
Contents lists available at ScienceDirect

Biochemistry and Biophysics Reports

journal homepage: www.elsevier.com/locate/bbrep

Quantitative analysis of hemin-induced neutrophil extracellular trap
formation and effects of hydrogen peroxide on this phenomenon

Ayako Ohbuchia, Mari Konob, Kaihei Kitagawaa, Mariko Takenokuchia, Shion Imotoc,
Katsuyasu Saigoa,⁎

a Faculty of Pharmacological Sciences, Himeji Dokkyo University, 7-2-1 Kamiono, Himeji, Hyogo 670-8524, Japan
b Scientific Research Division, Scientific Affairs, Sysmex Corporation, 1-3-2 Murotani, Nishi-ku, Kobe, Hyogo 651-2241, Japan
c Department of Health Science, Kobe Tokiwa University, 2-6-2 Otani-cho, Nagata-ku, Kobe, Hyogo 653-0838, Japan

A R T I C L E I N F O
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A B S T R A C T

Formation of neutrophil extracellular traps (NETs) can perpetuate sterile inflammation; thus, it is important to
clarify their pathophysiological characteristics. Free heme, derived via hemolysis, is a major contributor to organ
damage, and reportedly induces neutrophil activation as well as reactive oxygen species (ROS) production and
NET formation. For this study, we examined hemin (Fe3+ -protoporphyrin IX)-induced NET formation quanti-
tatively in vitro as well as the effects of oxidative stress.

NETs formed in vitro from cultured neutrophils were quantitatively detected by using nuclease treatment and
Sytox Green, a nucleic acid stain. Hemin-induced NET production was found to be in a dose-dependent manner,
NADPH oxidase-dependent and toll-like receptor (TLR)-4 independent. Additionally, the iron molecule in the
porphyrin ring was considered essential for the formation of NETs. In the presence of low concentrations of
hydrogen peroxide, low concentrations of hemin-induced NETs were enhanced, unlike those of phorbol myr-
istate acetate (PMA)-induced NETs.

Quantitative analysis of NET formation may prove to be a useful tool for investigating NET physiology, and
hemin could function as a possible therapeutic target for hemolysis-related events.

1. Introduction

Neutrophil extracellular traps (NETs) are actively discharged from
activated neutrophils, and are composed of decondensed chromatin
fibers coated with antimicrobial granular and cytoplasmic proteins,
such as myeloperoxidase (MPO), neutrophil elastase, and alpha-de-
fensin [1,2]. Although NETs form to prevent dissemination of patho-
gens [1], excessive release of DNA and DNA-associated proteins can
also perpetuate sterile inflammation as well as lung injury, thrombosis,
sepsis, autoimmune diseases, and metastasis of cancers [2–6].

In addition to damage-associated molecular patterns (DAMPS), free
heme is a major contributor to organ damage induced by sepsis [7] or
hemolysis [8]. Several studies have postulated that free heme activates
human neutrophils and induces reactive oxygen species (ROS)

production [9–11] and NET formation [12,13].
The in vitro method to detect NETs is mainly based on morpholo-

gical observation, but quantitative detection is also important. Released
NETs are quantitatively measurable using nucleic acid staining agents
such as Sytox Green, fluorescent nucleic acid stain [14] or double
strand DNA quantification kit [15], or by means of ELISA detecting
myeloperoxidase and DNA complex [16]. In addition, plasma cell-free
DNA (cfDNA) is reportedly as useful for several pathological conditions
[17,18], while the application of flow cytometric techniques is also
being developed [19]. We employed a nucleic acid quantification
method using Sytox green which has been used for microscopic ob-
servation and identification of NETs [20].

For this study, we evaluated hemin (Fe3+ (ferri)-protoporphyrin
IX)-induced NET formation quantitatively and confirmed its
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concentration-dependency. Moreover, hemin-induced NET formation
was found to increase in the presence of oxidative stress.

2. Methods

2.1. Preparation of neutrophils

Heparinized peripheral blood was collected from healthy volunteers
after obtaining their written informed consent. Neutrophil separation
(> 90% purity) was performed at room temperature (RT) using the
density gradient method with the Polymorphprep separation medium
(Alere Technologies AS, Oslo, Norway). This study was approved by the
Ethics Committee of Himeji Dokkyo University (12-01) and by Sysmex
Corporation (2014-50).

2.2. Quantitative method for detection of NETs

Quantitative analysis was performed using Palmer's method [14]
with partial modification. A 96-well plate was coated with 1% bovine
serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) and incubated over
night at 4 °C. After addition of 0.2 mL of purified neutrophils in RPMI
1640 to each well at a concentration of 0.5×109 cells /L, the cells were
stimulated with hemin, protoporphyrin IX (PP IX, lacking iron from
hemin), phorbol myristate acetate (PMA) or Escherichia coli 0111:B4
lipopolysaccharide (LPS), all from Sigma-Aldrich, for 3 h at 37 °C in
humidified air with 5% CO2. Hydrogen peroxide (Nacalai Tesque,
Kyoto, Japan) was added simultaneously to the samples. After incuba-
tion, nuclease from Staphylococcus aureus (Sigma-Aldrich) treatment at
a final concentration of 1 U/mL was performed for 10 min at 37 °C,
followed by treatment with 2 mM ethylene glycol tetraacetic acid
(EGTA, Sigma-Aldrich) at 4 °C. After being transferred to Eppendorf
tubes, the samples were centrifuged at 1800g for 10 min at 4 °C. Sytox
Green (Molecular Probes, Eugene, OR) was added to 0.17 mL of the
supernatants at a final concentration of 2.9 nM, and fluorescence was
detected at excitation and emission wavelengths of 488 nm and
520 nm, respectively, using ARVO MX (Perkin Elmer, Waltham, MA,
USA). Relative fluorescence was calculated against control.

For the experiments with various inhibitors, 0.01 mM diphenylene
iodonium (DPI), a nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase inhibitor, 0.01 mM Mito TEMPO (a mitochondria-
restricted anti-oxidant), and 1 mg/L polymyxin B (Poly B, an LPS in-
hibitor), all from Sigma-Aldrich, were added to the samples 10 min
before the addition of stimulators.

Following the protocol prescribed by Hussey [21], TAK-242, re-
satorvid, a small molecular inhibitor of Toll-like receptor (TLR)-4 sig-
naling (Chem Scene, Monmouth Junction, NJ, USA) was added at
0.01 mM or 0.03 mM and incubated for 1 h at 37 °C in humidified air
with 5% CO2.

2.3. Morphological observations

Purified neutrophils (1 × 109 cells/L) were suspended in Hanks'
balanced salt solution (HBSS) with 2% heat-inactivated autologous
serum at a concentration of 1×109/L. The cell suspension (250 µL) was
added to 35-mm glass-bottom dishes coated with Poly-L-Lysine (Sigma-
Aldrich), and incubated under the same conditions as for quantitative
analysis. Next, Sytox Green was added at a concentration of 4 nM, and
stained neutrophils were observed under a fluorescence microscope
(TH4-100 Cell Sens; Olympus, Tokyo, Japan).

Immunostaining of NETs with antibodies was performed as de-
scribed previously [15]. Treated neutrophils were fixed with 1% par-
aformaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS) for
1 h at RT. Fixed samples were incubated with anti-MPO mouse mono-
clonal antibody (ab25989; Abcam plc, Bristol, UK) and anti-ci-
trullinated histone H3 rabbit polyclonal antibody (ab5103; Abcam) at a
concentration of 20 mg/L in 1% BSA/PBS for 16 h at 4 °C. Normal

rabbit IgG (sc-2027; Santa Cruz Biotechnology, Santa Crus, TX, USA)
and mouse IgG (x0931; Agilent Technologies, Palo Alto, CA, USA) an-
tibodies were used as negative controls. Following incubation, samples
were washed with 1% BSA in PBS, incubated with Alexa Fluor 633
conjugated anti-mouse IgG (Thermo Fisher Scientific, Waltham, MA,
USA) and Alexa Fluor 488 conjugated anti-rabbit IgG (Thermo Fisher
Scientific) antibodies, each at a concentration of 2 mg/L in 1% BSA in
PBS for 2 h at 4 °C, and observed with a fluorescence microscope system
(TCS SP8; Leica Microsystems, Wetzlar, Germany).

2.4. Flow cytometry (FCM)

For flow cytometric detection of CD11b expression after LPS sti-
mulation monoclonal antibodies to CD11b-conjugated with phycoery-
thrin (anti-CD11b-PE; BD Biosciences, San Jose, CA) were used as
previously described [22]. Briefly, 0.1 mL of heparinized whole blood
was stimulated with 10 ng/mL LPS for 15 min, followed by the addition
of 5 µL of anti-CD11b-PE and incubation for 15 min in the dark at RT.
The samples were then fixed and hemolyzed using 1 mL of FACS Lysing
Solution (BD Biosciences) for 10 min, after which the washed samples
were analyzed by means of FACS Calibur (BD Biosciences) to determine
the mean fluorescence intensity (MFI) of the monocytes.

2.5. Statistical analyses

EZR (Easy R) was used for all statistical analyses [23]. A paired t-test
was employed to compare data from two groups.

3. Results

3.1. Quantitative detection of hemin-induced NETs

Feasibility of quantitative analysis was checked by using lambda
DNA in RPMI 1640, and linearity between 0.0625 ng/mL and 5.0 ng/
mL was confirmed (r２ = 0.994) (Supplemental Fig. 1).

NET formation induced by PMA and hemin is shown in Fig. 1-a and
b, respectively. The NET induced by PMA (0.1–10 nM) and hemin
(1.5–15.3 µM) was dose-dependent. Although we previously demon-
strated that PP IX had a more potent ROS-producing capability than
hemin [11], PP IX did not induce NETs in this case (Fig. 1-b). The
probability of LPS contamination in reagents was unlikely because LPS
alone did not induce NETs under these conditions, and treatment with
polymyxin B did not affect the fluorescence intensity (Fig. 1-c).

3.2. Hemin-induced NETs depend on NADPH oxidase and ROS but not on
TLR-4

NET formation is mediated by several integrated mechanisms
comprising autophagy, ROS production through NADPH oxidase, neu-
trophil elastase, and histone citrullination by peptidylarginine deimi-
nases 4 (PAD4) [24]. For this study, we investigated whether hemin
induced-NETs are ROS- dependent. We found that although DPI in-
hibited NET formation induced by PMA and hemin, Mito-TEMPO in-
hibited only PMA-induced NET formation (Fig. 2-a). Thus, the effect of
hemin on NET formation was shown to be NADPH oxidase-derived
ROS-dependent.

Neutrophils have been found to be activated through TLR-4 by high-
mobility group box-1 (HMGB1) [25], and heme reportedly activates
endothelial cells through TLR-4 [26]. For this study, we investigated the
effects of TLR-4 signaling blockade on hemin-induced NET generation.
The addition of 10 and 30 µM of TAK-242 was found to significantly
inhibit the expression of LPS-induced monocytes CD11b (p<0.01),
indicating the efficacy of TAK-242 action on TLR-4 inhibition
(Supplemental Fig. 2). However, since TAK-242 did not inhibit hemin-
induced NET generation (Fig. 2-b), the NET-producing effects of hemin
were not considered to have been generated through TLR-4 signaling.
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