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Summary

As part of the innate immune response, neutrophils are at the forefront

of defence against infection, resolution of inflammation and wound heal-

ing. They are the most abundant leucocytes in the peripheral blood, have

a short lifespan and an estimated turnover of 1010 to 1011 cells per day.

Neutrophils efficiently clear microbial infections by phagocytosis and by

oxygen-dependent and oxygen-independent mechanisms. In 2004, a new

neutrophil anti-microbial mechanism was described, the release of neutro-

phil extracellular traps (NETs) composed of DNA, histones and anti-

microbial peptides. Several microorganisms, bacterial products, as well as

pharmacological stimuli such as PMA, were shown to induce NETs. Neu-

trophils contain relatively few mitochondria, and derive most of their

energy from glycolysis. In this scenario we aimed to analyse some of the

metabolic requirements for NET formation. Here it is shown that NETs

formation is strictly dependent on glucose and to a lesser extent on gluta-

mine, that Glut-1, glucose uptake, and glycolysis rate increase upon PMA

stimulation, and that NET formation is inhibited by the glycolysis inhibi-

tor, 2-deoxy-glucose, and to a lesser extent by the ATP synthase inhibitor

oligomycin. Moreover, when neutrophils were exposed to PMA in glu-

cose-free medium for 3 hr, they lost their characteristic polymorphic

nuclei but did not release NETs. However, if glucose (but not pyruvate)

was added at this time, NET release took place within minutes, suggesting

that NET formation could be metabolically divided into two phases; the

first, independent from exogenous glucose (chromatin decondensation)

and, the second (NET release), strictly dependent on exogenous glucose

and glycolysis.

Keywords: ATP synthase; cell metabolism; glycolysis; neutrophil extracel-

lular traps; neutrophils.

Introduction

Neutrophils are short-lived cells of the innate immune sys-

tem that mature in the bone marrow, acquiring the ability

to phagocytose and kill microorganisms.1–3 Recently,

neutrophils have also been implicated in immune regula-

tion.4–6 Mature neutrophils are released from the bone

marrow into the bloodstream where they are thought to

last for up to 24 hr. However, if they migrate into tissues,

they may remain functional for at least two additional days,

after which they undergo apoptosis and are cleared by mac-

rophages or dendritic cells, or they return to the bone mar-

row as senescent cells.1,7,8 New data show that the half-life

of neutrophils in circulation is about 5 days.6,9 In any

event, such a short lifespan is compensated by a high

turnover rate estimated to be in the order of 1010 to 1011

neutrophils being replaced every day.10,11

Neutrophils are the first cells to be attracted to infected

or sterile wounded tissues where, in addition to providing

immune protection, they may also contribute to healing

and recovery.12,13 Neutrophils kill bacteria by engulfment

and formation of phagosomes, which fuse with lysosomes

to create phagolysosomes where microbes are killed by

oxidative and non-oxidative mechanisms, such as

enzymes that catalyse the formation of reactive oxygen

and nitrogen species, and the release of proteases, iron-

binding proteins and defensins.13,14

In 2004, a new functional capacity of neutrophils was

identified, the release of neutrophil extracellular traps

(NETs), composed of DNA, histones and microbicidal
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peptides, with the ability to kill some bacterial species.15

Several studies have addressed the possible mechanisms

that account for NETs formation. It has been shown that

PKC-mediated activation of the Raf-Mek-Erk signalling

pathway,16 hyper-citrullination of histones,3,17–20 and the

formation of reactive oxygen species (ROS)21 are required

for this process to take place.

Over the last decade, there has been a renewed interest

in the analysis of the metabolic basis of immune function,

and new physiological links and potential immunoregula-

tory pathways have been uncovered.22–25 In the present

work, we sought to investigate some of the metabolic

requirements for NET formation.

From the metabolic point of view, it is known that

neutrophils contain fewer and less active mitochondria

than other immune cells such as lymphocytes and macro-

phages,26,27 and that they derive their energy mainly from

glycolysis.28,29

Our results, obtained by using conditioned culture

media and metabolic inhibitors, suggest that NET forma-

tion can be divided into two distinguishable metabolic

phases, the latest (NET release) being strictly dependent on

exogenous glucose and glycolysis, so opening the possibility

for metabolism-based regulation of neutrophil function.

Materials and methods

Neutrophil isolation

Neutrophils were isolated from the peripheral blood of

healthy donors (female and male between 20 and 28 years

old) using heparin as anti-coagulant and gradient centrifu-

gation on PolymorphprepTM (Axis-Shield, Oslo, Norway)

(volume/volume, 300 g for 50 min at 25°). The polymor-

phonuclear cell-containing interface was recovered and

washed twice with PBS pH 7�2 (300 g for 5 min at 4°).
Neutrophils were counted, suspended in the indicated cul-

ture medium and used immediately. This protocol was

reviewed by the Institutional (ENCB-IPN) Bioethics Com-

mittee. The purity of neutrophil preparations was assessed

on the basis of size, granularity and CD16 expression,

whereby cells (1 9 106) were labelled with 1 lg/ml rabbit

polyclonal IgG anti-human CD16 (Santa Cruz Biotechnol-

ogy, Dallas, TX) for 30 min at 4° followed by a washing

step with PBS and further labelling with 1 lg/ml polyclonal

FITC-donkey anti-rabbit IgG (Biolegend, San Diego, CA)

for 30 min at 4°. After the last washing with PBS, cells were

fixed with 4% paraformaldehyde and analysed by flow

cytometry (FACScalibur; BD Biosciences, San Jose, CA).

Results are expressed as the percentage of CD16+ cells.

NET formation (fluorescence microscopy)

Neutrophils (3 9 105) were seeded on 16-well Lab-Tek

tissue culture chambers (Thermo Fisher Scientific, Inc.,

Walthman, MA), in RPMI-1640 culture media (In Vitro

SA, Mexico City, Mexico) specifically formulated with

either glucose and glutamine, glutamine and no glucose,

glucose and no glutamine, or no glucose and no gluta-

mine (conditioned media). Neutrophils were stimulated

with either 10, 50 or 100 nM PMA (Sigma, St Louis, MO)

or with 1 lM N-formyl-methionyl-leucyl-phenyl alanine

(fMLP) (Sigma) for 3 hr. In another set of experiments,

cells were stimulated with 100 nM PMA, and incubated at

37° in a 5% CO2 atmosphere for 1 to 5 hr and then fixed

with 4% paraformaldehyde for 15 min, washed twice with

PBS and stained with DAPI (Thermo Fisher Scientific,

Inc.) or with a rabbit polyclonal antibody against H3 his-

tone (Abcam, Cambridge, UK). The cell preparations

were mounted with Vectashield (Vector Labs, Inc., Bur-

lingame, CA) and analysed in an Eclipse E800 fluorescent

microscope (Nikon Instruments Inc., Melville, NY).

In additional experiments, neutrophils were cultured in

glucose-free and glutamine-free RPMI-1640 media, stimu-

lated with PMA (100 nM) for 3 hr and then supplemented

with glucose (4 mM) or pyruvate (2 mM), fixed at 2 and

10 min after glucose or pyruvate addition and then pre-

pared for fluorescent- or electron-microscopy, as indicated.

NET formation (scanning electron microscopy)

Neutrophils (5 9 104) were seeded on glass coverslips

(13 mm diameter) in 24-well culture plates, in each of

the several conditioned media previously mentioned, or

in the presence or absence of the metabolic inhibitors, as

indicated. Neutrophils were then left untreated or stimu-

lated with PMA (100 nM), and cultured for 3 hr at 37° in
a 5% CO2 atmosphere, after which they were fixed with

2�5% glutaraldehyde for 1 hr and then washed three

times with Sorensen PBS. Cells were post-fixed with 1%

OsO4 for 1 hr and then further washed (three times) with

Sorensen PBS. Samples were dehydrated, by using graded

ethanol concentrations, from 30% to absolute ethanol, for

10 min each, plus two additional immersions in absolute

ethanol, for 10 min each. The glass coverslips were dried

to the critical point and covered with gold. The samples

were analysed in a JEOL JEM5800LUV scanning electron

microscope (JEOL Inc., Peabody, MA).

Pharmacological inhibition of glycolysis and ATP syn-
thase

Neutrophils (3 9 105) were seeded on 16-well Lab-Tek

tissue culture chambers (Thermo Fisher Scientific, Inc.),

in RPMI-1640 culture media formulated with glucose

(4 mM) and glutamine (2 mM) and then supplemented

with either 2 mM 2-deoxyglucose (2-DOG) (Sigma-

Aldrich Corp., St. Louis, MO) or 10 lg/ml oligomycin

(Sigma-Aldrich Corp.,) to inhibit glycolysis or ATP syn-

thase, respectively. After 15 min at 37° in a 5% CO2
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atmosphere, PMA was added (100 nM), and the cells were

further incubated for 3 hr and then treated, as previously

indicated, for fluorescent microscopy or electron micros-

copy analyses.

Glut-1 expression

After the indicated treatments, neutrophils were incu-

bated with DyLight 650-labelled rabbit anti-Glut-1 poly-

clonal antibody (Novus Biologicals, Littleton, CO) for

30 min at 4°. After washing, cells were fixed with 4%

paraformaldehyde in PBS. Expression of Glut-1 on the

neutrophil cell membrane was assessed by flow cytometry

(FACS Aria III; BD Biosciences). Raw data were analysed

by FLOWJO 8�7 software (FACS software; Tree Star, Inc.,

Ashland, OR). Mean fluorescence intensity numerical val-

ues were normalized to express results as PMA-induced

fold-change of Glut-1 expression over basal levels (non-

stimulated cells) at each time-point.

Glucose uptake assay

Neutrophils (1 9 106) cultured in serum-free RPMI in

siliconized glass tubes were supplemented with the fluo-

rescent glucose analogue 2-(N-(7-nitrobenzen-2-oxa-1, 3-

diazol-4-yl) amino)-2-deoxyglucose (2-NBDG) (Thermo

Fisher Scientific, Inc.), at a final concentration of

250 lM. Then neutrophils were left untreated or acti-

vated with PMA, and then incubated at 37° for 15, 30,

45, 60, 90, or 120 min; next, they were washed with

PBS and fixed with 4% paraformaldehyde in PBS before

flow cytometry analysis. Raw data were analysed with

FLOWJO 8�7 software (FACS software, Tree Star, Inc.). The

level of emitted fluorescence is indicative of glucose

uptake.

Glycolysis assay (lactate production)

Cell-free supernatants from non-stimulated or PMA-stim-

ulated neutrophils cultured in serum-free RPMI-1640,

were harvested at 1, 2, 3, 4, and 5 hr, and analysed for

lactate content using a lactate assay kit (Abcam). Briefly,

10 ll of each supernatant sample or lactate concentration

standards was incubated with 100 ll of lactate reagent

solution for 10 min, after which the absorbance was mea-

sured at 540 nm in an ELISA plate reader (Labsystems

Diagnostics, Vantaa, Finland). The resulting optical den-

sity (OD) data were transformed into lactate concentra-

tion by means of a standard lactate curve. The glycolytic

rate was calculated by dividing the lactate concentration

at a time-point by the lactate concentration in the previ-

ous time-point, and expressed as the fold-change of lac-

tate production. Finally, the slope of lactate accumulation

was compared between non-stimulated and PMA-acti-

vated neutrophils.

Reactive oxygen species production

The production of intracellular ROS by non-stimulated

and PMA-stimulated neutrophils was measured using the

ROS-specific probe 5- (and-6)-chloromethyl-20, 70-dichlo-
rodihydrofluorescein diacetate, acetyl ester (CM-

H2DCFDA) (Thermo Fisher Scientific Inc.) and flow

cytometry. Neutrophils (1 9 106) were suspended in

500 ll of PBS and then labelled with 20 lM
CM-H2DCFDA for 20 min at 37° in a 5% CO2 atmo-

sphere. Neutrophils were washed with PBS and suspended

in the indicated culture media and incubated at 37°. At
the indicated times, samples were analysed by flow

cytometry (FACScalibur; BD Bioscience) with excitation

at 488 nm and emission at 525 nm. Raw data were analy-

sed with CELLQUEST software (BD Biosciences).

Quantification of NETs

Non-stimulated and PMA-stimulated neutrophils were

stained with DAPI, and fluorescent microscopy images of

the cells were analysed with IMAGEJ software, (NIH,

Bethesda, MD) as described by Papayannopoulos et al.30

Briefly, DAPI signal (cell DNA) area was delineated for

each individual cell (200 cells per condition). The mean

DNA area was obtained from three independent experi-

ments and compared between the different experimental

conditions. DNA area is indicative of the formation of

NETs. Results are represented as cell area (arbitrary units).

Assessment of chromatin decondensation

In addition to DAPI staining, chromatin decondensation

was further assessed by two different approaches. First, by

using the Nuclear-IDTM Green chromatin condensation

detection kit (Enzo Life Sciences, Farmingdale, NY),

whereby 1 9 106 neutrophils per condition (complete

medium, glucose-free and glutamine-free medium, with

or without PMA for 3 hr) were stained following the

manufacturer0s instructions. Briefly, cells were washed

with PBS and centrifuged at 400 g for 5 min, the cell pel-

let was then re-suspended in 200 ll of freshly prepared

assay buffer (provided in the kit) containing the Nuclear-

IDTM Green detection reagent at a final concentration of

2 lM, cells were incubated for 30 min at 4° and then

fixed by adding 200 ll of 4% paraformaldehyde for

analysis by flow cytometry (FACScan; BD Biosciences)

and CELLQUEST software (FACScan; BD Biosciences).

Results are expressed as the percentage of cells with low

mean fluorescence intensity, as indicative of cells that

have undergone chromatin decondensation.

Second, neutrophils treated as previously indicated, were

prepared for transmission electron microscopy as follows:

cells were washed with PBS, fixed with 2�5% glutaraldehyde

(Electron Microscopy Sciences, Fort Washington, PA) in
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PBS, washed three times with PBS, and post-fixed with 1%

OsO4 (Electron Microscopy Sciences) for 2 hr at 4°. Sam-

ples were dehydrated with absolute ethanol (J.T. Baker, Xa-

lostoc, Mexico), embedded in EPON 812 resin (Electron

Microscopy Sciences) and subjected to 60° for 24 hr. Ultra-

thin sections (70 nm) were obtained with a Leica EM UC7

ultramicrotome (Leica, Wetzlar, Germany), contrasted

with uranyl acetate (Sigma) and Reynold’s lead citrate,

and observed with a Jeol JEM1010 electron transmission

microscope (JEOL, Akishima-SHI, Japan), operated at

60 kV.

Statistical analyses

The fold change of Glut-1 expression and glucose uptake

was analysed by a two-way analysis of variance with the

normalized data from the mean fluorescence intensity.

Glycolysis rate was analysed by means of linear regression

and slope assessment, and quantification of NETs, chro-

matin decondensation, and ROS production were analy-

sed by one-way analysis of variance. Analyses were

performed using GRAPHPAD PRISM Software (La Jolla, CA).

Statistical differences were set at P < 0�05.

Results

PMA induces NETs formation

Several microorganisms have been shown to induce NETs

formation3,31 and PMA has been described as one of the

best pharmacological inducers of NETs.32 PMA dose–
response assays were carried out with 10, 50 and 100 nM.

On the basis of our results, PMA at a final concentration of

100 nM was used as an in vitro model of NET formation to

be used in all further metabolic studies (Fig. 1a). Fig-

ure 1(b) shows representative kinetics of NET formation

up to 5 hr post-PMA stimulation in DAPI-stained neu-

trophils. In addition to DNA, NETs also contain elastase,

and histones, among several other proteins.33 So, PMA-

stimulated neutrophils were also labelled with anti-H3 his-

tone antibody to corroborate the formation of NETs. Fig-

ure 1(c) shows that the structures released by neutrophils

in addition to DNA also contain histones and therefore are

NETs. As an additional control we used another well-char-

acterized inducer of NETs (fMLP) at 1 lM (Fig. 1d). Fig-

ure 1(e) shows a representative flow cytometry analysis of

total peripheral blood cells (upper panels) versus polymor-

phprep-enriched neutrophils (lower panels), as assessed by

forward scatter, side scatter and CD16+ cells.

NET formation is dependent on glucose and, to a
lesser extent, on glutamine

As a first approach to analyse the metabolic requirements

for NET formation, several conditioned culture media

were used, i.e. glutamine-free, glucose-free, and glucose-

and glutamine-free RPMI-1640, along with complete

media (glucose and glutamine), as positive control. As

NETs formation was evident 3 hr after PMA stimulation

in most cells, as shown in Fig. 1, the rest of the experi-

ments were carried out at this time-point of the process.

Figure 2(a) shows fluorescent images and scanning elec-

tron microscopy images of non-stimulated and PMA-

stimulated neutrophils at 3 hr post-PMA addition in each

conditioned culture medium. As shown, NET formation

was dependent on glucose. On the other hand, the

absence of glutamine diminished but did not completely

inhibit the formation of NETs. As a way to quantify the

extent of inhibition in the formation of NETs under the

different culture conditions, fluorescence microscopy

images were analysed to determine the DNA area, using

IMAGEJ software, as described elsewhere.30 Figure 2(b)

shows a representative picture of how images were analy-

sed and Fig. 2(c) shows the calculated DNA area (arbi-

trary units) � SD for each condition. A larger area

means the formation of more NETs.

As the formation of NETs is ROS-dependent,21 the

production of ROS was assessed in non-stimulated and

PMA-simulated neutrophils cultured for 1 hr in the dif-

ferent conditioned media, as described (Fig. 1d). For

comparison, base level of ROS (non-stimulated neutroph-

ils at time 0) was given a value of 1, and the fold change

of ROS production for all other conditions was then

calculated.

The formation of NETs is dependent on glycolysis
and to a lesser extent on ATP synthase

After showing that the formation of NETs is dependent on

the presence of glucose in the culture media, we questioned

how this additional glucose is metabolized. To answer this

question, neutrophils were stimulated with PMA for 3 hr

in the presence of 2-DOG (a glycolysis inhibitor) or oligo-

mycin (an ATP synthase inhibitor). Figure 3(a) shows that

oligomycin had little to no effect, whereas 2-DOG inhibited

the formation of NETs almost completely, suggesting that

this is a glycolysis-dependent process in which mitochond-

rially generated ATP (oxidative phosphorylation) is not

required. However, when the formation of NETs was quan-

tified by IMAGEJ analysis (Fig. 3b), the results showed that

oligomycin, although to a lesser extent than 2-DOG, also

inhibited the formation of NETs.

PMA stimulation increases the amount of Glut-1 on
the cell membrane of neutrophils

The formation of NETs requires glucose in the culture

medium, which is then metabolized mainly by glycoly-

sis but also by oxidative phosphorylation (as shown by

the use of 2-DOG and oligomycin). Transporters are
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essential to enable glucose to enter the cell. Short-lived

Glut-1 is one of the glucose transporters that have been

found in neutrophils,34 hence the relative amount of

Glut-1 on the neutrophil cell membrane was assessed

by flow cytometry, in both non-stimulated and PMA-

stimulated neutrophils at different time-points. Fig-

ure 4(a) shows a representative set of flow cytometry

raw data, and the normalized values of Glut-1 content.

PMA (3 hr)

PMA 100 nM

10 nM 50 nM 100 nM

30 min 1 hr 2 hr

3 hr 4 hr 5 hr

20 µm 20 µm 20 µm

20 µm20 µm20 µm
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(a)

(b)

(c) (e)

(d)

Figure 1. Dose–response and kinetics of PMA-

induced neutrophil extracellular trap (NET)

formation. (a) Polymorphprep-enriched neu-

trophils were stimulated with PMA (10, 50 and

100 nM) fixed with 4% paraformaldehyde in

PBS for 15 min, washed with PBS, treated with

DAPI for DNA staining, and then analysed by

fluorescence microscopy (formation of NETs).

(b) Neutrophils were activated with 100 nM

PMA and then at the indicated times post-

PMA (30 min, 1, 2, 3, 4, 5 hr) analysed for the

formation of NETs, Bar = 20 lm. (c) Neu-

trophils stimulated with PMA (100 nM) for

3 hr were fixed with 4% paraformaldehyde and

stained for histones. (d) Neutrophils were

stimulated with 1 lM fMLP, as an additional

control of NET formation. (e) Flow cytometry-

based assessment of neutrophil enrichment by

polymorphprep on the basis of forward

and side scatter and CD16+ cells. Results are

representative of at least three independent

experiments.
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The amount of Glut-1 seemed to be higher in PMA-

stimulated than in non-stimulated neutrophils at all

time-points tested after the addition of PMA. However,

this trait was statistically significant (P < 0�01) only at

90 and 120 min after PMA stimulation.

PMA stimulation increases neutrophils glucose uptake

Glucose uptake was evaluated by means of a fluorescent

glucose analogue (2-NBDG) and flow cytometry.

Figure 4(b) shows a representative experiment of 2-NBDG
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Figure 2. Dose–response and kinetics the for-

mation of neutrophil extracellular traps

(NETs), and reactive oxygen species (ROS)

production. (a) Isolated neutrophils were cul-

tured in specific formulated media (condi-

tioned media), containing: glucose and

glutamine, glucose but no glutamine, gluta-

mine but no glucose, or no glucose and no

glutamine. Cells were left untreated or stimu-

lated with PMA (100 nM) for 3 hr; thereafter,

cells were fixed with 4% paraformaldehyde in

PBS for 15 min, washed with PBS, and stained

for DNA with DAPI. (b and c) DNA area

quantification was performed from fluores-

cence microscopy images using IMAGEJ soft-

ware, to quantify the formation of NETs, as

described in the Materials and methods. (d)

ROS production was determined by CM-

H2DCFDA in non-stimulated and PMA-stimu-

lated neutrophils, cultured in the different con-

ditioned media as shown. Results are from

three independent experiments. Raw data were

analysed by one-way analysis of variance.
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uptake by both non-stimulated and PMA-stimulated neu-

trophils at different time-points, up to 120 min, and the

normalized data, expressed as the fold change. 2-NBDG

uptake significantly increased from the first hour after

PMA addition. In contrast, 2-NBDG was not taken up by

non-stimulated neutrophils.

PMA stimulation increases the glycolytic rate in
neutrophils

Neutrophils (2 9 106) were cultured in medium alone or

stimulated with PMA in 12-well culture plates. Superna-

tants from both cell culture conditions were harvested at

the indicated time-points. The amount of lactate in those

supernatants was measured by means of a colorimetric

lactate kit (Abcam). Optical density data were trans-

formed into amount of lactate (ng/ml) using a lactate

standard curve. The glycolytic rate was calculated by

dividing the amount of lactate at a given time by the

amount of lactate in the previous time-point. Figure 4(c)

shows the glycolytic rate for non-stimulated and for

PMA-stimulated neutrophils. The slope of both lines

shows a statistically significant (P < 0�05) increase in the

glycolytic rate of PMA-stimulated neutrophils, as com-

pared with non-stimulated neutrophils.

Identification of two metabolically distinguishable
phases in the formation of NETs

The experiments with glucose-free medium showed that

upon PMA stimulation, neutrophils lost their characteris-

tic nuclei structure (multiple lobules), becoming more

diffuse and occupying most of the cytoplasm but did not

release NETs (Fig. 2), suggesting that chromatin decon-

densation had taken place. To further explore this find-

ing, treated neutrophils (medium alone versus PMA; and

glucose- and glutamine-containing versus glucose- and

glutamine-free medium) were stained with the Nuclear-

IDTM Green chromatin detection kit (Enzo Life Sciences).

Figure 5(a) shows a representative density plot of cell size

(forward scatter) versus chromatin condensation, and

Fig. 5(b) shows the integrated results from five indepen-

dent experiments. The percentage of neutrophils with

decondensed chromatin increases upon PMA stimulation
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Figure 3. Pharmacological inhibition of glycol-

ysis and to a lesser extent of ATP synthase

inhibits the formation of neutrophil extracellu-

lar traps (NETs). (a) Isolated neutrophils were

cultured in complete RPMI-1640 medium,

incubated with 2-deoxyglucose (2-DOG; a gly-

colysis inhibitor), with oligomycin (an ATP

synthase inhibitor), or medium alone for

15 min at 37°. Thereafter, a set of cells was left

untreated (non-stimulated) and another set of

cells was stimulated with 100 nM PMA. After

3 hr at 37°, the cells were fixed with 4% para-

formaldehyde in PBS for 15 min, washed with

PBS and stained for DNA with DAPI for fluo-

rescence microscopy, or fixed with 2�5% glu-

taraldehyde and treated for scanning electron

microscopy. Images are representative of mul-

tiple microscopic fields from three independent

experiments. (b) Quantification of NET forma-

tion (DNA area) using IMAGEJ software. Data

obtained from IMAGEJ were analysed by one-

way analysis of variance.
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regardless of the culture medium used, and no significant

difference was observed. In addition, neutrophils under

the same culture conditions, as described, were analysed

by transmission electron microscopy. Figure 5(c) shows

condensed chromatin in the non-stimulated neutrophils

and diffuse nuclei and decondensed chromatin in the
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Figure 4. PMA stimulation of neutrophils increases Glut-1 cell membrane expression, glucose uptake and glycolysis rate. (a) Glut-1 expression

was analysed by staining neutrophils with an anti-Glut-1 fluorochrome-labelled monoclonal antibody and flow cytometry, the upper panels depict

a representative set of flow cytometry data and the lower panel depicts the normalized data of Glut-1 cell membrane expression from three inde-

pendent experiments. (b) Glucose uptake was assessed by the uptake of the fluorescent glucose analogue 2-NBDG and flow cytometry. The upper

panels depict a representative set of flow cytometry data, and the lower panel depicts the fold change of glucose uptake, from 15 to 120 min by

non-stimulated and PMA-stimulated neutrophils, as compared with the glucose uptake by non-stimulated neutrophils at 15 min (with a given

value of 1). (c) Glycolytic rate was assessed by measuring the lactate production in the supernatant of cultured neutrophils and dividing the

amount of lactate at one time-point by that in the previous time-point. Glycolytic rate is expressed as the fold change in lactate production.

Depicted is the mean � SD of three independent experiments. Discontinued lines represent linear regression and the slope for each line. Differ-

ences in slopes and, therefore, in glycolytic rate were statistically significant (P < 0�05).
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PMA-stimulated neutrophils, regardless of the presence or

absence of glucose and glutamine in the culture medium.

Together, these findings corroborate that in the absence

of glucose and glutamine, chromatin decondensation can

take place in neutrophils upon PMA activation.

We then wondered what would happen if neutrophils

were stimulated with PMA in glucose- and glutamine-free

medium for 3 hr, and then glucose was added. Would

neutrophils be able to release NETs under these condi-

tions? Such experiments were performed and, in another

set of experiments, pyruvate instead of glucose was

added.

Figure 6(a) shows that the addition of glucose to neu-

trophils previously activated with PMA in glucose-free

medium, for 3 hr, allows for the release of NETs as rap-

idly as 10 min thereafter. In contrast, when pyruvate

instead of glucose was added, no release of NETs was

observed, suggesting that an early phase of PMA-induced

NET formation, lasting 2–3 hr, can take place in the

absence of exogenous glucose (chromatin decondensa-

tion), whereas a second phase (NETs release), lasting only

a few minutes, is dependent on exogenous glucose and

glycolysis. Additional experiments were performed in

which neutrophils were stimulated with PMA in glucose-

and glutamine-free medium for 3 hr and then, cell cul-

tures were supplemented with 2 mM of 2-DOG 10 min

before the addition of 4 mM glucose. Figure 6(b) shows

that the addition of exogenous glucose to neutrophils at

the later stages of PMA activation does not induce the

release of NETs if glycolysis has previously been inhibited.

These findings demonstrate that the last stage for the

release of NETs requires both exogenous glucose and a

functional glycolytic pathway.

Discussion

Neutrophil extracellular traps have been proposed to play

a protective15,35 as well as a pathogenic16,36 role. Obtain-

ing insight into the mechanisms that secure the release of

NETs would help to better understand the physiological

conditions under which neutrophils exert those opposite

roles. In this regard, it is known that some reactive oxy-

gen species,21 the Raf-Mek-Erk signalling pathway,37 and

the hyper-citrullination of histones,3,17–19,38 are required

for the formation of NETs. In this work, we sought to

investigate some of the metabolic requirements for this

process to take place.

Neutrophils are regarded as the first line of defence

against infection; they are the most abundant leucocytes

in the human blood, are short lived, have a high turnover

rate, are able to function in an inflammatory environ-

ment, where oxygen tension is usually low, and have

potent anti-microbial properties, including NETs

release.15,28,39,40 Taking all this into account, PMA-
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Figure 5. PMA activation of neutrophils, even

in the absence of glucose and glutamine,

induces chromatin decondensation. Neutroph-

ils (1 9 106) in glucose- and glutamine-con-

taining medium or in glucose- and glutamine-

free medium were cultured for 3 hr with or

without 100 nM PMA, after which, (a) chro-

matin condensation was assessed using the

Nuclear-IDTM Green chromatin condensation

detection kit and flow cytometry, results are

expressed as the percentage of neutrophils with

decondensed chromatin, and (b) as the fold

change (non-stimulated versus PMA) in the

percentage of neutrophils with decondensed

chromatin for the two culture conditions.

Results are from five independent experiments.

Data were analysed by one-way analysis of var-

iance. (c) Neutrophils were prepared for trans-

mission electron microscopy as described in

the Materials and methods, images are repre-

sentative from multiple microscopic fields from

two independent experiments.
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induced NET formation (Fig. 1) was used as a model sys-

tem to analyse some of the metabolic traits of activated

neutrophils.

Results showed that the formation of NETs is depen-

dent on glucose and, to a lesser extent, on glutamine

(Fig. 2). This would be expected because glucose is one

of the main metabolic substrates and the principal energy

source of neutrophils,41 whereas glutamine accounts for

> 20% of the free amino acid pool in plasma,42,43 and

both have metabolically overlapping functions such as

NADPH production and redox homeostasis.44 In addi-

tion, glutamine supports glutathione biosynthesis, whose

absence favours oxidative damage in some cell types.44–46

The production of ROS, as a requirement for the forma-

tion of NETs21 was confirmed (Fig. 2d).

To analyse how glucose is used, an inhibitor of glycoly-

sis (2-DOG) and an inhibitor of ATP synthase (oligomy-

cin) were used; 2-DOG almost completely inhibited the

formation of NETs whereas oligomycin did so but to a

lesser extent, suggesting that glycolysis was more relevant

than mitochondrially generated ATP for this process

(Fig. 3). The relative amount of Glut-1 on the cell mem-

brane of neutrophils, glucose uptake and the glycolytic

rate (lactate production) were assessed in non-stimulated,

as well as in PMA-stimulated neutrophils, at different

time-points up to 5 hr. Figure 4 shows that all three

parameters were higher in PMA-stimulated than in non-

stimulated neutrophils. Glut-1 expression in neutrophils

was variable among individuals, and although there was an

apparent increase in Glut-1 expression at early time-points

following PMA activation, this increase was only statistically

significant at the latest times tested (90 and 120 min)

(Fig. 4a). Glucose (2-NBDG) uptake was accumulative and

differences between non-stimulated and PMA-stimulated

neutrophils were also more evident at later time-points

(Fig. 4b). The glycolysis rate was also higher in PMA-stim-

ulated neutrophils than in non-stimulated neutrophils

(Fig. 4c), a result that is in keeping with the observed inhi-

bition of NET formation when the glycolysis inhibitor

2-DOG was present in the culture medium (Fig. 3).

Non-stimulated neutrophils maintained for up to 3 hr in

glucose-free or glucose-free and glutamine-free culture

media did not show any morphological alterations indica-

tive of cell damage or cell death (Fig. 2). Cell viability

(> 95%) was confirmed by trypan blue exclusion (data not

shown). This is relevant because it has been shown that

glucose but not glutamine protects neutrophils against

spontaneous apoptosis when cultured for 24 hr or more.40

Fluorescent microscopy analyses showed that in the

absence of glucose or in the presence of a glycolysis inhibi-

Medium
GLU –
GL N –

PMA (3 hr)

PMA (3 hr) PMA (3 hr)
+ GLU 4 mM 2′

PMA (3 hr)
+ GLU 4 mM 10′

PMA (3 hr) + 2-DOG
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+ PYR 2 mM 2′ + PYR 2 mM 10′
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20 µm 20 µm

(a)

(b)

Figure 6. Addition of glucose and to a lesser extent of pyruvate to PMA-stimulated neutrophils in glucose-free medium induces a rapid release

of neutrophil extracellular traps (NETs). (a) Neutrophils were suspended in glucose- and glutamine-free medium and then stimulated with PMA

(100 nM) for 3 hr at 37°. After this time, when no evident release of NETs was observed, 4 mM glucose or 2 mM pyruvate was added. A set of

cells was fixed after 2 min, and another set of cells was fixed after 10 min of glucose or pyruvate addition, with 4% paraformaldehyde in PBS for

15 min, washed with PBS and then treated with DAPI for DNA staining. Cell preparations were analysed by fluorescence microscopy. Images are

representative of multiple microscopic fields from three independent experiments. (b) To test if the release of NETs upon glucose addition to

pre-activated neutrophils in glucose-free medium is due to glycolysis, the glycolysis inhibitor 2-deoxyglucose (2-DOG) was added before glucose.
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tor (2-DOG), PMA-stimulated neutrophils were unable to

release NETs. However, it was also observed that these cells

lost their characteristic nuclear morphology, resembling

cells at earlier stages of NET formation or, chromatin

decondensation (Figs 2 and 3). In this regard, chromatin

decondensation was corroborated by two additional meth-

ods, as shown in Fig. 5. Thereafter, neutrophils cultured in

glucose- and glutamine-free medium were stimulated with

PMA for 3 hr and, then, glucose (4 mM final concentra-

tion) or pyruvate (2 mM final concentration) was added.

Figure 6 shows that under these conditions the release of

NETs takes place within 10 min of glucose addition, con-

firming the dependence on exogenous glucose in this pro-

cess, as previously shown (Fig. 2). In contrast, the

addition of pyruvate had no visible effect. In other cell

types, such as activated lymphocytes, pyruvate enters the

cell and is incorporated into the tricarboxylic acid cycle,

via its conversion to oxaloacetate (by pyruvate carboxyl-

ase) or to acetyl coenzyme A (by pyruvate dehydroge-

nase), so contributing to mitochondrial ATP synthesis.47

This last finding explains in part, why inhibition of ATP

synthase had a smaller effect on NET formation than

inhibition of glycolysis, and shows that neutrophils do

not rely on mitochondrial function for the release of

NETs, even under experimental conditions in which gly-

colysis is bypassed.

Taken together, the results here presented provide evi-

dence on the strict dependence on glucose and glycolysis

for NETs formation. In addition, results show that the

formation of NETs can be divided into two distinguish-

able metabolic phases; an early one, not strictly depen-

dent on exogenous glucose that takes place within a few

hours (chromatin decondensation), and a later one,

strictly dependent on exogenous glucose that takes place

within minutes (NETs release).

There is growing evidence of cross-talk between metab-

olism and immune response both at the cellular and at

the systemic levels,22–25 raising the possibility for metabo-

lism-based immune regulation.23,47,48

Whether NETs formation could be metabolically turned

on and off within specific clinical settings remains to be

analysed, the findings presented here open such a possibility.
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