.3 (4) 1.5 � 0.3 (4)
IP3si 0.06 � 0.03 (5) 0.01 � 0.02 (5) 2.2 � 0.8 (3) 1.7 � 0.6 (3) 13.1 � 0.2 (4) 13.4 � 0.1 (3) 1.2 � 0.2 (4) 1.7 � 0.4 (3)
APB 0.05 � 0.04 (4) 0.01 � 0.02 (4) 1.9 � 0.3 (3) 2.1 � 0.3 (3) 13.3 � 0.2 (4) 13.2 � 0.1 (4) 1.1 � 0.2 (4) 1.5 � 0.5 (4)
GF 109203X 0.06 � 0.03 (5) 0.01 � 0.02 (5) 2.0 � 0.6 (3) 2.1 � 0.7 (3) 13.4 � 0.1 (4) 13.2 � 0.1 (4) 1.3 � 0.2 (4) 1.3 � 0.4 (4)
UV 0.10 � 0.04 (8) 0.01 � 0.03 (8) 1.6 � 0.5 (3) 1.3 � 0.4 (3) 12.9 � 0.3 (4) 13.5 � 0.1 (4) 1.6 � 0.2 (4) 1.2 � 0.2 (4)
Ebselen 0.08 � 0.02 (3) 0.04 � 0.01 (3) 1.6 � 0.4 (4) 2.4 � 0.9 (4) 12.8 � 0.1 (3) 12.9 � 0.3 (3) 1.2 � 0.1 (3) 1.3 � 0.4 (3)
Cyto D 0.07 � 0.03 (5) 0.12 � 0.09 (5) 1.4 � 0.4 (3) 1.6 � 0.9 (3) 12.2 � 0.2 (4) 13.0 � 0.4 (4) 1.1 � 0.1 (4) 1.0 � 0.3 (4)
ASCsi 0.08 � 0.03 (4) 0.11 � 0.08 (4) 1.8 � 0.2 (3) 1.9 � 0.5 (3) 12.7 � 0.2 (4) 13.0 � 0.2 (4) 1.1 � 0.1 (4) 1.9 � 0.3 (4)
Pro-IL-1� siRNA 0.01 � 0.06 (3) 0.01 � 0.02 (3) 1.8 � 0.5 (3) 2.9 � 0.7 (3) 13.3 � 0.1 (3) 13.1 � 0.2 (3) 1.6 � 0.5 (3) 1.9 � 0.3 (3)
Ac-YVAD-cmk 0.01 � 0.02 (3) 0.01 � 0.01 (3) 1.0 � 0.7 (3) 2.4 � 0.9 (3) 13.1 � 0.1 (3) 13.2 � 0.1 (3) 1.6 � 0.1 (3) 2.2 � 0.4 (3)

a p � 0.05 versus 5.5 mM glucose value.

Figure 4. Effect of incubation with siRNA to deplete UCP2 in neutrophils.
As an example to demonstrate the efficacy of siRNA to deplete a specific
protein in murine neutrophils, Western blot lysates from three different prep-
arations are shown for cells incubated with a control siRNA or siRNA to UCP2.
Cytosolic actin from the same lysates are also shown. Ratios shown at the
bottom were calculated from protein band densities measured in each lysate
set.

Hyperglycemia-induced microparticles and inflammasome activation

J. Biol. Chem. (2017) 292(44) 18312–18324 18315



NOS-2, focal adhesion kinase (FAK), vasodilator-stimulated
phosphoprotein (VASP), thioredoxin reductase (TrxR), pro-
tein-disulfide isomerase (PDI), flippase, floppase, capon, ASC,
and NLRP3. There were reciprocal decreases in these associa-
tions with actin in other cytoskeletal fractions, and all the 20
mM glucose-induced changes in protein linkages were abro-
gated if cells had been exposed to UV light for just 5 min during
the 1-h incubation.

Microscopic appearance of capon in neutrophils and effect of
capon on glucose-enhanced actin turnover

The intracellular localization and roles for all proteins exam-
ined in our study are well known, except for capon. We there-
fore devoted additional study to the relationship of capon to
cytoskeletal actin. The panel of images in Fig. 10 shows that the
distribution of F-actin visualized as phalloidin staining was
unchanged by incubation in 5.5 versus 20 mM glucose, but

capon changed from a relatively diffuse cytoplasmic location in
5.5 mM glucose to a dense sub-membranous location following
incubation in 20 mM glucose. A similarly more intense sub-

Figure 5. Reactive species production by neutrophils exposed to 5.5, 11,
or 20 mM glucose. A, murine neutrophils (5.5 � 105/ml PBS containing 1 mM

CaCl2, 1.5 mM MgCl2, and 5.5 mM glucose) were first incubated with 5 �M

MitoSOX Red for 10 min, and then washed and resuspended in the buffer with
different glucose concentrations as shown for up to 1 h. B, cells were incu-
bated with the buffer shown for 2 h, and then 10 �M DCF-DA was added, and
fluorescence was monitored. Note that when aliquots of cells were incubated
in the different glucose concentrations for only 30 min or 1 h, DCF-DA was
added, and the same fluorescence rates were measured as for incubations
lasting 2 h. This method was chosen because, as discussed under “Experimen-
tal procedures,” DCF can autocatalyze its own oxidation (79). Values are
mean � S.E., n � 5 for each point. Using the same methods, effects of various
inhibitors and siRNA depletion of cells are shown in Table 1.

Figure 6. S-Nitrosylated protein. Lysates of murine neutrophils incubated
in buffer containing 5.5 or 20 mM glucose for 1 h were prepared according to
the biotin-switch assay, and the entire blot is shown. � indicates that after 30
min of incubation, cells were exposed to UV light for 5 min and then left for
the remainder of 1 h. Lower blot shows cytosolic actin in each homogenate to
control for protein loading. Ratios reflect results from four replicate studies as
mean � S.E. for individual 43-kDa biotin band density/actin band density of
cell lysates normalized to the mean ratio for the 5.5 mM glucose samples.

Figure 7. Nitrotyrosine in cell proteins. This is a representative Western blot
of lysates from murine neutrophils incubated with 5.5, 11, or 20 mM glucose
for 2 h that was probed with an anti-nitrotyrosine antibody.
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membranous localization was also seen with NOS-2, and co-lo-
calization with capon is highlighted in the merged images (Fig.
10, lower panels).

Fluorescence intensity appeared greater for NOS-2 and
capon in cells incubated with 20 versus 5.5 mM glucose. There-
fore, images were quantitatively analyzed after correction for
background staining. Capon staining was 30 � 1.3 (n � 20)
fluorescence units in cells incubated with 5.5 mM glucose versus
42.9 � 1.2 (n � 20, p � 0.001) after incubation in 20 mM glu-
cose. Intensity for NOS-2 was 37.9 � 1.3 in 5.5 mM glucose and
46.9 � 1.3 (p � 0.001) in 20 mM glucose. These differences
appear due to alterations in detectable epitopes versus more
protein, however, because cell content did not differ based on
Western blotting normalized to actin content. Capon and
NOS-2 in 20 mM glucose-incubated cells were, respectively,
100.1 � 0.5 (n � 3)% and 100.2 � 1.6 (n � 3)% that found in
cells incubated with 5.5 mM glucose.

We found that capon influenced the rate of FBE formation.
In cell incubated with control siRNA and then exposed to 5.5
mM glucose, the FBE formation rate was 0.8 � 0.2 (S.E., n � 3)
fluorescence units/min, and after incubation in 20 mM glucose,
2.5 � 0.2 (units/min, n � 3, p � 0.05). In contrast, after deple-
tion of capon using siRNA, cells incubated with 5.5 mM glucose
exhibited a FBE formation rate of 0.8 � 0.2 units/min (n � 3)
and no significant increase after incubation in 20 mM glucose,
1.0 � 0.3 units/min (n � 3).

Increased NOS activity due to high glucose

NOS-2 activity assessed as conversion of L-[3H]arginine to
citrulline inhibitable with 1400W was increased by hyperglyce-
mia. As shown in Table 2, [3H]citrulline production was statis-
tically significantly increased in cells previously treated with the
control siRNA and then incubated with 11 or 20 mM glucose

versus 5.5 mM glucose. However, there was no increased activity
with elevated concentrations of glucose using cells depleted of
capon. These results are consistent with prior studies showing
that NOS-2 activity increases due to cytoskeletal perturbations
related to formation of SNO-actin, where depletion or inhibi-
tion of the other proteins listed in Fig. 9 have been shown to
impede NOS-2 activation (13–15, 43– 45).

Discussion

Hyperglycemia causes human and murine neutrophils to
increase production of MPs containing high concentrations of
IL-1�. There are overlapping roles for reactive species produc-
tion by mitochondria, Nox, and NOS-2 that lead to actin S-ni-
trosylation and cytoskeletal modifications, including increased
proximity of a variety of proteins to short filamentous actin
(sF-actin). This conclusion is based on the finding that inhibi-
tion/depletion of an enzyme required for reactive species pro-
duction from one source impedes reactive species production
from the alternative sources. This appears to be a common
mechanism for MP generation, as the same relationship occurs
in response to elevated concentrations of CO2 and inert gases
(13, 14) and in platelets (15). Depletion studies using siRNA
indicate that capon also plays a prominent role in the interac-
tive process.

Fig. 1 is a schematic that depicts events we reason to be
involved with MP and IL-1� production. The process is likely to
start with mitochondrial production of reactive species such as
superoxide (O2

. ) and H2O2 based on assays performed with
MitoSOX Red. Although its selectivity for superoxide and for
mitochondrial activity is not absolute (46), support that mea-
surements relate to mitochondria comes from finding no
enhanced fluorescence using cells depleted of the mitochon-
drial protein UCP2 or when incubated with genepin (Table 1).
UCPs influence cell respiration by partially dissipating the pro-
ton electrochemical gradient across the mitochondrial mem-
brane, which diminishes oxidant generation (47, 48). However,
UCP2 is also a component of the mitochondrial Ca2� uniporter
and preferentially contributes to mitochondrial Ca2� uptake in
response to intracellular Ca2� mobilization from the endoplas-
mic reticulum (49). This is critical for cytosolic Ca2� modula-
tion, enabling mitochondria to transmit Ca2� for utilization
from areas of high to low concentration within the cell (49).

The inhibitor and siRNA depletion studies also indicate roles
for endoplasmic reticulum IP3 receptors, which are sensitized
by mitochondrial oxidants (50), and for protein kinase C iso-
forms that can increase Nox activity (13, 51). We interpret stud-
ies showing an increase in DCF fluorescence as requiring Nox
activation because the enhanced rate of fluorescence did not
occur when cells were depleted of gp91phox by siRNA or when
co-incubated with the inhibitor Nox2ds (Table 1).

We include an arrow in Fig. 1 showing Nox-derived
H2O2/O2

. feedback to cause further mitochondrial oxidant pro-
duction, as well as reacting with nitric oxide (�NO) to produce
agents capable of protein S-nitrosylation (SNO), leading to for-
mation of cytosolic SNO-actin. These relations are supported
by the data in Table 1, and the interactions have been shown in
response to other stimuli (13, 14, 16).

Figure 8. Actin polymerization rate. Permeabilized murine neutrophil sus-
pensions were processed as described under “Experimental procedures” and
incubated in buffer containing 5.5 or 20 mM glucose for 1 h, and where indi-
cated, the samples were incubated for 30 min, then exposed to UV light for 5
min, and left in the dark for the remainder of 1 h. Data are mean fluorescence/
min � S.E., n � 3, all groups. AU, arbitrary units.
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The second cycle in Fig. 1 pertains to cytoskeletal events.
Initial actin polymerization is known to be slow, but it is accel-
erated in the presence of short actin filaments (52). VASP plays
a major role in actin dynamics, as it both bundles filaments and
enhances actin polymerization (53). Because VASP exhibits

higher affinity for S-nitrosylated actin than un-modified actin,
we believe this is the stimulus leading to enhanced actin turn-
over (44). The inhibitory effect of UV light on the entire cascade
supports this interpretation. VASP also bundles Rac 1 and 2
with actin and in so doing enhances Rac activation (54, 55). The
consequent accelerated actin polymerization hastens linkage of
FAK (44, 56, 57). Additionally, FAK has been reported to induce
Nox activation (58), and we have previously shown that by link-
ing NOS-2 to sF-actin, FAK increases NOS-2 activity and accel-
erates MP production formation by neutrophils (14, 44).

The inhibitory effects related to depleting ASC and pro-
IL-1� and the use of the caspase inhibitor (see Table 1) are
consistent with previous studies (13), and they indicate that
components of the NLRP3 inflammasome influence MP gener-
ation as well as the various pathways of reactive chemical spe-
cies generation. Others have reported that caspase 1, which is
activated in conjunction with aggregation of inflammasome
components, can activate Nox at the phagocytic vacuole mem-
brane in neutrophils and can influence NOS-2 activation, as

Figure 9. Protein associations in the Triton-soluble short F-actin, G-actin, and Triton-insoluble actin fractions. Murine neutrophils were incubated with
buffer containing 5.5 or 20 mM glucose for 1 h, and where indicated, the samples were exposed to UV light between 30 and 35 min of the 1-h incubation, prior
to addition of DTSP, to cross-link the proteins. Samples were then fractioned based on Triton solubility (see “Experimental procedures”) and subjected to
Western blotting. Representative blots among three replicate experiments are shown. After Western blotting, protein band densities were quantified and
normalized to the actin band in each lysate. The ratio of each protein relative to actin was compared with that calculated for the 5.5 mM glucose neutrophils in
each experiment. Therefore, data in the figure show the fold-change in band density normalized to the ratio observed in 5.5 mM glucose (control) cells for each
actin fraction. Data are mean � S.E. (n � 3); *, p � 0.05 versus cells incubated in 5.5 mM glucose and not exposed to UV light.

Figure 10. Confocal microscope images of neutrophils. Murine neutro-
phils were exposed to 5.5 or 20 mM glucose in buffer for 2 h, then fixed,
permeabilized, and stained as described under “Experimental procedures.”
Images are typical from at least three replicate trials using different neutrophil
preparations.

Table 2
Nitric-oxide synthase activity
Data are shown in femtomoles of [3H]citrulline production/h by 2.0 � 105 murine
neutrophils previously treated with control siRNA or siRNA to deplete capon, and
23 h later incubated with 5.5, 11, or 20 mM glucose. Values are mean � S.E. (n � 3– 6
for each data point). *, p � 0.05 versus 5.5 mM; **, p � 0.05 versus 5.5 and 11 mM
glucose.

5.5 mM 11 mM 20 mM

Control siRNA 50.7 � 1.2 98.8 � 0.1* 138.0 � 0.8**

Capon siRNA 57.4 � 1.1 56.4 � 0.1 56.5 � 0.1
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well as its synthesis in a complex manner (59, 60). NLRP3 acti-
vation in response to oxidative stress is well known (17). Our
data indicate there is a two-way communication, wherein acti-
vated NLRP3 can also increase reactive chemical species and
cell oxidative stress, as we show in Fig. 1.

The intimate linkage between NLRP3/caspase activation and
the oxidative stress events is likely to contribute to the potential
for pathophysiological consequences to MP production forma-
tion in diabetes. Our findings add mechanistic insight to the
recognized association of IL-1� to feed-forward amplification
of inflammation and exacerbation of type 2 diabetes (24). There
are, of course, alternative inflammasomes that activate caspase
1 to impact interleukin and reactive species generation, includ-
ing NLRP-1b, -3, -4 and AIM2 (absent in melanoma 2) (60).
Their potential roles in MP production formation and hyper-
glycemia will require additional study.

The cross-linking studies (Fig. 9) demonstrate that high glu-
cose increases sF-actin association with an array of proteins
known to influence cytoskeletal polymerization, such as VASP,
FAK, and Rac. Additional proteins linked to sF-actin include
PDI (which is known to facilitate Nox activation (61)), TrxR
(which participates in SNO-actin dynamics in a complex man-
ner (44, 56)), and the phospholipid transporters flippase and
floppase. MP production formation is recognized to involve
cytoskeletal turnover and exposure of phosphatidylserine on
the membrane surface due to translocation exerted by activated
floppase(s) with inhibition of flippase(s) activity and activation
of scramblase by calcium influx (62, 63). High glucose also leads
to ASC linkage to sF-actin, similar to other stimuli where sub-
sequent linkage of all inflammasome components to the ASC
platform leads to production of active IL-1� (13).

Data demonstrate that capon comes into proximity of sF-
actin in response to high glucose, thus placing it close to NOS-2.
Clearly, capon influences NOS-2 activation (Table 2) by hyper-
glycemia, but because of the complex interplay among Nox,
mitochondria, and NOS-2, capon influences all of these com-
ponents. This is consistent with the finding that capon deple-
tion also impedes actin turnover in response to high glucose.

We demonstrate that MP generation and NLRP3 activation
in response to hyperglycemia involves S-nitrosylation, as both
are inhibited with UV exposure. Protein nitration is also
triggered by hyperglycemia. Indeed, peroxynitrite has been
linked to IL-1� synthesis/secretion by monocytes (64). How-
ever, because this modification is not reversed by UV light, we
conclude that nitration reactions alone cannot explain MPs and
the inflammasome responses to hyperglycemia. With regard to
nitration/S-nitrosylation targets, there were few protein bands
identified in response to hyperglycemia. We have noted similar
discrete S-nitrosylation of actin in other studies, and we spec-
ulate this may be largely due to the co-localization of NOS-2
to filamentous actin (13, 43, 45). Subcellular localization of
enzymes generating reactive nitrogen and oxygen species has
certainly been shown to influence tyrosine nitration (65). S-Ni-
trosylation can also be influenced by protein acid/base motifs
and hydrophobic pockets (66).

The pathways identified may explain how both MP eleva-
tions and NLRP3 activation arise in diabetes, supporting the
pathophysiological relevance of this study (3–7, 21–23). Impor-

tantly, these biochemical responses to hyperglycemia occur
within 2 h, which is remarkably fast. Monocytes can begin
releasing IL-1� in about 4 h in response to Toll-like receptor
agonists and ramp up production over the ensuing 20 – 40 h
(67). NLRP3 inflammasome activation is classically considered
a two-step process requiring both transcriptional priming and
post-translational activation to generate functional cytokines,
and even the alternative non-canonical activation pathway
appears to require 14 h (68).

The NLRP3 inflammasome produces active IL-1� and IL-18,
but there are distinct differences in processing and secretion
of these cytokines (69). Contrary to IL-1�, IL-18 secretion
has been shown to occur independent of ROS production
in dendritic cells, and IL-18 is found free in plasma (not
within lipid vesicles) (67, 70). These differences may explain
why we did not find elevations in IL-18 in MPs generated by
hyperglycemia.

There are a wide variety of surface proteins on MPs in those
with diabetes, suggesting that numerous cell types are activated
and contribute to MP elevations (2). Indeed, after a variety of
insults, pathological effects have been described due to MPs
from platelets (71, 72), monocyte/macrophages (6, 8, 73, 74),
and neutrophils (9 –11). However, once formed, the MPs
appear to interact in vivo and to share surface proteins (75).
Therefore, when multiple proteins are present, the cell respon-
sible for generating individual MPs cannot be clearly discerned.
Additionally, it appears that MPs produced by neutrophils and
platelets in response to at least some stimuli are prone to trigger
production of MPs from other cell types (76). Whether cells
other than neutrophils respond to hyperglycemia and produce
MPs is clearly unknown. Thus, the in vivo cause– effect rela-
tionships for MPs are likely to be blurred.

The clinical relevance of neutrophil-derived MPs to diabetic
vasculopathy will require substantial additional study. Capon
participates in the complex events leading to production of
MPs and IL-1�. This offers a feasible pathophysiological expla-
nation for reports showing that certain capon SNPs are highly
associated with impairment of wound healing (25, 26). It is
interesting that monocytes do not generate MPs in response to
hyperglycemia. We found a similar response to elevated CO2,
and the reasons will require further research (13).

Finally, a recent report using capon-KO versus wild-type
mice showed enhanced H2O2 production in cardiac tissue, and
an enhanced occurrence of lethal cardiac dysrhythmias trig-
gered by oxidative stress (77). Effects were thought to arise
from perturbation of calcium flux due to capon influence on
localization of NOS-1 to cardiac sarcoplasmic reticulum.
These data indicate that capon serves an anti-oxidant role in
cardiac tissue, whereas our results indicate a pro-oxidative
influence in neutrophils. If the general function of capon is
to influence NOS activity, then quite different effects based
on cell/tissue type as well as NOS isoforms can be expected.
We may even speculate that the impaired stem cell mobili-
zation observed with certain capon SNPs may be related to
an influence on NOS-3, which plays a major role in mobili-
zation responses (26, 78).
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Experimental procedures

Materials

The majority of chemicals and their sources have been listed
in prior publications (13, 14). A list of antibodies and manufac-
turers can be found in supplemental Table 1, and information
on small inhibitory RNA (siRNA) is shown in supplemental
Table 2.

Studies with human blood

All procedures were reviewed and approved by the Univer-
sity Committee on Studies Involving Human Beings. Subjects
were healthy adults who had taken no medications for at least 4
days prior to phlebotomy. Blood was acquired in heparinized
tubes.

Animals

All aspects of this study were reviewed and approved by the
Institutional Animal Care and Use Committee and with adher-
ence to the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health). C57BL/6J mice (Mus musculus)
were purchased from The Jackson Laboratory (Bar Harbor,
ME), housed in the university animal facility, fed a standard
rodent diet Laboratory Rodent Diet 5001 (PMI Nutritional Inc.,
Brentwood, MO), and water ad libitum. NOS-2 KO mice
(which have a C57BL/6J background) were housed and fed the
same as wild-type mice. Mice were anesthetized (intraperito-
neal administration of ketamine (100 mg/kg) and xylazine
(10 mg/kg)). Skin was prepared by swabbing with Betadine�,
and blood was obtained into heparinized syringes by aortic
puncture.

Isolation of leukocytes followed by exposure to various agents

Heparin-anticoagulated blood (4 ml) from healthy human
volunteers was centrifuged through a two-layer preparation of
Histopaque 1077 and 1119 (Sigma) at 400 � g for 30 min to
isolate monocytes and neutrophils. Murine cells were isolated
from heparinized blood of anesthetized mice as described pre-
viously (43). At the termination of each experiment, leukocyte
viability was determined as trypan blue exclusion using a
Countess automated cell counter (Invitrogen).

All studies were done at room temperature. Isolated leuko-
cytes were suspended in PBS buffer, phosphate-buffered saline
� 1 mM CaCl2, 1.5 mM MgCl2 containing either 5.5, 11, or 20
mM glucose. Where indicated, prior to studies, some murine
cell suspensions were exposed in PBS buffer for 20 h at room
temperature to 0.08 nM small inhibitory (siRNA) following the
manufacturer’s instructions using control siRNA that does not
cause specific degradation of any known cellular mRNA or
siRNA specific for mouse capon, gp91phox, mitochondrial
uncoupling protein 2 (UCP2), type 2 IP3, or apoptosis-
associated Speck protein with CARD domain (ASC). The
degree of protein reduction after these treatments was assessed
by Western blotting. Where indicated, inhibitors were present
in cell suspensions as follows: 5 �M genepin (UCP inhibitor); 1
mM 1400W (NOS-2 inhibitor); 100 �M 2-aminoethoxydiphenyl
borate (IP3 inhibitor); 5 �M GF 109203X (PKC inhibitor); 10 �M

Nox2ds (NOX inhibitor); or 10 �M of the scrambled sequence

control peptide to Nox2ds. In other experiments during incu-
bations but prior to specific studies, cell suspensions were illu-
minated at room temperature for 5 min with a mercury vapor
UV lamp (Blak-Ray B-100A, Ultraviolet Products, Inc., San
Gabriel, CA) following published procedures (13).

Generation of reactive species

After incubation in different glucose concentrations, leuko-
cyte suspensions were prepared with 10 �M 2,7-dihydrodichlo-
rofluorescein-diacetate (DCF-DA), and fluorescence was mon-
itored (492 nm excitation and 530 nm emission) as described
previously (14). Because DCF can autocatalyze its own oxida-
tion (79), in all studies DCF-DA was added immediately prior to
performing the fluorescence assay.

Actin polymerization and NOS activity assays of
permeabilized neutrophils

Neutrophil suspensions were permeabilized using 0.2%
n-octyl-�-glucopyranoside and then exposed to different glu-
cose concentrations. Actin polymerization assessed using pyr-
ene-actin and NOS activity assessed without or with 0.1 �M

1400W (NOS-2 inhibitor) was carried out exactly as described
previously (14).

Cytoskeletal protein associations based on Triton solubility

After exposure to different glucose concentrations, 0.5 mM

DTSP was added to neutrophil suspensions to cross-link sulf-
hydryl-containing proteins within a proximity of 	12 Å follow-
ing published procedures (43). Cell lysates were partitioned
into Triton-soluble G-actin and short F-actin and Triton-insol-
uble protein fractions and subjected to electrophoresis in gra-
dient 4 –15% SDS-polyacrylamide gels followed by Western
blotting as described previously (43).

Cell extract preparation and biotin-switch assay

After different glucose concentrations, neutrophil suspen-
sions were transferred to HEN buffer (250 mM Hepes, pH 7.7, 1
mM EDTA, 0.1 mM neocuproine), lysed, and subjected to the
biotin-switch assay as described previously (43).

Flow cytometry

MPs were analyzed as described in previous publications (75,
80). In brief, flow cytometry was performed with an 8-color,
triple laser MACSQuant� analyzer (Miltenyi Biotec Corp.,
Auburn, CA) using MACSQuantifyTM software version 2.5 to
analyze data. MACSQuant was calibrated every other day with
calibration beads ((Miltenyi Biotec Corp., Auburn, CA). For-
ward and side scatter were set at logarithmic gain. Photomulti-
plier tube voltage and triggers were optimized to detect sub-
micron particles. Micro-beads of three different diameters, 0.3
(Sigma), 1.0, and 3.0 �m (Spherotech, Inc., Lake Forest, IL),
were used for initial settings and before each experiment as an
internal control. Samples were suspended in annexin binding
buffer solution (1:10 v/v in distilled water) (Pharmingen), and
antibodies as listed in supplemental Table 2, with positive stain-
ing determined following the fluorescence-minus-one control
test. All reagents and solutions used for MP analysis were sterile
and filtered (0.1 �m filter). MPs were defined as annexin V-pos-

Hyperglycemia-induced microparticles and inflammasome activation

18320 J. Biol. Chem. (2017) 292(44) 18312–18324

http://www.jbc.org/cgi/content/full/M117.802629/DC1
http://www.jbc.org/cgi/content/full/M117.802629/DC1
http://www.jbc.org/cgi/content/full/M117.802629/DC1
http://www.jbc.org/cgi/content/full/M117.802629/DC1


itive particles with diameters of 0.3–1-�m diameter. In this
way, smaller particles that may include exosomes (�0.1 �m
diameter, an alternative way IL-1� can be packaged for exocy-
tosis (81)) and non-vesicle protein aggregates were excluded.
The concentration of MPs in sample tubes was determined by
MACSQuant� analyzer according to exact volume of solution
from which MPs were analyzed.

IL-1� and IL-18 measurements

Human and mouse-specific IL-1� (eBioscience, San Diego)
and mouse-specific IL-18 (eBioscience, San Diego) ELISA kits
were used to evaluate cytokines in MP samples following the
manufacturer’s instructions. MPs were first prepared the same
as for flow cytometry analysis but were then centrifuged at
100,000 �g for 60 min, and the MP pellets were lysed with 0.3
ml of lysis buffer (20 mM Tris, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 1 mM EDTA, and 0.1% SDS, pH 7.5,
with protease inhibitors mixture (Sigma)). The protein content
of the sample was measured and diluted to 5 mg/ml, and 20 �g
of protein was used in the assays.

Mass spectrometry

Protein identification by mass spectrometry (MS) was per-
formed at the Mass Spectrometry Center, University of Mary-
land School of Pharmacy. Protein bands identified as contain-
ing biotin or nitrotyrosine on Western blottings were excised
from an SDS-polyacrylamide gel, alkylated, and digested by
trypsin and LysC. Tryptic peptides were separated on a Waters
nanoACQUITY UPLC system with an ACQUITY UPLC
M-class CSH C18 column and analyzed on a coupled Orbitrap
Fusion Tribrid mass spectrometer (Thermo Fisher Scientific)
as described by Williamson et al. (82). Tandem mass spectra
were searched against UniProt mouse reference proteome
(M. musculus C57BL/6J, UP000000589) using a SEQUEST HT
algorithm described by Eng et al. (83). Resulting hits were vali-
dated at a maximum false discovery rate of 0.01 using a semi-
supervised machine learning algorithm Percolator developed
by Käll et al. (84).

Confocal microscopy

Isolated neutrophils were placed on fibrinogen-coated glass
slides and incubated at 37 °C for 1 h; followed by fixation with
4% paraformaldehyde at room temperature for 30 min. Cells
were rinsed three times with PBS and then permeabilized and
blocked by incubation for 1 h at room temperature with PBS
containing 0.2% (v/v) Triton X-100, 0.3% (v/v) glycine, 5% (v/v)
normal goat serum, and 5% (v/v) fetal bovine serum. Cells were
then incubated with a 1:50 dilution of anti-capon rabbit mono-
clonal IgG antibody and anti-NOS-2 mouse monoclonal IgG
plus 1:200 Alexa 647-conjugated phalloidin in room tempera-
ture for 2 h. After rinsing three times with PBS, the slides were
incubated with a 1:200 dilutions of Alexa 488-conjugated goat
anti-rabbit IgG and Alexa 647-conjugated goat anti-mouse Ig
for 1 h followed in some studies by counterstaining with 4�,6-
diamidino-2-phenylindole (DAPI).

Images of neutrophils were acquired using a Nikon inverted
stage confocal microscope equipped with a Plan-Apochromat
63/1.4 numerical aperture oil objective. Fluorophore excitation

was provided by 405-, 488- and 633-nm laser lines, and result-
ing fluorescence was separated using 420 – 480-, 505-, and
650-nm bandpass filters.

Statistical analysis

Results are expressed as the mean � S.E. for three or more
independent experiments. Data were compared by analysis of
variance using SigmaStat (Jandel Scientific, San Jose, CA) and
Newman-Keuls post hoc test. The level of statistical signifi-
cance was defined as p � 0.05.

Author contributions—V. M. B., K. Y., W. H., and M. A. K. per-
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