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Abstract
Exposition of neutrophils (polymorphonuclear neutrophils, 
PMNs) to bacterial products triggers exacerbated activation 
of these cells, increasing their harmful effects on host tissues. 
We evaluated the possibility of interfering with the classic 
immune innate responses of human PMNs exposed to bac-
terial endotoxin (lipopolysaccharide, LPS), and further stim-
ulated with bacterial formyl peptide (N-formyl-methionine-
leucine-phenylalanine, fMLP). We showed that the low- 
molecular-weight fucoidan (LMW-Fuc), a polysaccharide  
extracted from brown algae, attenuated the exacerbated ac-
tivation induced by fMLP on LPS-primed PMNs, in vitro, im-
pairing chemotaxis, NET formation, and the pro-survival and 
pro-oxidative effects. LMW-Fuc also inhibited the activation 
of canonical signaling pathways, AKT, bad, p47phox and 

MLC, activated by the exposition of PMN to bacterial prod-
ucts. The activation of PMN by sequential exposure to LPS 
and fMLP induced the release of L-selectin+ microparticles, 
which were able to trigger extracellular reactive oxygen spe-
cies production by fresh PMNs and macrophages. Further-
more, we observed that LMW-Fuc inhibited microparticle re-
lease from activated PMN. In vivo experiments showed that 
circulating PMN-derived microparticles could be detected in 
mice exposed to bacterial products (LPS/fMLP), being down-
regulated in animals treated with LMW-Fuc. The data high-
light the autocrine and paracrine role of pro-inflammatory 
microparticles derived from activated PMN and demon-
strate the anti-inflammatory effects of LMW-Fuc on these 
cells. © 2018 The Author(s)
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Introduction

Polymorphonuclear neutrophils (PMNs) play a cru-
cial role in the control of infectious processes. They are 
recruited and activated in response to pathogen-derived 
products, migrating to the injury site in order to clear mi-
crobes by phagocytosis, releasing cytotoxic agents, and 
further secreting chemokines and other inflammatory 
mediators which act in a positive loop to recruit more 
leukocytes [1].

Several families of adhesion proteins such as selectins 
and integrins are involved in PMN adhesion to endothe-
lia. L-selectin molecules exposed on the surface of PMNs 
and other cell types interact with endothelial carbohy-
drate ligands, reducing the speed of leukocyte circulation 
in the bloodstream, and modulating the cell rolling on the 
inner vascular surface [2]. Interactions mediated by L-
selectin prime neutrophils for the higher-affinity endo-
thelial adhesion events mediated by integrins, which al-
low cell spreading and transendothelial migration [3].

PMNs can be activated by bacterial products like lipo-
polysaccharide (LPS) and N-formyl-methionine-leucine-
phenylalanine (fMLP), which are recognized by their spe-
cific receptors, TLR-4 and FPR-1, respectively [3, 4]. Cell 
activation triggers intracellular signaling pathways able to 
promote the production of reactive oxygen species (ROS) 
that represent one of the main tools for the killing of in-
ternalized pathogens by PMNs. Intracellular ROS can 
also act as signal transduction mediators in different 
physiological and pathological processes [5, 6]. Neverthe-
less, exacerbated PMN stimulation may lead to ROS over-
flow to the extracellular milieu, resulting in tissue dam-
age. Intracellular ROS production can also induce the re-
lease of neutrophil extracellular traps (NET) [7], a net- 
work of fibers containing DNA, histones, and elastase, 
and contribute to microbicidal activity of activated PMNs 
[8]. A number of reports have described that LPS and 
fMLP can induce NET generation [9, 10].

Once activated, PMNs trigger intracellular pro-surviv-
al pathways that halt their constitutive apoptosis pro-
gram, expanding cell lifespan. During an inflammatory 
response, an excessively long PMN apoptosis delay may 
result in further tissue injury, hindering the resolution of 
inflammation and establishing a scenario that ranges 
from acute to chronic inflammation [3]. Thus, pro-in-
flammatory stimuli must be counteracted later during tis-
sue injury, with the mobilization of proteins that initiate 
PMN apoptosis, preventing tissue injury caused by the 
excess of products released by activated PMNs. 

Similar to other eukaryotic cells, activated PMNs re-
lease microparticles from the cellular membrane surface 
through a process known as “ectocytosis” [11]. PMN-de-
rived microparticles can express markers from their pa-
rental cells and may harbor bioactive membrane or cyto-
plasmic molecules that could potentially modulate sev-
eral responses in other cells [12]. Mesri and Altieri [11] 
showed that fMLP induced PMNs to release enriched L-
selectin and phosphatidylserine microparticles. Howev-
er, the contents and function of the microparticles re-
leased by fMLP-treated PMNs have not been fully eluci-
dated.

Fucoidans are a group of natural fucose-enriched sul-
phated polysaccharides that were shown to bind to L-se-
lectin on neutrophils, preventing leukocyte migration to 
inflammatory foci [13]. A low-molecular-weight fucoid-
an (LMW-Fuc) extracted from the brown algae Asco­
phyllum nodosum was described to present negligible  
anticoagulant activity, but potent antithrombotic and 
pro-angiogenic effects, being suggested as potential neo-
vascularization agent [14, 15]. Nevertheless, no studies 
have addressed the specific effects of LMW-Fuc on the 
inflammatory response.

The present study aimed to evaluate the modulatory 
effects of LMW-Fuc on activated PMNs. To mimic the 
pro-inflammatory environment encountered by PMNs 
during bacterial-triggered inflammatory responses [16], 
cells were primed with endotoxin (LPS) and subsequent-
ly stimulated with a bacterial peptide (fMLP). Addition-
ally, we examined the functions of microparticle release 
by activated PMNs, and the effects of LMW-Fuc on this 
process. Thus, we expected to contribute to a better un-
derstanding of the role of the microvesicles released by 
PMN under a sequential activation with bacterial prod-
ucts, and also to highlight the effects of LMW-Fuc on 
these cells.

Material and Methods

Material
Benzamidine, bovine serum albumin, EDTA, fMLP, HEPES, 

leupeptin, LPS, PMSF, and soybean trypsin inhibitor were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). APF, luminol, 
lucigenin, CM-H2DCFDA, and JC1 were obtained from Molecu-
lar Probes (Carlsbad, CA, USA). Dulbecco’s modified Eagle’s 
medium and fetal calf serum were from GIBCO-BRL (Carlsbad, 
CA, USA). The enhanced chemiluminescence system was from 
Pierce Biotechnology (Rockford, IL, USA). Dr. Boisson-Vidal 
(INSERM U1140) obtained LMW-Fuc that had been extracted 
from the brown algae Ascophyllum nodosum, as described previ-
ously [14].
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Data Analysis and Statistical Procedures
Experimental in vitro Model of Neutrophil Treatment
All incubations were performed at 37  ° C, in a 5% CO2 atmo-

sphere.
Experimental groups were as follows. Untreated: RPMI medi-

um alone; LMW-Fuc: LMW-Fuc (10 µg/mL); LPS/fMLP: LPS  
(1 µg/mL) for 5 min and then fMLP (100 nM) stimulation; LPS/
LMW-Fuc/fMLP: LPS (1 µg/mL) for 5 min, LMW-Fuc (10 µg/mL) 
for another 5 min and then fMLP (100 nM) stimulation.

Experimental in vivo model in BALB/c Mice
Sham: Intraperitoneal injection (IP) of saline 0.9%. After 15 

min, intravenous injection (IV) of saline 0.9%. After 15 min (30 
min after time 0), IV of saline 0.9%.

LMW-Fuc: IP of saline 0.9%. After 15 min, IV of LMW-Fuc 25 
µg/g. After 15 min (30 min after time 0), IV of saline 0.9%.

LPS/fMLP: IP of LPS 0.2 µg/g. After 15 min, IV of saline 0.9%. 
After 15 min (30 min after time 0), IV of fMLP 0.0032 µg/g.

LPS/LMW-Fuc/fMLP: IP of LPS 0.2 µg/g. After 15 min, IV of 
LMW-Fuc 25 µg/g. After 15 min (30 min after time 0), IV of fMLP 
0.0032 µg/g. 

After 30 min (60 min considering time 0), the mice were eu-
thanized, and the plasma was collected. All IP injections were per-
formed in a final volume of 0.4 mL, and IV injections were per-
formed in a final volume of 0.2 mL.

Purification of Human Macrophages and PMNs 
Monocytes and PMNs were isolated using a Percoll gradient, 

as previously described [17]. Monocytes were plated and incubat-
ed at 37  ° C in a 5% CO2 atmosphere for 7 days, to differentiate to 
macrophages.

Cell Migration Assay
Neutrophil chemotaxis was evaluated as described [18]. Brief-

ly, chemoattractants (28 µL) were placed in the bottom of a 48-
well modified Boyden chamber (Neuroprobe Inc., Gaithersburg, 
MD, USA) with 5 µm pore-sized polyvinylpyrrolidone-free poly-
carbonate membranes and 50 µL of the neutrophil suspension (5 
× 104 cells/mL) was added to the top chamber. In some groups, 
PMNs were primed with LPS. The chambers were then incubated 
for 1 h at 37  ° C with 5% CO2, after which membranes were re-
moved, fixed, and stained with Diff-Quick staining kit (Laborclin, 
Pinhais, Parana, Brazil). The number of neutrophils that migrated 
to the chemoattractant (LPS or fMLP) in the lower side of the fil-
ter was counted in at least five random fields (×1,000 magnifica-
tion). The results are representative of at least three independent 
experiments performed in triplicate for each sample and are ex-
pressed as mean ± SD of the number of neutrophils per field. Mi-
gration to medium alone (random migration) was used as nega-
tive control.

NET Assay
To evaluate NET formation, PMNs (106 cell/mL) were incu-

bated for 1 h as shown in the section Experimental in vitro Model 
of Neutrophil Treatment. NET formation was assessed by DNA 
quantification and elastase activity analyses. The amount of DNA 
released in the supernatant was quantified using a NanoVue (GE 
Healthcare, Little Chalfont, UK). Elastase activity was monitored 
by fluorescence analysis using an EnVisionTM multilabel plate 
reader (Perkin-Elmer, Waltham, MA, USA) by incubating PMNs 

with the fluorogenic elastase substrate V (Calbiochem; final con-
centration, 50 µM). 

Apoptosis Assays
PMNs (106 cells/mL) were incubated as described in the section 

Experimental in vitro Model of Neutrophil Treatment for 20 h at 
37   ° C. Then, PMN apoptosis was evaluated through: (a) visual 
identification and counting by light microscopy (using an Olym-
pus BX41 microscope; Tokyo, Japan) of cells with pyknotic nuclei 
and decreased cell volume; (b) annexin V-FITC labeling of ex-
posed phosphatidylserine residues (Abcam, Cambridge, UK), fol-
lowed by flow cytometry analysis; (c) mitochondrial transmem-
brane potential assessment by flow cytometry using the JC1 probe 
(10 µg/mL, Molecular Probes), according to the manufacturer’s 
instructions. 

Fluorescence Microscopy
PMNs (106 cells/mL) seeded in 24-well plates (2.5 × 105 cells/

well) were stimulated as described in the section Experimental in 
vitro Model of Neutrophil Treatment and incubated for 30 min. 
Then, cells were fixed for 20 min in 4% paraformaldehyde/4% su-
crose, and then incubated for 2 h with phalloidin-rhodamine in 
PBS (1: 1,000). Coverslips were mounted on slides using a solution 
of 20 mM N-propyl gallate in 80% glycerol in PBS before examina-
tion under an Olympus IX71 fluorescence microscope (Olympus). 
Densitometry analysis was performed (approximately 5 cells/field) 
using the Image Pro PlusTM software (Rockville, MD, USA).

Western Blotting Analysis 
Cell extracts, obtained from neutrophils (106 cells) stimulated 

as explained in the section Experimental in vitro Model of Neutro-
phil Treatment, were submitted to immunoblotting to assess PMN 
protein expression, as described previously [17].

ROS Production
PMNs (105 cells/well) were seeded in 96-well plates and were 

stimulated as described in the section Experimental in vitro Mod-
el of Neutrophil Treatment. For fluorescence assay, cells were 
loaded with 10 µM CM-H2DCFDA or 10 µM APF for 1 h and then 
washed to remove free probe. For luminescence assays, 5 µM luci-
genin or 50 µM luminol probes were added to PMNs. CM-H2DCF-
DA fluorescence was monitored at excitation and emission wave-
lengths of 495 and 530 nm, respectively. APF fluorescence was 
monitored at excitation and emission wavelengths of 490 and 515 
nm, respectively. Lucigenin- or luminol-emitted luminescence 
was measured at intervals of 5 s throughout a period of 1 h. Both 
fluorescence and chemiluminescence were quantified using an En-
Vision® multilabel plate reader (Perkin-Elmer, Waltham, MA, 
USA).

Microparticle Isolation
Microparticles were isolated from plasma obtained from mice 

(section Experimental in vivo Model in BALB/c Mice) or from hu-
man PMNs (106 cells/mL) incubated with different stimuli, as de-
scribed in the section Experimental in vitro Model of Neutrophil 
Treatment. For that, plasma or cell suspensions were subjected to 
2 consecutive rounds of centrifugation at 400 g, to remove any cell 
contamination. Then, supernatants were subjected to ultracentri-
fugation at 100,000 g for 4 h. Microparticle-containing pellets were 
resuspended in annexin V binding buffer, and microparticles were 
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labeled with annexin V for quantification by flow cytometry. A 
control sample containing 1-µm microbeads (Life Technologies, 
Carlsbad, CA, USA) was used to define with appropriate precision 
the gate in the FSC/SSC profile that contained microparticles  
(< 1-µm events), and 10-µm microbeads (different from micropar-
ticles size) were used to estimate the number of microparticles/µL.

Scanning Electron Microscopy Analysis
PMNs (106 cell/mL) were stimulated for 30 min as described in 

the section Experimental in vitro Model of Neutrophil Treatment, 
washed three times with PBS, and fixed for 1 h and post-fixed in 
1% tannic acid followed by 2% osmium tetroxide for 30 min, at 
4  ° C. Samples were washed in water, dehydrated in a graded etha-
nol series, critical-point dried in CO2, and sputter-coated with gold 
(∼5-nm layer). Samples were analyzed in a JEOL JSM 6510 LV 
scanning electron microscope (JEOL, Japan).

Statistical Analysis
Statistical significance was assessed by ANOVA, followed by 

Bonferroni’s t test, and p < 0.05 was considered statistically sig-
nificant.

Results

LMW­Fuc Inhibits PMN Migration and NET 
Formation Triggered by Bacterial Products
As an initial step, we investigated whether LMW-Fuc 

would have effects on PMN functions. At concentrations 
between 1 and 100 µg/mL, LMW-Fuc per se did not induce 
chemotaxis (see online suppl. Fig. S1A; for all online suppl. 
material, see www.karger.com/doi/10.1159/000494220) or 
directly affect any other function in nonstimulated PMNs.

Then, we investigated the possible effects of LMW-Fuc 
on PMN chemotaxis toward classical pro-inflammatory 
chemoattractants, LPS and fMLP. We observed that 
LMW-Fuc inhibited PMN migration induced by LPS or 
fMLP and negatively modulated the strong chemotactic 
effect of fMLP on PMNs previously activated with LPS 

(Fig. 1a). PMN migration is well known to be associated 
with actin cytoskeleton rearrangement [19]. The treat-
ment with LMW-Fuc partially inhibited actin polymer-
ization triggered by fMLP on LPS-stimulated PMNs, in-
terfering with cytoskeleton dynamics (Fig. 1b).

During an exacerbated inflammatory response as oc-
curs in sepsis, bacterial products induce PMNs to release 
large amounts of NETs. Although it is well established 
that LPS and fMLP can induce NET [9, 10], there are no 
studies that had investigated both stimuli. To evaluate 
whether LMW-Fuc could interfere with NET formation 
induced by fMLP in LPS-activated human PMNs, we an-
alyzed the amount of extracellular DNA released and the 
elastase activity in cultures of these cells. We detected po-
tent induction of NET formation by LPS-primed PMNs 
treated with fMLP (Fig. 1c, d). Corroborating the data, we 
confirmed by immunofluorescence microscopy the pres-
ence of histones and elastase in the extracellular medium 
surrounding the stimulated PMNs (Figure S2). NET for-
mation induced by LPS and fMLP was inhibited by treat-
ment with LMW-Fuc (Fig. 1c, d, and see online suppl. Fig. 
S2).

LMW­Fuc Inhibits Apoptosis Protection in Activated 
PMNs
PMNs are committed to a spontaneous apoptosis pro-

gram which is inhibited upon PMN activation. Thus, 
apoptosis delay is considered an indicator of PMN activa-
tion. We evaluated PMN apoptosis after 20 h of treatment 
with LPS/fMLP using three different methodologies: (a) 
morphological alterations; (b) quantification of annexin 
V+ cells; and (c) quantification of the loss of mitochon-
drial transmembrane potential. We observed that LMW-
Fuc, at concentrations between 1 and 100 µg/mL did not 
affect PMN spontaneous apoptosis (see online suppl. Fig. 
S1B). On the other hand, LMW-Fuc impaired the pro-

Fig. 1. Low-molecular-weight fucoidan (LMW-Fuc) inhibits the 
pro-inflammatory effects of activated polymorphonuclear neutro-
phils (PMNs). Human PMNs were left untreated or were incu-
bated with 10 µg/mL LMW-Fuc for 5 min. To evaluate the effect 
of PMN activation on different assays, some samples were primed 
with 1 µg/mL lipopolysaccharide (LPS) for 5 min prior to LMW-
Fuc treatment. All treatments were performed at 37  ° C (in a 5% 
CO2 atmosphere). a For chemotaxis analysis, cells were placed in 
modified Boyden chambers after LMW-Fuc treatment, and PMN 
chemotaxis towards N-formyl-methionine-leucine-phenylalanine 
(fMLP; 100 nM) or LPS (1 µg/mL) was assessed for 1 h at 37  ° C. 
Membranes were stained, and migrating cells were counted by 
light microscopy examination. Results are representative of at least 
five different experiments. b To analyze the dynamics of the actin 

cytoskeleton during PMN activation, LMW-Fuc-treated PMNs 
primed with LPS were treated with 100 nM fMLP. After 30 min at 
37  ° C, PMNs were cytocentrifuged in coverslips and were labeled 
for 2 h with phalloidin-rhodamine. Then, coverslips were washed 
and mounted onto slides, and F-actin fluorescence was analyzed 
by densitometry of light microscopy images. Scale bar: 10 µm. c, d 
To evaluate the formation of neutrophil extracellular traps (NETs) 
by PMNs, LMW-Fuc-treated PMNs primed with LPS were treated 
with 100 nM fMLP. NET formation was estimated by “free” DNA 
quantification using NanoVueTM (c) and by elastase activity analy-
sis (d). Results are representative of three independent experi-
ments. All data are expressed as means ± SDM. * p < 0.05 vs. un-
treated; # p < 0.05 vs. the corresponding group (treated or migrat-
ing towards LPS and/or fMLP) not treated with LMW-Fuc.

(For figure see next page.)
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Fig. 2. Low-molecular-weight fucoidan (LMW-Fuc) inhibits pro-
tection from apoptosis in activated polymorphonuclear neutro-
phils (PMNs). PMNs were left untreated or were incubated with 
10 µg/mL LMW-Fuc for 5 min before one of the following treat-
ments: 1 µg/mL lipopolysaccharide (LPS) for 20 h; 100 nM N-for-
myl-methionine-leucine-phenylalanine (fMLP) for 20 h; or LPS 
priming for 5 min followed by stimulation with fMLP for 20 h 
(LPS/fMLP). Furthermore, PMNs were primed with LPS for 5 min 
before treatment with LMW-Fuc for 5 min, and then stimulated 
with fMLP for 20 h (LPS/LMW-Fuc/fMLP group). All treatments 
were performed at 37  ° C (in a 5% CO2 atmosphere). a PMNs were 
stained with Diff-QuikTM (Dade Behring, Dudingen, Switzerland), 
and apoptotic cells (i.e., those with piknotic nuclei and decreased 

volume) were counted by direct light microscopy observation. The 
results are representative of three to five different experiments. b 
PMNs were fixed and labeled with annexin V and propidium io-
dide (PI) and then analyzed by flow cytometry, to identify apop-
totic cells (annexin V+/PI– and annexin V+/PI+). c PMNs were 
fixed and marked with the JC1 probe to detect apoptosis-related 
loss of mitochondrial membrane potential (i.e., decrease in the ra-
tio of red/green JC1+ cells) by flow cytometry. Results are repre-
sentative of three independent experiments. Data are displayed as 
means ± SDM. * p < 0.05 vs. untreated; # p < 0.05 vs. the corre-
sponding group (treated with LPS and/or fMLP) not treated with 
LMW-Fuc.
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survival effects of LPS, fMLP, or LPS/fMLP treatments, 
increasing PMN apoptosis rates to levels similar to those 
observed in control populations (Fig. 2a–c). 

Apoptotic PMNs are characterized by high expression 
levels of Bad, a proapoptotic member of Bcl-2 protein 
family [17, 20]. In activated PMNs, the delay in the initia-
tion of the apoptotic program is partly due to the activa-
tion of the PI3K-AKT pathway, which promotes Bad 
phosphorylation and degradation, contributing to pro-
long cell survival [17], and modulates cell migration [21]. 
LPS/fMLP treatment induced an increase in AKT phos-
phorylation that was inhibited by LMW-Fuc treatment 
(Fig. 3a). In agreement, we observed that LMW-Fuc treat-
ment not only impaired the degradation of Bad induced 
by the bacterial challenges, but also increased Bad protein 

levels in cells stimulated with LPS/fMLP, after 20 h of 
treatment (Fig. 3b). 

LMW­Fuc Inhibits the Extracellular ROS Production 
Induced by LPS/fMLP
Initially, we observed elevated levels of ROS when 

LPS-primed PMNs were treated with fMLP (Fig. 4a–d). 
Treatment with LMW-Fuc partially inhibited the total 
ROS production (detected by luminol) induced by LPS/
fMLP treatment until 90 min (5,400 s; Fig. 4a). However, 
using more specific molecular tools to distinguish be-
tween intra- and extracellular ROS generation (CM-
H2DCFDA and lucigenin, respectively), we found that 
treatment with LMW-Fuc did not interfere with the in-
crease in intracellular ROS production (Fig. 4b), but com-
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Fig. 3. Low-molecular-weight fucoidan (LMW-Fuc) inhibits pro-
tection from apoptosis in activated polymorphonuclear neutro-
phils (PMNs). PMNs were left untreated or were primed with 1 µg/
mL lipopolysaccharide (LPS) for 5 min followed by stimulation 
with 100 nM N-formyl-methionine-leucine-phenylalanine (fMLP) 
for 15 min (a) or for 20 h (b) (LPS/fMLP). Furthermore, PMNs 
were primed with LPS for 5 min before treatment with 10 µg/mL 
LMW-Fuc for 5 min, and then stimulated with fMLP for 15 min 
(a) or for 20 h (b) (LPS/LMW-Fuc/fMLP group). All treatments 
were performed at 37  ° C (in a 5% CO2 atmosphere). PMN whole 

cell extracts were prepared and subjected to SDS-PAGE and im-
munoblotting for the detection of AKT and phospho-AKT (pAKT; 
a) and Bad and actin (b). Western blotting results were quantified 
by densitometry using ImageJ, after normalization of pAKT and 
Bad levels relative to the loading controls (AKT and actin, respec-
tively). Results are representative of three independent experi-
ments. Data are displayed as means ± SDM. * p < 0.05 vs. untreat-
ed; # p < 0.05 vs. the corresponding group treated with LPS/fMLP 
not treated with LMW-Fuc.
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pletely inhibited the extracellular ROS production in-
duced by LPS/fMLP (Fig. 4c). When we investigated hy-
pochlorous acid production (a MPO derived ROS), 
through APF probe, we observed that LMW-Fuc was able 
to inhibit the LPS/fMLP effect until 60 min, and it caused 
a partial inhibition after this period (Fig. 4d).

In activated PMN, ROS production by NOX2 relies on 
p47phox activation by phosphorylation, and only the phos-
phorylated p47phox is able to translocate to the cell mem-
brane for assembly into NOX2 subunits [22]. LPS/fMLP 
treatment induced p47phox translocation to the cell mem-
brane, and this phenomenon was not inhibited by LMW-
Fuc treatment (Fig. 4e). 

LMW­Fuc Inhibits PMN Microparticle Generation 
Induced by LPS/fMLP
We observed that LPS/fMLP stimulation rapidly re-

duces the expression of L-selectin on PMNs, as detected 
by flow cytometry (see online suppl. Fig. S3). Although 
fucoidans in general are capable of binding to L-selectin 
[23], treatment with LMW-Fuc did not inhibit L-selectin 
shedding from PMNs activated by LPS/fMLP. However, 
we observed that treatment with LMW-Fuc caused a de-
lay in the L-selectin shedding induced by LPS/fMLP (see 
online suppl. Fig. S3).

To investigate whether LMW-Fuc could interfere with 
the production of microparticles by activated PMNs, cell 
membrane alterations were analyzed by scanning elec-
tron microscopy after the treatments with LPS, fMLP, 
and LMW-Fuc. Untreated cells (Fig.  5a) displayed cell 
membrane “blebs” suggestive of constitutive microparti-
cle budding. After 30 min of LPS/fMLP challenge, cells 
displayed membrane ruffles, which are indicative of in-
tense cytoskeletal activity, and a flatter cell surface, sug-
gesting that the stimuli accelerated the release of mic-
roparticles by activated PMNs (Fig. 5a). Treatment with 

LMW-Fuc inhibited LPS/fMLP-induced shape changes 
on PMNs, and maintained the cells displaying surface 
blebs but not membrane ruffles (Fig. 5a). 

Activation of the ROCK (Rho-Kinase)/MLC (Myosin 
Light Chain) pathway has been associated with cytoskel-
eton rupture, vesiculation, and microparticle formation 
[24]. Indeed, stimulation of PMNs with LPS/fMLP in-
creased MLC phosphorylation, and this effect was re-
versed by treatment of LPS/fMLP-stimulated cells with 
LMW-Fuc (Fig. 5b). 

Nolan et al. [25] showed that PMN microparticle pro-
duction occurs from spots in the plasma membrane rich 
in L-selectin. Treatment of PMNs with LPS/fMLP rap-
idly induced L-selectin shedding and also the release of 
annexin V+ microparticles after 30 min of stimulation 
(Fig. 5c). The gating strategy and the scatter plots can be 
observed in online supplementary Figure S4. These mic-
roparticles were also L-selectin+, and positive for the 
PMN marker CD66b (see online suppl. Fig. S5A, B). 
LMW-Fuc treatment significantly inhibited the release of 
microparticles from activated PMNs (Fig. 5c), although it 
did not block L-selectin shedding from these cells at this 
time point (30 min; Fig. S3). Furthermore, the ROCK in-
hibitor Y-27632 also inhibited microparticle production 
from activated PMNs (Fig. 5c), which evidences a role for 
ROCK in the vesiculation process. 

To gain insight into the composition of the micropar-
ticles released by PMNs, the contents of actin, GAPDH, 
tubulin, NOX2 (GP91phox), p47phox, p22, and p67 were 
analyzed by immunoblotting. Among the proteins whose 
presence in microparticles was investigated, only actin 
(present in equal levels in all groups) and p47phox, a NOX2 
cytosolic subunit, were readily detected in microparticles 
generated by LPS/fMLP-treated cells, but not in untreat-
ed cells (Fig. 5d). Apart from reducing microparticle re-
lease, treatment with LMW-Fuc was also able to decrease 

Fig. 4. Low-molecular-weight fucoidan (LMW-Fuc) inhibits ex-
tracellular (but not intracellular) reactive oxygen species (ROS) 
production by activated polymorphonuclear neutrophils (PMNs). 
Human PMNs remained untreated or were treated with 10 µg/mL 
LMW-Fuc (LMW-Fuc group), 1 µg/mL lipopolysaccharide (LPS) 
for 5 min (priming) followed by stimulation with 100 nM N-for-
myl-methionine-leucine-phenylalanine (fMLP) for 90 min (LPS/
fMLP group); or LPS primed, treated with LMW-Fuc, and then 
fMLP-stimulated (LPS/LMW-Fuc/fMLP group). In a, treatment 
with 100 nM phorbol myristate acetate (PMA) was also used as a 
positive control for ROS production. All treatments were per-
formed at 37  ° C (in a 5% CO2 atmosphere). ROS production was 
assessed using three different probes: luminol was used to assess 

total ROS production (a), CM-H2DCFDA (b), lucigenin (c), and 
APF (d). The results are representative of three independent ex-
periments. Data are displayed as means ± SDM. * p < 0.05 vs. un-
treated; # p < 0.05 vs. the corresponding group treated with LPS/
fMLP, but not treated with LMW-Fuc. CPS, luminescence counts/s. 
e After 1 h of treatment, PMNs were lysed and subjected to ultra-
centrifugation at 40,000 g for 1 h. Cytosolic (C; the supernatant) 
and membrane (M; the pellet) fractions (10 µg/lane) were subject-
ed to SDS-PAGE and Western blotting for the expression of 
p47phox, actin (cytosolic load control), and gp91phox (membrane 
load control) proteins. The results are representative of three in-
dependent experiments.
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the levels of p47phox in the microparticles released from 
activated PMNs (Fig. 5d). 

PMN Microparticles Induce Extracellular ROS 
Production in Nonstimulated PMNs and in 
Macrophages
We evaluated whether p47phox-enriched microparti-

cles derived from LPS/fMLP-activated PMNs were capa-
ble of inducing ROS production by other nonstimulated 

PMNs or macrophages. Figure 6 shows that microparti-
cles released by LPS/fMLP-challenged PMNs, but not 
those produced spontaneously by control cells, were ca-
pable of inducing ROS production in freshly harvested 
and untreated PMNs (Fig. 6a). Importantly, ROS produc-
tion induced by stimulated PMN-derived microparticles 
was exclusively extracellular (Fig. 6b), since no intracel-
lular ROS production could be detected in that assay (not 
shown). Their effect on ROS production appeared to be 

Fig. 5. Microparticle (MP) production by activated polymorpho-
nuclear neutrophils (PMNs) is inhibited by low-molecular-weight 
fucoidan (LMW-Fuc). Human PMNs remained untreated or were 
treated with 10 µg/mL LMW-Fuc (LMW-Fuc group), 1 µg/mL li-
popolysaccharide (LPS) for 5 min (priming) followed by stimula-
tion with 100 nM N-formyl-methionine-leucine-phenylalanine 
(fMLP) for 1 h (a and d) or 30 min (b and c) (LPS/fMLP group), 
or LPS primed for 5 min, treated with LMW-Fuc for 5 min, and 
then fMLP-stimulated (LPS/LMW-Fuc/fMLP group) for 30 min 
(a and b) or 1 h (c and d). All treatments were performed at 37  ° C 
(in a 5% CO2 atmosphere). After treatment, PMNs were visualized 
by scanning electron microscopy (a) showing membrane blebs (a, 
b, and d) and membrane ruffles (c). Membrane ruffles are indi-
cated by white arrows. Scale bar: 2 µm. b Whole cell lysates of 

treated PMNs were subjected to SDS-PAGE and immunoblotting 
for the detection of myosin light chain (MLC) and phospho-MLC 
(pMLC). Densitometry of pMLC was performed using ImageJ, 
and results were normalized to MLC levels (loading control). In-
tact cells were removed by centrifugation, and supernatants were 
subjected to ultracentrifugation at 100,000 g for 4 h, to produce a 
pellet containing MP. c MP released by treated PMNs were quan-
tified using flow cytometry after labeling with annexin V. d Puri-
fied MP (1 µg/lane) were subjected to SDS-PAGE and Western 
blotting for the detection of p47phox, a cytosolic subunit of NADPH 
oxidase-2 (NOX-2). Actin is shown as a loading control. Results 
are representative of four independent experiments. b, c Data are 
displayed as means ± SDM. * p < 0.05 vs. untreated; # p < 0.05 vs. 
treatment with LPS/fMLP.
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Fig. 6. Microparticles (MP) secreted by activated polymorphonu-
clear neutrophils (PMNs) induce reactive oxygen species (ROS) 
production in nonstimulated PMNs, which is not inhibited by low-
molecular-weight fucoidan (LMW-Fuc). Nonstimulated “accep-
tor” PMNs were incubated for 30 min at 37  ° C with MP released 
by PMNs that had been treated with 1 µg/mL lipopolysaccharide 
(LPS) and 100 nM N-formyl-methionine-leucine-phenylalanine 
(fMLP) for 1 h. Then, total ROS production (a) and extracellular 
ROS production (b) were analyzed using luminescence assays 
based on luminol or lucigenin, respectively. To evaluate if ROS 

production was dependent on NOX2 activity, acceptor PMNs 
were preincubated with the general NADPH oxidase inhibitor 
(NOX) diphenyleneiodonium (DPI; 10 µM) or with the NADPH 
oxidase-2 (NOX2) inhibitor apocynin (10 µM). Also, some samples 
were pretreated with 10 µg/mL LMW-Fuc for 5 min at 37  ° C. Re-
sults are representative of three independent experiments. Data are 
displayed as means ± SDM. * p < 0.05 vs. untreated not incubated 
with MP; # p < 0.05 vs. corresponding sample not incubated with 
MP. 
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dependent on NOX2 activity, because treatment with two 
different NOX2 inhibitors, the general NOX inhibitor di-
phenyleneiodonium (DPI; 10 µM) and the selective NOX2 
inhibitor apocynin (10 µM), abolished microparticle-in-
duced ROS generation (Fig. 6a, b). Treatment of acceptor 
PMNs with LMW-Fuc did not inhibit microparticle-de-
pendent ROS production (Fig. 6), suggesting that the in-

hibitory effect of LMW-Fuc on ROS production by LPS/
fMLP-stimulated PMNs (shown at Fig. 4a, c) may be due 
to impairment of microparticle formation rather than di-
rect antioxidant activity.

To investigate the putative interaction of those mic-
roparticles with other inflammatory cells, human macro-
phages were stimulated with PMN-derived microparti-
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Fig. 7. Microparticles (MP) from activated polymorphonuclear 
neutrophils (PMNs) induce reactive oxygen species (ROS) pro-
duction in macrophages, which is not inhibited by treatment with 
low-molecular-weight fucoidan (LMW-Fuc). Human monocytes 
isolated from healthy volunteers were plated and allowed to dif-
ferentiate into macrophages for 7 days (at 37  ° C, in 5% CO2). Mac-
rophages were stimulated with MP derived from PMNs treated 
with 1 µg/mL lipopolysaccharide (LPS) and 100 nM N-formyl-
methionine-leucine-phenylalanine (fMLP; activated PMNs) for  
1 h. a Total macrophage ROS production (measured by luminol 
luminescence) was evaluated after 30 min of incubation with MP. 
CPS, luminescence counts/s. b Extracellular ROS production 

(measured by lucigenin luminescence) was evaluated after 30 min 
of incubation. Macrophages were preincubated with the NADPH 
oxidase-2 (NOX2) inhibitor apocynin (10 µM) or with LMW-Fuc 
(10 µg/mL). c, d Macrophages were left untreated, or were pre-
treated with apocynin for 15 min. After pretreatment, cells were 
washed and then incubated with MP derived from activated PMNs 
for 30 min. ROS was measured by lucigenin (c) and luminol (d) 
luminescence. All treatments were performed at 37   ° C (in 5% 
CO2). Results are representative of four independent experiments. 
Data are displayed as means ± SDM. * p < 0.05 vs. untreated not 
incubated with MP; # p < 0.05 vs. treated group incubated with MP.
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cles. The microparticles originating from LPS/fMLP-ac-
tivated PMNs also induced extracellular ROS generation 
by macrophages (Fig. 7a, b). This effect was inhibited by 
apocynin, but not by the treatment of macrophages with 
LMW-Fuc (Fig. 7a, b). Interestingly, when apocynin was 
removed from the medium, the microparticle effect on 
ROS production was restored (Fig.  7c, d), suggesting a 
role for p47phox present in microparticles.

LMW­Fuc Inhibits Microparticle Generation in an 
Endotoxemia Model
To evaluate a possible inhibitory effect in vivo of 

LMW-Fuc on microparticle generation, we established a 
model of endotoxemia in mice treated with both LPS and 
fMLP. For that, animals were injected with LPS, and after 
30 min they were treated with fMLP. After 30 min of the 
last treatment, animals were euthanized, the blood was 
collected and the microparticles were purified from plas-
ma samples. Figure 8 shows that mice treated with LPS/
fMLP presented a greater amount of circulating mic-
roparticles when compared to sham mice. The pre-treat-
ment of LPS-injected animals with LMW-Fuc (15 min 
before the challenge with fMLP, in a similar timing pro-
tocol), inhibited almost completely the effects LPS/fMLP 

on microparticle generation (Fig. 8a). Corroborating our 
in vitro data, we show that microparticles isolated from 
plasma of LPS/fMLP-treated mice were mainly derived 
from PMNs (LY6G), and that the treatment with LMW-
Fuc hindered the release of those PMN-derived mic-
roparticles (Fig. 8b). The gating strategy and the scatter 
plots can be observed in online supplementary Figure S6.

Discussion

In this work we provide new evidence on the anti-in-
flammatory properties of LMW-Fuc. We showed that 
LMW-Fuc was capable of inhibiting key pro-inflamma-
tory activities in PMNs activated by exposure to bacterial 
products (LPS and fMLP). Notably, we also demonstrated 
that pro-inflammatory stimuli induced the release of mi-
croparticles by activated PMNs, which could function as 
paracrine communication agents, inducing extracellular 
ROS production in unstimulated macrophages. The pre-
treatment with LMW-Fuc suppressed microparticle for-
mation in vitro and in vivo by activated PMNs. On the 
other hand, LMW-Fuc did not prevent in vitro micropar-
ticle-induced ROS production. 
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Fig. 8. Microparticle production induced in an endotoxemia mod-
el is inhibited by low-molecular-weight fucoidan (LMW-Fuc). 
Mice were subjected to one of the following treatments: sham (in-
traperitoneal injection [IP] 15 min of saline 0.9% + intravenous 
injection [IV] 15 min of saline 0.9% + IV 30 min of saline 0.9%), 
LMW-Fuc (IP 15 min of saline 0.9% + IV 15 min of LMW-Fuc 25 
µg/g + IV 30 min of saline 0.9%), LPS/fMLP (IP 15 min of LPS 0.2 
µg/g + IV 15 min of saline 0.9% + IV 30 min of fMLP 100 nM) and 
LPS/LMW-Fuc/fMLP (IP 15 min of LPS 0.2 µg/g + IV 15 min of 

LMW-Fuc 25 µg/g + IV 30 min of fMLP 100 nM). After treatment, 
mice were euthanized and the collected plasma was submitted to a 
centrifugation to remove cells and debris, and the supernatant was 
subjected to ultracentrifugation at 100,000 g for 4 h. Microparticles 
in the pellet were quantified by flow cytometry for annexin V+ (a) 
or Ly6G+(b) events, using annexin V and anti-mouse Ly6G-PE 
(Biolegend, cat No. 127607). Results are representative of five in-
dependent experiments. Data are displayed as means ± SDM.  
* p < 0.05 vs. sham; # p < 0.05 vs. treated with LPS/fMLP. 
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We have used a classic model of PMN activation in vi-
tro that, similar to a septic condition, sequentially expose 
cells to bacterial products. Although both agents had 
shown effects when assayed alone, LPS had a weak effect 
on PMN chemotaxis, and fMLP was weak to abrogate cell 
apoptosis and induce ROS production, when compared 
to the LPS/fMLP challenge, used throughout this work. 
Corroborating our strategy, Itakura et al. [26] showed 
that fMLP induced microparticle formation by PMNs 
from systemic inflammatory response syndrome pa-
tients. Supporting the data, we showed that endotoxemia 
induced in mice by LPS/fMLP challenge promoted, in 
vivo the generation, of neutrophil-derived microparticle, 
an effect also inhibited by the treatment of mice with 
LMW-Fuc.

Malhotra et al. [27] showed that fucoidan pretreat-
ment inhibited the effect of LPS priming on PMNs. We 
confirmed these results, showing that treatment with 
LMW-Fuc, before LPS priming, prevented the effect of 
fMLP on PMN migration and the apoptosis delay (see 
online suppl. Fig. S1 C and D). Moreover, we have also 
shown here that LMW-Fuc treatment after LPS challenge 
is also capable of inhibiting the fMLP effect on PMN cy-
toskeleton rearrangement, preventing fMLP stimulation, 
as can be observed in online supplementary Figure S7. 
Supporting this hypothesis, LMW-Fuc also inhibited the 
LPS/fMLP-induced activation of AKT, a key component 
of the canonical PI3K/AKT pathway involved in the  
regulation of actin polymerization and other cytoskele-
ton-associated events [28]. When activated, AKT phos-
phorylates the pro-apoptotic protein Bad, leading to Bad 
degradation [29]. Once committed to a spontaneous 
apoptotic program, PMNs express high levels of pro-
apoptotic proteins and low levels of antiapoptotic mole-
cules. Activation of these cells during inflammation acti-
vates PI3K/AKT pathway, switching to a survival mecha-
nism that includes rapid Bad degradation and slow 
increase in the expression of antiapoptotic proteins [17, 
30]. LMW-Fuc inhibited AKT phosphorylation and im-
paired Bad degradation, interrupting the antiapoptotic 
effect triggered by LPS/fMLP stimulation. These results 
suggest that the pro-apoptotic effect of LMW-Fuc on 
PMNs might involve regulation of the intrinsic apoptotic 
pathway. Thus, LMW-Fuc impairs chemotactic PMN mi-
gration and PMN survival, two important features of 
PMN activation associated with the establishment of 
chronic inflammatory conditions [31].

In many cell types, including PMNs, intracellular ROS 
production modulates different signaling pathways in-
volved in modulation of cellular activation, functions, 

and survival. In PMNs, ROS also exert a crucial microbi-
cidal effect killing, when released inside pathogen-con-
taining phagosomes [6]. However, exacerbated PMN ac-
tivation may lead to excessive ROS generation, with 
“leakage” of ROS to the extracellular environment, which 
is potentially harmful to hosts [32]. The major source of 
ROS in PMNs is the NOX2 system [33]. As expected, 
stimulation by LPS/fMLP induced intra- and extracellu-
lar ROS production by PMNs. LMW-Fuc treatment did 
not impair the intracellular production of ROS. In con-
trast, the release of ROS to extracellular milieu by LPS/
fMLP-treated PMNs was abolished by treatment with 
LMW-Fuc. These results are particularly interesting be-
cause they suggest that treatment with LMW-Fuc could 
prevent tissue injury caused by exacerbated inflammation 
at infection sites, by inhibiting extracellular ROS produc-
tion by activated PMNs, without affecting the intracellu-
lar ROS production. We also tested LMW-Fuc directly in 
a cell-free system and did not detect antioxidant proper-
ties of this polysaccharide (not shown). Furthermore, we 
also observed that although LMW-Fuc did not inhibit 
LPS/fMLP-induced intracellular ROS production, mea-
sured through DCF probe, it was able to inhibit NET gen-
eration. So, when we performed an assay with a more sen-
sitive probe to hypochlorous acid (APF), we observed 
that LMW-Fuc abrogated LPS/fMLP-induced effect on 
its production. This result is in agreement with the litera-
ture, which demonstrated that MPO-derived hypochlo-
rous acid production is essential to NET generation [7].

Cell activation often leads to the release of micropar-
ticles by activated cells [34]. These structures are present 
at high levels in plasma during sepsis [35], and recent 
studies have shown that fMLP is capable of inducing mi-
croparticle formation by PMNs [26, 36, 37]. PMN mic-
roparticles are covered with L-selectin molecules, indicat-
ing that their formation by vesiculation occurs from L-
selectin-rich membrane domains [25]. Here, we showed 
that treatment of PMNs with LPS/fMLP for 1 h induced 
the formation of microparticles that were rich in phos-
phatidylserine (annexin V+) and L-selectin, and that 
LMW-Fuc inhibited microparticle generation by activat-
ed PMNs. 

L-selectin shedding is a known marker of PMN activa-
tion, and fucoidans are able to recognize and bind to L-
selectin [13]. Thus, the inhibitory effects of LMW-Fuc on 
activated PMN function and microparticle formation 
could be related to L-selectin binding. We hypothesized 
that LMW-Fuc binds to L-selectin on the surface of 
PMNs, modifying the arrangement of L-selectin mole-
cules on the cell surface and, consequently, impairing mi-
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croparticle formation by vesiculation. This hypothesis 
seems reasonable, because LMW-Fuc delayed L-selectin 
shedding induced by LPS/fMLP treatment, and unstimu-
lated PMNs treated with LMW-Fuc had equal levels of 
L-selectin when compared to untreated cells. Therefore, 
we propose that LMW-Fuc inhibits microparticle vesicu-
lation induced by LPS/fMLP challenge, but allows the 
shedding of L-selectin not associated with membrane 
ectosomes of activated cells.

These results suggest that LMW-Fuc inhibition of mi-
croparticle formation by vesiculation is a complex event 
which may depend on several protein interactions in 
highly specialized areas of the plasma membrane. We ob-
served that LPS/fMLP induces MLC activation in PMNs, 
and that this effect was abolished when PMNs were treat-
ed with LMW-Fuc. Moreover, pretreatment of PMNs 
with the ROCK inhibitor Y-27632 impaired microparti-
cle generation in LPS/fMLP-challenged cells, indicating 
that the ROCK/MLC pathway is the major route respon-
sible for microparticle formation by PMNs in our model. 
Taken together, these data suggest that the inhibitory ef-
fect of LMW-Fuc on microparticle release by activated 
PMNs results from modulation of the activity of specific 
signaling pathways associated with PMNs activation.

Microparticles have components from their parental 
cell and also share some similar functions with these cells 
[36]. In agreement with these data, we observed that LPS/
fMLP-stimulated PMN microparticles are positive for the 
PMNs marker CD66b+. Microparticle contents also de-
pend on the stimuli responsible for their formation and 
the microenvironment of the parental cell [38–40]. Re-
cently, cell-derived microparticles have been described as 
novel mediators of paracrine communication [41]. Also, 
the presence of functional NOX subunits in microparti-
cles has already been reported [42], and their role as re-
dox-active mediators has been proposed [43]. We showed 
that LPS/fMLP treatment led to the generation of PMN 
microparticles which contain p47phox, a cytosolic NOX2 
subunit, and that these microparticles are also capable of 
inducing ROS production both in PMNs and in macro-
phages not subjected to previous stimulation. Similar to 
neutrophils, macrophages also possess the NOX2 com-
plex machinery, which plays an important role in the in-
flammatory microenvironment [4]. Interestingly, we ob-
served that the effect of microparticles on ROS production 
relies on NOX2 activity in “acceptor” PMNs and macro-
phages (those stimulated with microparticles), since ROS 
production was abolished by the NOX2 inhibitor apocy-
nin. We also showed that p47phox from microparticles is 
involved in its effect on ROS production once we observed 

that when just p47phox from macrophages was inhibited 
(apocynin was removed), the microparticle effect was not 
abolished. These results suggest that PMN microparticles 
may act as autocrine or paracrine stimulators, fusing to 
acceptor cell membranes, which induces microparticle 
p47phox to interact with the cell membrane NOX2 subunit 
GP91phox, culminating in extracellular ROS production 
(Fig. 7). Importantly, although activated-PMN micropar-
ticles induced ROS production in freshly harvested and 
untreated PMNs, the microparticles per se are not capable 
of producing ROS (not shown) since they do not have a 
complete NOX2 machinery.

Dalli et al. [37] described an anti-inflammatory role of 
PMN microparticles released upon fMLP treatment. 
These microparticles contain functionally active annexin 
1, a known lipid mediator of inflammation resolution, 
and are capable of inhibiting cell recruitment when ad-
hered to endothelial cells. The main difference between 
those studies and ours lies in the pre-activation condi-
tions. In our model, LPS priming is responsible for trig-
gering pro-inflammatory signaling in PMNs, inducing 
the translocation of p47phox to the cell membrane. Then, 
further stimulation with fMLP is necessary to promote 
the formation and extrusion of p47phox-enriched mic-
roparticles. We also observed that LPS alone did not in-
duce PMN microparticle generation (not shown). On the 
other hand, fMLP alone induced the production of large 
amounts of PMN microparticles and, in agreement with 
Dalli et al. [36, 37], these microparticles had no effect on 
ROS production by freshly harvested and untreated 
PMNs (not shown). These data reinforce the notion that 
the pro-inflammatory role of PMN microparticles gener-
ated by LPS/fMLP is due to microparticle p47phox content. 
ROS production triggered by ectosomes could be impli-
cated in many inflammatory conditions, and the elucida-
tion of the molecular events responsible for the signaling 
triggered by microparticles might aid in the rational de-
sign of selective anti-inflammation therapies, particularly 
those aiming to control chronic inflammatory disorders.

Conclusion

In conclusion, we show that LMW-Fuc negatively 
modulates the pro-inflammatory functions of activated 
PMNs. The findings showing the ability of microvesicles 
released by LPS/ fMLP-stimulated PMNs to transfer 
p47phox NOX2 subunits to other cells, specially phago-
cytes, are novel data that can be further explored for a 
better understanding of the amplification of a bacterial 
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inflammatory response. Moreover, the data demonstrat-
ing that LMW-Fuc is able to inhibit, both in vitro and in 
vivo, the release of PMN-derived microparticles have 
pointed to a potential target for controlling or modulat-
ing the harmful effects of systemic inflammation associ-
ated with bacterial infections.
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