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dependent free radical generation
and protein adduct formation in neutrophils†

Renuka Ramalingam Manoharan, a Kateřina Zachová, b Marek Buzáš, a

Pavel Posṕıšil, a Michal Křupka b and Ankush Prasad *a

Neutrophils mediate the early innate immune response through extracellular traps comprising intracellular

protein and DNA. These traps play a pivotal role in both immunity against invading pathogens and the

development of immunopathological reactions through the production of reactive oxygen species (ROS).

Proteins serve as the main target for ROS, resulting in the formation of protein adducts. Herein, we

report that the superoxide anion radical (O2c
−) plays a vital role in neutrophil function through sequential

events involving 5-lipoxygenase (5-LOX) and NADPH oxidase (NOX). More specifically, differences in

NOX homologs expression were observed post-stimulation with PMA and LPS. Differentiation conditions

and O2c
− generation were confirmed using flow cytometry. Immunoblotting analysis confirmed the

time-dependent expression of NOX underlying its requirement and 5-LOX-mediated lipid peroxidation

events in neutrophil function. Protein–malondialdehyde (MDA) adducts formed were detected using

immunoblotting, and quercetin was evaluated for its ability to scavenge free radicals through electron

paramagnetic resonance (EPR) spin-trapping spectroscopy and results were confirmed with blotting

analysis. Free radical-mediated protein oxidation events influence neutrophil function and protein

adducts formed serve as markers of neutrophil activation upon infection and inflammation. The study

warrants further corroboration and the study of specific proteins involved in neutrophil activation and

their role in inflammation.
1 Introduction

Neutrophils are terminally differentiated phagocytic cells that
form the rst line of defence against invading pathogens. Being
an essential part of innate immune defence, neutrophils with-
hold a shorter lifespan and are directed towards the site of
infection, inammation, or damage caused by cytokines.1

Neutrophils employ a wide range of defence strategies, which
include phagocytosis (engulngmicrobes within a phagosome),
degranulation (fusion of granules with the phagosome and
release of antimicrobial peptides and enzymes), and recently
reported neutrophil extracellular trap formation (NETs) by
a process called NETosis.2 NETs are characterized as web-like
structures consisting of long threads of DNA decorated with
cytoplasmic and nuclear proteins, namely myeloperoxidase
(MPO), neutrophil elastase (NE), histones, and cathepsin G.
Although the molecular events underlying the formation of
NETs are not yet completely known, recent studies support the
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involvement of various cellular processes, including reactive
oxygen species (ROS) formation, autophagy, and histone cit-
rullination.3 NETs are considered a ‘double-edged sword’ as
they are reported to be involved in both inammation resolu-
tion4 through innate immune defence mechanisms, as well as
excessive formation or reduced clearance aer resolution that
contribute to various diseased conditions.5–7 The formation of
NETs can be achieved by various physiological stimuli, such as
recognition of bacteria (lipopolysaccharide) and molecular
motifs of other pathogens (fungi, protozoan, parasites, and
viruses) or specic cytokines such as interleukin 8 (IL-8),
Tumour Necrosis Factor-alpha (TNF-a) and pharmacological
stimuli such as phorbol 12-myristate 13-acetate (PMA), potas-
sium, and calcium ionophores can induce the formation of
NETs. Two different forms of NETosis have been described,
which include classical or suicidal NETosis leading to cell death
and vital NETosis wherein the cells retain their viability and
effector functions.8 The nature of stimulation decides the
NETosis process; thus PMA induces suicidal NETosis and
microbial-specic molecular patterns recognised by toll-like
receptors mediate vital NETosis.9

The formation of these extracellular traps was reported to be
a novel antimicrobial mechanism used by neutrophils to kill
invading pathogens, and it depends on ROS generation by
NADPH oxidase.10 The involvement of ROS in NETs release is of
RSC Adv., 2024, 14, 24765–24780 | 24765
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apparent interest in recent times. These radical species are
either generated as by-products of redox reactions in various
cellular compartments, including mitochondria, peroxisomes,
and the endoplasmic reticulum, or through oxidases and oxy-
genase enzyme functions. NADPH oxidase (NOX) enzymes are
known to be associated with respiratory burst events of
phagocytes; thus once activated, NOX transfers electrons from
the cytoplasm across the membrane wherein one-electron
reduction of molecular oxygen generates the superoxide anion
radical (O2c

−), which gets dismutated into hydrogen peroxide
(H2O2), either spontaneously or by superoxide dismutase (SOD).
Myeloperoxidase (MPO) catalyzes the further formation of
hypochlorous acid (HOCl). The presence of transition metals
like Fe2+ mediates the formation of a highly reactive hydroxyl
radical (HOc) by the Fenton reaction.9 Detection of these ROS
species is highly essential as early detection of changes in these
ROS levels within cellular environment are considered to be
essential for pathological studies and disease diagnosis. Tech-
niques including EPR spectroscopy, mass spectrometry, and
high performance liquid chromatography (HPLC) were
employed for ROS detection; however, these techniques pose
various limitations due to intrinsic properties of ROS, it diffu-
sion rate, and site of generation. Recently, techniques involving
uorescence and electrochemical methods with high selectivity
and sensitivity have been employed. More specically, the role
of scanning electrochemical microscopy in investigating the
redox status of healthy and diseased condition remains a valu-
able tool for the redox process with enhanced sensitivity.10 ROS
produced by NOX enzymes activates MPO and azurophilic
granules resulting in NE release into the cytosol. NE disrupts
plasma membrane integrity and, upon translocation into the
nucleus, cleaves histones promoting chromatin decondensa-
tion. Peptidylarginine deiminase 4 (PAD 4) mediated citrulli-
nation of H3 histones and decondensation of chromatin along
with NE.11 Among the seven reported NOX isoforms, NOX 2 and
NOX 4 expressions varied with the severity of inammation. The
role of NOX 4 in extracellular neutrophil extracellular formation
is largely unknown, and studies focusing on NOX4-dependent
NET formation in neutrophils are essential. On the other
hand, generated ROS (O2c

− and HOc) can initiate lipid perox-
idation by attacking polyunsaturated fatty acids (PUFAs) where
free radicals mediate hydrogen abstraction from carbon and
insert molecular oxygen, resulting in the formation of lipid
peroxyl radicals (LOOc) which abstract other hydrogen atoms
forming hydroperoxides (LOOH) as primary products of lipid
peroxidation. The lipid hydroperoxides decompose further,
resulting in the formation of reactive aldehydes as secondary
products, namely 4-hydroxynonenal (HNE) and malondialde-
hyde (MDA). Protein carbonylation results as a consequence of
the covalent attachment of these electrophilic aldehydes to the
lysine, histidine and cysteine residues or by direct interaction
with HOCl and chloramines.12 Lipoxygenases (LOXs) mediate
the formation of LOOH and are proposed to be the key regulator
enzymes mediating pro-inammatory and anti-inammatory
responses. Among the six reported human LOXs, the expres-
sion of 5-LOX is predominant in leukocytes that catalyze
leukotrienes (LTs) biosynthesis, a group of lipid mediators of
24766 | RSC Adv., 2024, 14, 24765–24780
inammation derived from arachidonic acid (AA).13 These lipid
mediators promote neutrophil migration to the site of inam-
mation. Deciphering the role of NOX 4 and 5-LOX will help to
understand ROS-dependent neutrophil extracellular trap
formation during sterile and diseased inammation
conditions.

Investigations of free radical-mediated protein modication
in activated neutrophils are limited, so the identication of
susceptible protein targets that undergo oxidative modication
will serve as a marker to distinguish the NETosis process
involved, as well as neutrophil activation during infection and
inammation. Thus, the present study aims at understanding
the lipid peroxidation-mediated protein oxidation events in
neutrophil extracellular trap formation and the detection of free
radical adducts using the immuno-spin trapping technique.
With an average half-life of 6–8 h in the bloodstream and a lack
of ability to proliferate, it is impossible to expand the neutrophil
in vitro. Thus, HL-60 has been used as the most commonly used
cell line model for neutrophil research. All-trans retinoic acid
(ATRA), dimethylformamide (DMF), dimethyl sulfoxide (DMSO)
and actinomycin D have been reported to induce differentiation
of HL-60 into neutrophil-like cells.14 Flavonoids with their
antioxidant capabilities and ability to modulate protein targets
involved in the cell proliferation and cell death pathways are of
much interest.14 Quercetin, a major dietary avonoid, remains
an integral part of the human diet, and its benecial role in
health is supported by various epidemiological data.15 These
compounds have been reported to act as antioxidant and thus
enhance immune functions both in vitro and in vivo.16–18 It exerts
its anti-inammatory activity by regulating the expression of
pro-inammatory factors, namely interleukin-6 (IL-6). Thus, the
effect of quercetin on neutrophils stimulated for NETs forma-
tion was considered. In this study, protein carbonylation events
in neutrophils stimulated for NETosis were analyzed, and
protein targets undergoing MDA adduct formation were iden-
tied using malondialdehyde-specic antibodies. Both NETosis
and protein carbonylation events are dependent on NOX and
LOX activity, and inhibitor studies revealed the involvement of
free radical-generated oxidation products in neutrophil
function.

2 Materials and methods
2.1 Reagents

All-trans-retinoic acid (ATRA), PMA, lipopolysaccharide (LPS)
from E. coli O111:B4, dihydroethidium (DHE) and dieth-
ylenediamine pentaacetic acid (DTPA) were procured from
Sigma Aldrich (St. Louis, Missouri, USA). MTT Cell Proliferation
Assay Kit, Rabbit polyclonal NOX4 antibody, rabbit polyclonal
anti-malondialdehyde (MDA) antibody, and rabbit monoclonal
anti-5 lipoxygenase antibody were obtained from Abcam
(Cambridge, UK). CD11b Monoclonal Antibody (M1/70), FITC,
and FVD-eFluor405 were purchased from eBioscience, Thermo
Scientic (Massachusetts, USA). The FITC Annexin V/Dead cell
Apoptosis Kit was obtained from Invitrogen, Thermo Scientic
(Massachusetts, USA). NOX2 polyclonal antibody, Histone H3.3
polyclonal antibody, Mouse monoclonal CD63 antibody, MPO
© 2024 The Author(s). Published by the Royal Society of Chemistry
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polyclonal antibody, Goat polyclonal HRP-conjugated Affini-
pure Goat Anti-Mouse IgG(H + L) and HRP-conjugated Affini-
pure Goat Anti-Rabbit IgG (H + L) were purchased from
Proteintech (Martinsried, GmbH Germany). Protease and
phosphatase inhibitors were received from Roche (Mannheim,
Germany). 1-Hydroxy-3-carboxy-pyrrolidine (CPH). Hydrochlo-
ride was purchased from Enzo Life Sciences (New York, USA).
Cell culture media and antibiotics were procured from Biosera
(Nuaille, France).

2.2 Cell culture and differentiation conditions

The HL-60 cell line was purchased from American Type Culture
Collection (ATCC; Rockville, Maryland, USA) and cultured in
RPMI 1640 medium supplemented with 10% fetal bovine
serum, 1% penicillin–streptomycin solution (v/v). Cells were
passaged twice a week and maintained in a humidied atmo-
sphere of 5% CO2 at 37 °C. HL-60 cells were seeded at 0.5 × 106

mL−1 in complete media for experimentation and differentiated
with ATRA (0.5 mM) for three days. Cell viability followed by
treatment with inducers (PMA, LPS, and ATRA) was determined
by the MTT assay.

2.3 Flow cytometric analysis

Cell differentiation was assessed by evaluating the expression of
surface CDmarkers using an SP6800 spectral cell analyzer (Sony
Biotechnology, San Jose, California, USA) equipped with
405 nm, 488 nm and 637 nm lasers. The surface expression of
CD11b, a neutrophil surface marker, was evaluated to investi-
gate the differentiation efficacy and the FITC Annexin V
Apoptosis Detection Kit was used to determine the viability of
differentiated cells using a SP6800 spectral cell analyzer. For the
analysis of CD11b, cells were collected and subjected to
centrifugation at 250g for 5 min at RT and the pellets were
resuspended in 1× DPBS (Dulbecco's phosphate buffered
saline). The washing procedure was repeated twice to remove
residual media. The resulting pellets were resuspended in 1×
DPBS solution containing 5% FBS, viability dye (0.5 mL) FVD-
eFluor450 (eBioscience, San Diego, California, USA) and FITC-
labeled CD11b monoclonal antibody (5 mL). The mixture was
incubated in the dark for 30 min and centrifuged at 250g for
5 min to collect cell pellets. The pellets were washed twice with
1× DPBS to remove unbound antibodies and 200 mL of the
sample was subjected to analysis. The expression of the CD11b
marker was evaluated for a week to optimize the differentiation
condition.

Similarly, the identication of apoptotic and necrotic cells
was achieved by the FITC Annexin V Apoptosis Detection Kit
with propidium iodide (PI). Cell pellets washed with 1× DPBS
were resuspended in Annexin V Binding Buffer at 0.5× 107 cells
per mL. 100 mL of resuspended mixture was transferred into
ow cytometry tubes and incubated for 15 min at RT in the dark
along with 5 mL of Annexin V and 10 mL PI solution. Post
incubation, 400 mL of Annexin V Binding Buffer was added to
the mixture and subjected to ow cytometry analysis. Data were
analyzed with FlowJo soware (Becton Dickinson, Franklin
Lakes, New Jersey, USA).
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4 Neutrophil differentiation and stimulation

Differentiated neutrophils were seeded at 2–5 × 104 cells per
well in six-well plates and allowed to settle for 30 min at 37 °C,
5% CO2 in the absence or presence of inhibitors. Following
incubation, cells were stimulated with 50 nM PMA or 100 ng
mL−1 LPS for 3 h in serum-free RPMI media.19,20 Samples were
collected at two time intervals of 1.5 and 3 hours and subjected
to further experimental studies. Unstimulated cells serve as
a control for further experiments. Quercetin and apocynin were
used as inhibitors at a concentration of 20 mM and 100 mM
respectively.21,22
2.5 Detection of intracellular superoxide anion radicals by
ow cytometry and electron paramagnetic resonance
spectroscopy

Retinoic acid differentiated neutrophils were centrifuged at
250g for 5 min and the cell suspension was prepared in 1× PBS.
DHE-based detection of intracellular O2c

− was carried out using
ow cytometry23 wherein RA-differentiated neutrophils were
resuspended in 1× PBS and incubated at 37 °C with 5 mM DHE
and respective stimulus for 30 min in the dark. Data were
collected using an SP6800 spectral cell analyzer and analyzed
using FlowJo soware. 30 mMDHE stock solution was prepared
in DMSO.

Cell permeable spin probe CPH was employed to study the
O2c

− generation within stimulated neutrophils. As mentioned
by,24 the samples were prepared with slight modications as
described below. 0.5 M CPH stock solution was prepared in 1×
PBS. The stock solution was diluted to a working concentration
of 0.5 mM in 1× PBS along with metal chelator DTPA (1 mM).
PMA and LPS-stimulated cells were collected at 250g for 5 min
and washed twice with PBS. Washed pellets were collected in 1×
PBS containing 1 mM DTPA (pH 7.4) and subjected to centri-
fugation. The resulting pellet was resuspended in PBS + DTPA
solution containing a 0.25 mM CPH probe. Samples were
collected at regular time intervals and were kept at 37 °C.
Sample tubes are gently mixed at regular intervals to avoid cell
settlement at the bottom. ROS production in stimulated
samples was analyzed in comparison to that in unstimulated
samples. Apocynin and quercetin were employed as inhibitors
to evaluate the NOX requirement for extracellular trap forma-
tion. The measurements were done using the following EPR
parameters: 10 mW microwave power, 1 G modulation ampli-
tude, 100 kHz modulation frequency, 100 G sweep width, and
1.62 G s−1 scan rate.
2.6 Detection of MDA protein adducts and inammatory
response by immunoblotting analysis

Based on the protocol outlined by Handzlik and co-workers,
whole cell protein lysate for western blot analysis was
prepared.25 Post-stimulation, samples were collected at two
different intervals (1.5 h and 3 h). Samples were washed twice
with 1× PBS to remove residual media and pellets were resus-
pended in Radio-Immunoprecipitation Assay (RIPA) buffer
supplemented with protease inhibitor. Cell lysis was achieved
RSC Adv., 2024, 14, 24765–24780 | 24767

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02739f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
3:

09
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
by sonication and the whole cell lysate containing supernatant
was collected by centrifugation at 12 000g for 20 min. Before
SDS PAGE electrophoresis, sample concentrations was quanti-
ed by bicinchoninic acid (BCA) assay. An equal concentration
of samples was prepared with 5× Laemeli buffer and boiled for
10 min at 70 °C. Followed by centrifugation, the protein
supernatant was loaded onto 10% SDS-PAGE, separated and
transferred onto a nitrocellulose membrane. 5% BSA prepared
in 1× tris-buffered saline – Tween 20 (TBST) was used to block
the membranes for 2 h at RT. Blocked membranes were incu-
bated with primary antibodies [anti-MDA (1 : 5000)/anti-5-LOX
(1 : 2000)/CD63 (1 : 5000)/histone H3.3 (1 : 2000)] overnight at
4 °C and subsequently with HRP conjugated anti-mouse or anti-
rabbit secondary antibodies (1 : 10 000) for 1 h at RT. b-actin (1 :
1000) antibodies were used as a control to evaluate the expres-
sion of target genes. Densitometric analysis was performed
using ImageJ soware (National Institute of Health, Maryland,
USA).

2.7 Evaluation of NOX2 and NOX4 expression by
immunoblotting analysis

Western blot analysis was performed to study the difference in
NOX2 and NOX4 protein expression along with neutrophil
function. To achieve this, samples were prepared as mentioned
above and membranes were incubated overnight using anti-
NOX2 and anti-NOX4 antibodies at a dilution of 1 : 5000 in 5%
BSA prepared in 1× TBST. Proteins were detected by goat anti-
rabbit secondary antibody. Incubation with antibody for b-actin
(1 : 5000) acted as an internal loading control andwas detected by
rabbit anti-mouse secondary antibodies (1 : 10 000). Quantitative
analysis of the blots was performed using ImageJ soware.

2.8 Statistical analysis

Quantitative data are expressed as mean ± standard deviations
determined from duplicates and P values < 0.05 were considered
statistically signicant. Statistical analysis and data evaluation
were performed using Multiplot (Magnettech GmbH – Berlin,
Germany), GraphPad Prism and Origin Lab (version 8.5.1).

3 Results
3.1 ATRA-mediated differentiation of HL60 into neutrophil
and stimulation for trap formation

Differentiation protocol varies between studies reported so
far;26,27 thus the present study aims to determine an optimized
differentiation protocol with enhanced neutrophil expression
marker levels along with cell viability. 0.5 mM of ATRA was used
to differentiate HL-60 cells into neutrophils and the differenti-
ation efficacy was analyzed based on CD11b expression,
a neutrophil surface marker. Expression of CD11b was observed
to be evident between three to ve days and started to decline at
the end of the seventh day (Fig. 1A and B). Based on these
results, an optimized differentiation condition of three days (72
h) was employed to achieve neutrophil-like cells for further
experimentation. Additionally, the expression of the CD14
marker was evaluated and found to be negative post-
24768 | RSC Adv., 2024, 14, 24765–24780
differentiation with ATRA, which conrms the neutrophil-like
characteristics of differentiated HL-60 cells (ESI 1†). Fig. 1C
represents CD11b expression post-differentiation with RA
measured on alternate days for a week. Expression of CD11b
markers was retained post-stimulation for NETosis with PMA
and LPS (Fig. 1D). Neutrophils were evaluated for their differ-
entiation states, namely live, apoptotic and dead cells post
differentiation with ATRA 72 h and stimulation with PMA and
LPS for 3 h. The expression of CD63 and MPO (ESI 2†) conrms
MPO derived ROS produced within neutrophils mediates lipid
peroxidation and protein adduct formation.

3.2 Detection of intracellular ROS formation by ow
cytometry and EPR

DHE in the presence of superoxide anion radical (O2c
−)

undergoes further oxidation resulting in the formation of red
uorescent product 2-hydroxy-ethidium (2OH-Et+) with
a distinct excitation wavelength. The generated product 2OH-
Et+ has specic spectral properties with an excitation peak
around 400 nm and emission peak at 580 nm which has been
utilized to measure and quantify intracellular O2c

− generation
in neutrophils using ow cytometry. From Fig. 2, it is evident
stimulation of neutrophils with PMA (Fig. 2A) and LPS (Fig. 2B)
induces O2c

− production. Measurements were carried out in
triplicates and the mean uorescence intensity for the experi-
mental condition was presented in Fig. 2C.

The results were further validated wherein O2c
− formation in

stimulated neutrophils was monitored using cyclic hydroxyl-
amine spin probe CPH by EPR spectroscopy. Cyclic hydroxyl-
amine spin probe reacts with O2c

− to form stable nitroxide
radical. Inhibitors namely Apocynin (NOX inhibitor) and
Quercetin (as an antioxidant) were added 30 min before stim-
ulation to evaluate ROS role in neutrophil stimulation.
Following collection and washes, cells were resuspended in PBS
solution containing 0.5 mM CPH and 1 mM DTPA with a cell
concentration ranging from 0.1–0.5 × 106 cells per mL. Differ-
entiation of HL-60 with ATRA resulted in the generation of O2c

−

which reacts with CPH, forming the stable nitroxide radical 3-
carboxy-2,2,5,5-tetramethylpyrrolidine 1-oxyl (CPc) (Fig. 3A).
Post stimulation with PMA and LPS, a two-fold increase in the
CPc was observed compared to unstimulated neutrophils. The
efficacy of NETs formation correlates with the intracellular ROS
production by NOX. Thus, the addition of Apocynin, a known
inhibitor of NOX prior to stimulation reduced the adduct
formation with both PMA and LPS-treated samples. Similarly,
the addition of quercetin reduced CPc formation conrming its
antioxidant activity (Fig. 3B and C). Results from this study
underlie activating O2c

− generation aids in neutrophil differ-
entiation and activation to form extracellular traps. Experi-
ments were carried out in duplicates and a bar graph
representing ± SD values was included as Fig. 3D.

3.3 Detection of lipid peroxidation-induced protein adducts
formation during NETosis

Lipoxygenase (LOX) are involved in the oxidation of PUFA
resulting in the production of O2c

− which mediates further
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 ATRA-mediated differentiation of HL-60 cells into neutrophil. Evaluation of CD11b expression (A) post differentiation with ATRA from days
0–7 followed by (B) stimulation with PMA and LPS for 3 h; (C) and (D) represent bar graphs with values expressed as mean ± SD calculated from
two independent experiments; the results obtained were statistically significant (****P # 0.0001).
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signaling events involving neutrophil differentiation and acti-
vation. The expression of 5-LOX has been evaluated under
treatment conditions. In comparison to control, PMA
© 2024 The Author(s). Published by the Royal Society of Chemistry
stimulation (Fig. 4A) enhances 5-LOX expression with a period
of 1.5 h and gradually decreases at 3 h, whereas, with LPS, 5-
LOX expression enhances and remains the same aer 1.5 and
RSC Adv., 2024, 14, 24765–24780 | 24769
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Fig. 2 Intracellular O2c
− detection using flow cytometry. Utilization of DHE to detect O2c

− generation in neutrophils post-stimulation with (A)
PMA and (B) LPS. Measurements were carried out in triplicates, (C) represent bar graphs with values expressed as mean ± SD calculated from
three independent experiments; the results obtained were statistically significant (****P # 0.0001).
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3 h (Fig. 4C). Quantication of protein band intensities was
performed using ImageJ soware and presented as a Densito-
gram as a right panel for both the blots (Fig. 4B and D). The
expression of 5-LOX conrms its sequential activation in
response to inammatory stimuli underlying neutrophil
function.

Additionally, LOX5 expression conrms the role of lipid
peroxidation events and thus protein adduct formation was
evaluated. Malondialdehyde, a secondary by-product of lipid
peroxidation, is a highly reactive aldehyde capable of covalently
24770 | RSC Adv., 2024, 14, 24765–24780
modifying proteins resulting in MDA–protein adduct forma-
tion. Detection of MDA–protein adducts formation along the
NETosis process was carried out wherein post-treatment
conditions whole cell homogenates were subjected to SDS-
PAGE electrophoresis, blotted onto nitrocellulose membrane
and probed with anti-MDA antibody. Three evident bands of 45
kDa, 15 kDa and 12 kDa (Fig. 5A) were observed with western
blot analysis, as the anti-malondialdehyde antibody used in this
present study specically binds to protein targets undergone
modication with MDA. Quantication of protein band
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EPR spin trapping analysis of CPc formation in neutrophils. Detection of O2c
− generation in neutrophils stimulated with PMA and LPS in the

presence and absence of inhibitors. EPR spectra were obtained in the presence of 0.25mMCPH, 1mMDTPA and 0.01 M PBS in (A) control (lower
trace) and ATRA-differentiated HL-60 cells (upper trace), (B) PMA (lower trace), PMA + apocynin (middle trace) and PMA + quercetin (upper
trace), (C) LPS (lower trace), LPS + apocynin (middle trace), LPS + quercetin (upper trace). (D) Bar chart representing values ± SD of EPR spectra
measurements; the results obtained were statistically significant (***P # 0.001) (n = 3).
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intensities was performed using ImageJ soware and presented
as a densitogram (Fig. 5B). Since posttranslational modication
of histones plays a pivotal role in the process of extracellular
trap formation,28 the anti-MDA blots were stripped and probed
with histone (H3) antibodies and expression of protein around
15 kDa were conrmed to be as histones (Fig. 5C). A signicant
decrease in MDA–protein adduct formation was observed in
samples pretreated with quercetin underlying its anti-
inammatory properties. Proteins detected with anti-MDA
blots have to be further characterized to identify targets and
post-translational events they undergo along the process of
extracellular trap formation. These identied protein targets
can serve as biomarkers for studying NETosis and its associated
inammation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.4 NOX4-dependent extracellular trap formation and
inhibitory studies

NADPH oxidases' generation of intracellular ROS regulates the
extracellular trap formation by neutrophils. NOX-mediated
intracellular ROS generation during neutrophil stimulation
and the antioxidant potential of quercetin to inhibit NOX
expression were evaluated. More specically, the expression of
NADPH oxidase 4 and 2 in response to PMA and LPS was
considered. To achieve this, differentiated neutrophils were
stimulated with PMA and LPS for a 3 h and expression was
evaluated at intervals of 1.5 and 3 hours. Upon stimulation with
PMA, NOX4 expression increased rapidly within 1.5 h and
reduced with time. PMA is the non-physiological agent known
RSC Adv., 2024, 14, 24765–24780 | 24771
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Fig. 4 Expression analysis of inflammatory mediators. Expression analysis of 5-lipoxygenase by western blot. 5-LOX expressions were analyzed
post-stimulation with PMA (A) and LPS (C) in comparison to unstimulated differentiated control. Desnitogram analysis of PMA (B) and LPS (D)
blots are presented as separate right panels.
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to activate protein kinase C (PKC), producing ROS through
NADPH oxidase. The addition of quercetin before PMA stimu-
lation reduced NOX4 expression as evident from Fig. 6A.
However, in the case of LPS stimulation, NOX-4 expression was
enhanced with 3 h and reduced aer treatment with quercetin
(Fig. 7A). Quercetin is known to downregulate inammatory
factors through the TLR-NFkB signalling pathway, which can be
correlated to its ability to regulate NOX expression.
24772 | RSC Adv., 2024, 14, 24765–24780
Densitometric quantication of NOX-4 expression was per-
formed with b-actin as the control for both PMA and LPS-
stimulated conditions (Fig. 6C and 7C). Concerning NOX2
expression, no evident time-dependent expression patterns
were observed with both PMA (Fig. 6B) and LPS (Fig. 7B) stim-
ulation and inhibitory effects of quercetin were evident. Quan-
tication of NOX-2 expression was performed with b-actin as the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Aldehyde-derived protein adduct formation. Detection of malondialdehyde-modified proteins along neutrophil activation (A) in the
presence of respective stimuli (PMA, LPS) and inhibitors (quercetin) using an anti-MDA antibody. (B) Densitogram analysis displaying the
difference in band intensity of protein targets identified by the anti-MDA antibody. (C) Reprobing with anti-histone H3 antibody and identification
of 15 kDa protein from MDA blot as histone.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 24765–24780 | 24773
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Fig. 6 NOX4 expression in response to PMA stimulation. (A) NOX4 protein expression analysis post-stimulation with PMA in the absence and
presence of quercetin. (B) NOX2 protein expression analysis post-stimulation with PMA in the absence and presence of quercetin. Quantification
of protein bands from NOX4 (C) and NOX2 (D) blots with values normalized to b-actin as control. Values are expressed as mean ± SD calculated
from two independent experiments; the results obtained were statistically significant (*P # 0.05).

24774 | RSC Adv., 2024, 14, 24765–24780 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 NOX4 expression in response to LPS stimulation (A). NOX4 protein expression analysis post-stimulation with LPS in the absence and
presence of quercetin (B). NOX2 protein expression analysis post-stimulation with LPS in the absence and presence of quercetin. Quantification
of protein bands from NOX4 (C) and NOX2 (D) blots with values normalized to b-actin as control. Values are expressed as mean ± SD calculated
from two independent experiments; the results obtained were statistically significant (**P # 0.01 and *P # 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 24765–24780 | 24775
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control for both PMA and LPS-stimulated and presented as
graphs (Fig. 6D and 7D).

With NOX-4, the presence of multiple bands can be corre-
lated to post-translational modication events. For example,
four putative sites have been reported in the extracellular loop
regions of NOX4 and additionally, recent reports support
glycosylation of splice variants of NOX4. The amino acid
sequence analysis of NOX4 reveals the presence of numerous
PKC phosphorylation sites.27 As NOX4 are constitutively active
and regulated in an inducible manner, post-translational
events associated with NOX4 activities should be studied in
detail.29

4 Discussion

Neutrophils are recognised as vital effector cells that play a key
regulatory role in both innate and adaptive immune responses.
Upon production in the bone marrow, these neutrophils enter
the bloodstream and are recruited to the site of infection.
Neutrophil effector functions are regulated through three main
strategies: phagocytosis, degranulation, and the release of
NETs. These extracellular traps are web-like structures
comprising cytosolic and granular proteins assembled on
decondensed chromatin. These traps can neutralise and kill
pathogens however if dysregulated contribute to immune-
related pathogenesis.30 Neutrophils express various inamma-
tory mediators, including cytokines, chemokines, and NETs
that trigger inammatory cascades.31 Several stimuli, including
bacteria, viruses, cytokines, calcium ionophores, and PMA are
known to induce NET formation. As the composition of NETs
varies between stimuli, apart from protein targets such as NE,
MPO, and histones, a list of proteins undergoing oxidation
events must be considered. PMA and LPS have been used in this
study to differentiate free radical-mediated oxidation events
associated with suicidal and vital NETosis processes. MTT
assays were performed and the concentrations of ATRA, PMA,
and LPS were optimised using cell viability data (ESI 1†).

The present study uses ATRA (a vitamin A derivative) to
differentiate HL-60 cells into neutrophils using receptor-
dependent or receptor-independent pathways. ATRA preferen-
tially binds to the retinoic acid receptor A (RARa), initiating
multiple signaling mechanisms, namely MAPK and PI3K/Akt
pathways resulting in cytoskeletal reorganizations necessary
for differentiation.32 Differentiation conditions varied across
the literature;33 thus, optimisation of differentiation conditions
is highly conducive to achieving effective differentiation. The
results of this study indicate that the incubation of HL-60 with
ATRA for four days was the most suitable, justied by the
expression of the neutrophil surface marker CD11b and cell
viability. The absence of CD14 expression conrms the
neutrophil state and avoids confusion regarding differentiation
status into monocyte/macrophage. Neutrophils contain four
different granules, namely azurophilic granules, specic gran-
ules, gelatinase granules, and secretory vesicles, to mediate
antimicrobial mechanisms through degranulation events.
Extracellular trap formation activates the exocytosis of granules
which fuses with the plasma membrane upon activation,
24776 | RSC Adv., 2024, 14, 24765–24780
conrming the neutrophil activation.30 CD63 is present in
azurophilic granules, and its expression enhances post-
stimulation compared to unstimulated control neutrophils.

Research carried out so far tries to decipher the molecular
mechanism associated with NET formation, and so far, identi-
ed numerous pathways and molecules involved in this
process. However, another aspect of this process namely the
oxidative stress-mediated inammatory process remains
unclear.34 In this study, we have demonstrated that ROS-
induced neutrophil activation is carried out through O2c

−

generation. We employed the use of redox redox-sensitive
uorescent probe, DHE with ow cytometry as a detection
method. We further advanced our study by EPR measurements
wherein hydroxylamine probes were employed to detect O2c

−

generation in differentiated and stimulated neutrophils in the
presence and absence of inhibitors. CPH probes readily react
with O2c

− forming CPc radicals that form stable adducts as
detected by EPR spectroscopy. Since NADPH oxidase activity is
essential for the generation of O2c

− and in turn extracellular
trap formation, cells were treated with Apocynin a known
inhibitor of NOX. The addition of apocynin reduced the O2c

−

generation in comparison to PMA and LPS-stimulated cells.
Apocyanin served as a standard to evaluate the efficacy of
quercetin in reducing free radical generation along the differ-
entiation and stimulation process. Quercetin treatment
reduced free radical generation similar to Apocynin. This
conrms the antioxidant properties of quercetin and its ability
to regulate the process of neutrophil-mediated inammation.35

During inammation along with local increase of vascular
permeability, increased production of oxidants by neutrophils
leads to either local or generalised oxidative stress conditions.
Oxidants thus produced attacks on biomolecules including
proteins and lipids. Under normal metabolic conditions,
approximately 10 000 oxidative hits (per cell per day) were re-
ported to take place and the count substantially increases under
respiratory burst or during depletion of cellular antioxidants.36

Thus, induction of lipid peroxidation events and concomitant
formation of lipid peroxidation products of PUFAs namely
aldehydes play a signicant role in the pathophysiology of
various chronic and acute inammatory diseases. These alde-
hydes are capable of forming stable adducts with proteins that
are involved in the intracellular signaling events that can
modulate pro-inammatory and anti-inammatory activities
and are potential biomarkers of oxidative stress.37 ATRA-
induced differentiation of phagocytes upregulates the expres-
sion of Toll-like receptors and NF-kB and additional stimulation
with PMA or LPS results in enhanced expression of cytokines
like TNF-a, and other co-stimulatory molecules contributing to
the difference in the levels of protein MDA adduct formation
between samples.38,39 With both PMA and LPS, the formation of
MDA protein adduct formation was quite evident in comparison
to unstimulated control. The difference can be attributed to an
increase in free radical generation in neutrophils undergoing
NETosis. Among the three evident bands noticed in anti-MDA
blots, protein bands with a molecular weight of 15 kDa were
identied as histone proteins with anti-H3 antibodies (ESI 2†).
Post-translational modication of histones including
© 2024 The Author(s). Published by the Royal Society of Chemistry
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citrullination, methylation and acetylation events are reported
to play a critical role in regulating neutrophil function and NET-
mediated diseased conditions.40 Recent studies carried out,
demonstrated the biphasic effect of histone acetylation on
NETosis via both NOX-dependent and independent manner.41

Histones are composed of mostly positively charged amino acid
residues with abundant lysine and arginine residues. MDA pose
a high affinity towards the formation of the adduct with lysine
amino acids through the Schiff base reaction. The MDA-adduct
formed binds to PKC facilitates kinase activation and stimulates
the secretion of pro-inammatory cytokines IL-6 and 8. The
MDA thus formed may activate or silence various signalling
pathways through oxidoreductases and hydrolases. While
oxidoreductase inuences NFkB activation and inammatory
cytokine expression, hydrolases mediate inammatory
signaling events through interleukin resulting in systemic
inammation and autoimmune diseases.42

Within a cellular environment, sources of intracellular ROS
signaling include NOX, LOX, and mitochondria. Lipoxygenases
(LOX) include six isoforms in humans and leukotrienes (LTs)
serve as inammatory mediators involved in chemotaxis and
increased vascular permeability in phagocytes. 5-LOX is
predominantly expressed in neutrophils and catalyses the
production of leukotrienes and ROS from arachidonic acid. LOX
is reported to be essential for intracellular ROS production
mediated by pro-inammatory stimuli including LPS.43 The
results of this study demonstrate that the gradient increase in 5-
LOX expression post-stimulation suggests that LOX-generated
arachidonic acid (AA) metabolites namely leukotrienes (LT)
induce ROS generation by stimulating NOX. Among the re-
ported ROS, O2c

− is a key redox signaling molecule generated by
NOX enzymes. These enzymes include seven isoforms with
a wide tissue distribution and different activation mechanisms.
NOX4-mediated ROS generation primarily depends on its
interaction with p22phox and does not require depends on the
cytosolic subunits and Rac. Thus, NOX4 is constitutively active
and up-regulated during oxidative stress conditions. They
control various cellular processes including cell proliferation,
migration, and metabolic reprogramming in different physio-
pathological processes in several tissues and cell types.44 PMA
and LPS induced a time-dependent difference in NOX4 expres-
sion (ESI 3†) and are on par with the expression observed with
CD63 and 5-LOX. This conrms the role of NOX4 in physio-
logical innate immune defense through neutrophil extracellular
trap formation. NOX-2 expression remained the same with both
stimuli and time intervals (ESI 4†). b-Actin blots used for
quantication were presented as ESI 5.†

Numerous studies have reported the antioxidant properties
of avonols, a subclass of avonoids.45,46 The present study
conrms quercetin's free radical scavenging ability through
EPR spin trapping spectroscopy, and the results are on par
with the reduction of NOX-4 expression in samples treated
with quercetin prior to stimulation. Thus, quercetin inhibits
oxidative stress by reducing the expression of NOX4. Quercetin
is also reported to signicantly reduce the inammatory
response through NF-kB translocation. Our study demon-
strates O2c

− produced by NOX4-induced neutrophils to form
© 2024 The Author(s). Published by the Royal Society of Chemistry
extracellular traps. Quercetin reduces oxidative stress by pre-
venting O2c

− generation which can be employed as a potential
candidate for treating neutrophil-associated immunopatho-
logical conditions. Understanding the molecular mechanism
associated with the regulation of NOX isoforms in cellular
metabolism is highly essential as NOX becoming an attractive
point of intervention for the pharmacological manipulation of
ROS biology.

5 Conclusion

Neutrophils play a central role in host defence against patho-
gens and, in the past few years, the formation of neutrophil
extracellular traps and its role in infection and inammation
remain elusive. This unique form of cell death depends on the
generation of ROS wherein diffusion of reactive free radical
species enables protein modication in activated neutrophils.
Relatively few studies were carried out to interpret the role of
free radical-induced protein oxidation in mediating neutrophil
functions. Our study employed two different stimuli to analyse
oxidative stress-mediated protein modication events and
explored the role of NOX4 in neutrophil functions. A signi-
cant time-dependent expression difference was observed in
NOX-4 compared to NOX-2 between stimuli underlying NOX-4
role in neutrophil function. Flow cytometry and EPR spec-
troscopy analysis reveal superoxide generation and Immuno-
spin trapping technique underlie protein modication
through covalent attachment of electrophilic aldehydes (MDA)
produced during lipid peroxidation respectively. The anti-
inammatory effects of the avonoid quercetin on neutrophil
activation were conrmed by EPR and western blot analysis.
From our preliminary study, three prominent protein targets
that have undergone ROS-mediated oxidation were detected
and a more detailed proteomic analysis is necessary to identify
and study the post-translation modications the protein has
undergone. These proteins may serve as biomarkers for
neutrophil activation during infection or inammation and
functional implications in neutrophil extracellular trap
formation.
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