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Oxidative stress is one of the mechanisms through which
cells respond by activating pathways of cell survival or
programmed cell death. The initial response of the cell to a
stressful stimulus is activated for helping the cell to defend
itself and respond positively to the insult. If the insult is very
harmful and unresolved, it is the activation of programmed
cell death by the cell itself with the aim of eliminating
damaged cells without the presence of the inflammatory
process.

The survival of a cell depends on the ability to activate
an appropriate response to environmental and intracellular
stimuli; this explains why the reaction is very conserved in
evolution. In fact, the defensemechanisms of the cell through
the activation of antioxidant systems against oxidative dam-
age or stress proteins as the “heat shock proteins” occur both
in lower organisms and in mammals.

The cells can be subjected to different types of stress and
the response of the cells depends on the type and the level of
insult.

For example, the attempt of survival is induced by a cell in
the case of the heat shock response or the unfolded proteins
response leading to activation of chaperone protein that
increases the ability of the protein to fold, by counteracting
induced stress and so promoting the cell survival. Thus, it is
the adaptability of a cell to define its fate.

The cell is able to activate various cellular defense mecha-
nisms and survival according to the level and mode of stress.
If, however, these mechanisms are not activated successfully,

then different types of cell death are promoted. The main
mechanisms of cell death are apoptosis, necrosis, pyroptosis,
and autophagic cell death. The activation of one mechanism
of death or another depends on the cellular capacity to deal
with the condition of suffering to which it is exposed. In this
section, we wanted to learn about these topics:

(i) T. Yan et al. studied the effect of excessive alcohol
consumption on brain tissue damage and cognitive dysfunc-
tion. They have shown that heavy drinking is associated
with an earlier onset of neurodegenerative diseases such
as Alzheimer’s disease. They concluded that acetaldehyde
induces cytotoxicity of SH-SY5Y cells via promotion of apop-
totic signaling, inhibition of cell survival pathway, and induc-
tion of oxidative stress. So the inhibition of oxidative stress
by antioxidants may be beneficial for preventing neuronal
damage associated with acetaldehyde-induced cytotoxicity
which could result from excessive alcohol consumption.

(ii) L. S. de Castro et al. analyzed the influence of
oxidative status on spermatozoa by distinct mechanisms,
from capacitation to fertilization.

They concluded that sperm, when exposed to oxidative
environment, may present impaired motility traits, proox-
idative status, and premature capacitation; such alterations
resulting from embryo development fail, from the first cleav-
age to blastocyst.

(iii) T. Dou et al. assumed that herbicides and pes-
ticides have been linked to nigrostriatal damage and the
emergence of Parkinson symptoms in epidemiological and
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animal studies and have investigated the oxidative stress effect
of paraquat (PQ), a widely used herbicide in the world,
on immortalized human embryonic neural progenitor cells
(hNPCs).

They demonstrated that PQ exposure could significantly
induce oxidative stress and cause oxidative imbalance.

(iv) S. Bekeschus et al. have studied the plasma composi-
tion and the beneficial role of cold plasmas in humanpatholo-
gies such as wound healing. These studies demonstrated an
effective antioxidant power by the cold blood cells subjected
to inflammatory process.

(v) L. Dyugovskaya et al. wanted to elucidate the con-
ditions and mechanisms involved in G𝜑 formation. G𝜑 for-
mation may provide insights into basic neutrophil biology in
inflammatory and atherogenic conditions or in the resolution
of neutrophilic inflammation.Moreover, the a priori low yield
of G𝜑may indicate that they have a unique function andmay
represent a subgroup of progenitor cells.

(vi) X. Tang et al. assumed that the human Circadian
Locomotor Output Cycle protein Kaput (CLOCK) gene was
originally discovered as a regulator of essential human daily
rhythms. They investigated the role of hCLOCK in the
hypoxia-oxidative stress response system at the biochemical
level.

They demonstrated that hypoxic states induced vascular
oxidative damage and inflammation via hCLOCK-mediated
production of ROS, with subsequent activation of the RhoA
and NF-𝜅B pathways.

This special issue treated, in a multidisciplinary way, the
oxidative stress topic.

Michela Battistelli
Manuela Malatesta
Stefania Meschini
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Our study aimed to assess the impact of sperm oxidative stress on embryo development by means of a dose-dependent model. In
experiment 1, straws from five bulls were subjected to incubation with increasing H

2
O
2
doses (0, 12.5, 25, and 50 𝜇M). Motility

parameters were evaluated by Computed Assisted System Analysis (CASA). Experiment 2 was designed to study a high (50𝜇M)
and low dose (12.5 𝜇M) of H

2
O
2
compared to a control (0𝜇M). Samples were incubated and further used for in vitro fertilization.

Analyses ofmotility (CASA), oxidative status (CellROX green and 2’-7’ dichlorofluorescein diacetate), mitochondrial potential (JC-
1), chromatin integrity (AO), and sperm capacitation status (chlortetracycline) were performed. Embryos were evaluated based on
fast cleavage (30 h.p.i.), cleavage (𝐷 = 3), development (𝐷 = 5), and blastocyst rates (𝐷 = 8). We observed a dose-dependent
deleterious effect of H

2
O
2
on motility and increase on the percentages of positive cells for CellROX green, capacitated sperm,

and AO. A decrease on cleavage and blastocyst rates was observed as H
2
O
2
increased. Also, we detected a blockage on embryo

development. We concluded that sperm when exposed to oxidative environment presents impaired motility traits, prooxidative
status, and premature capacitation; such alterations resulting in embryo development fail.

1. Introduction

In vitro embryo production (IVP) in human represents an
alternative for couples who are unable to naturally conceive,
even after programmed intercourse or artificial insemination
[1]. On the other hand, when focusing on animal reproduc-
tion, IVP is widely used with the main purpose of reducing
the interval between generations, especially in cattle. In this
scenario, Brazil stands out, responsible for 86% of in vitro
produced embryos worldwide [2]. However, the extreme

variability in IVP results limits the widespread use of this
biotechnology.

One of the reasons for the inconsistent results of IVP
is the individual effect of bull, known to strongly influ-
ence embryo development capacity [3, 4]. This may occur
because spermatozoamay determine themoment [5] and the
duration [6] of the first cleavage. In human, many studies
have already demonstrated the influence of spermatozoa
on embryo development, whether by extranuclear [7–9] or
nuclear components [10–12].
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In vitro and in vivo embryo production systems have some
disparities with an important difference associated with oxy-
gen concentrations. Values of approximately 20% of oxygen
in the air normally used in IVP labs are superior to those
found in the oviduct and uterus of most mammals [13]. The
exposure of gametes and embryos to this excessive oxygen
concentration duringmanipulationsmay lead to an inevitable
increase in reactive oxygen species (ROS) production. A
meta-analysis study in human has correlated increased ROS
levels in the spermatozoa to subsequent impaired fertilization
rate when using assisted reproduction techniques [14]. This
result indicates that previous semen analysis for oxidative sta-
tusmay be essential towards attempts to predict IVP outcome
and further course of procedures. In fact, previous study
with primate oocytes undergoing intracytoplasmic sperm
injection (ICSI) with spermatozoa exposed to oxidative stress
revealed consequent fail in embryo development and high
rates of blastomeric nuclear fragmentation [15]. Also, in
bovine spermatozoa, Simões et al. [16] verified a negative
correlation between sperm susceptibility to oxidative stress
and cleavage and blastocyst rates. All these data suggest that
spermatozoa when exposed to an oxidative environmentmay
retain physical and chemical modifications potentially detri-
mental for embryo cytoplasmic and/or nuclear components,
which may negatively affect embryo viability.

Another factor that may intensify sperm oxidative dam-
age, influencing IVP results, is the process of cryopreser-
vation, considering that the main source of male gametes
for bovine in vitro fertilization is frozen semen. The process
of cell cryopreservation has been related to ROS overpro-
duction leading to cellular damage, especially due to lipid
peroxidation, in different species including bovine sperm
[17–20]. Also, during this process, the necessity of diluting
or removing seminal plasma, the main source of antioxidant
for spermatozoa, may increase the susceptibility of sperm to
oxidative damage [21].

ROS generation in the spermatozoa can occur in the
electron transport chain or though the NADPH oxidase
activity [22]. Sperm energetic demand is extremely high
and, therefore, mitochondrial activity is compensatively ele-
vated. Probably, excessive mitochondrial ROS production
may overcome the limited antioxidant machinery almost
instantaneously. In sperm, ROS are known to participate
in several physiological mechanisms such as capacitation,
hyperactivation, and binding to the oocyte [23, 24].Neverthe-
less, ROS are usually seen as a threat to cell integrity. Specific
probes forROSproduction show that free radicalsmay lead to
membrane lipid peroxidation and decreasedmotility [25, 26].
Also, despite being highly compacted by protamine [27],
sperm DNA is an important target for the attack of ROS,
which leads to the formation of adducts between nitrogen
bases, destabilizing the DNA molecule, resulting in DNA-
strand breaks [28]. Studies indicate that even when DNA
is damaged, sperm is still able to fertilize the oocyte; non-
repaired chromatin alterations have serious consequences
for further embryo development [29–31]. In this context,
our hypothesis is that bovine cryopreserved spermatozoa,
when exposed to an oxidative environment, suffer injuries
that will impact motility patterns and mitochondrial and

DNA integrity, impairing fertilization ability and further
in vitro embryo development. We evaluated the effect of
oxidative stress induced by hydrogen peroxide on bovine
sperm attributes (motility, mitochondrial membrane poten-
tial, oxidative and capacitation status, andDNA integrity) and
subsequent in vitro embryo development. Furthermore, we
propose a new and more sensitive flow cytometry method
(CellROX green) to assess oxidative status of bovine sperm
prior fertilization.

2. Material and Methods

This study was carried at the Animal Reproduction Depart-
ment from the School of Veterinary Medicine and Animal
Science of the University of São Paulo (VRA/FMVZ/USP).
All procedures were performed according to the Bioethics
Committee of the previously mentioned institution (protocol
number 2710/2012).

2.1. Reagent and Solutions. All chemical reagents and solu-
tions used in this study were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise stated.

2.2. Experiment 1: Effect of Oxidative Stress Induction on
Sperm Motility Related Variables. For this first experiment,
thawed straws of the same batch from five Nelore bulls
(𝑛 = 5), donated from Reproduction Centers, were used.
Bulls were selected according to post-Percoll motility of at
least 70%. This experiment was conducted in four replicates
comprehended in a period of 2 weeks.

2.2.1. Semen Processing. In order to maintain the same
condition of semen processing prior to in vitro fertilization
(IVF), experiment 1 was conducted as follows: each straw
(0.25mL) was thawed at 37∘C for 30 seconds and subjected to
Percoll gradient (45% and 90%) at 9000G/5 minutes. Motile
cells (pellet) were recovered and washed with 1mL of Sp-
TALP [32] at 9000G/3 minutes. This final pellet was then
resuspended to a final concentration of 25 × 106 sptz/mL in
Fert-TALP [32], with no capacitation agents (heparin, peni-
cillamine, epinephrine, and hypotaurine). The same semen
sample was divided between the experimental groups and
incubated during 1 hour at 38.5∘C, 5% CO

2
in air, and high

humidity.

2.2.2. Oxidative Challenge with Hydrogen Peroxide. For
oxidative stress induction, we used hydrogen peroxide 30%
(Perhydrol, MERCK Millipore) diluted in Fert-TALP, for a
final solution of 625𝜇M. Hydrogen peroxide is not a free
radical (i.e., one or more unpaired electrons); however, this
peroxide is considered an important reactive oxygen species
due to the high capacity tomove across biologicalmembranes
and the high affinity with iron and copper ions to produce
more unstable and reactive radicals such as the hydroxyl.
Experimental groups were 0 (control), 12.5, 25, and 50𝜇M of
hydrogen peroxide.

2.2.3. Computer Assisted Sperm Motility Analysis (CASA).
Motility parameters were evaluated using the Computer
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Assisted SpermAnalysis system (CASA; IVOS, v. 12.2, Hamil-
ton Thorn Research, Beverly, MA). Settings used, previously
described by Goovaerts et al. [33], were 30 frames at a frame
rate of 60 frames/s; minimum contrast = 20; minimum cell
size = 5 pixels; motility > 30 𝜇m/s; progressive motility >
50𝜇m/s; straightness > 70%. In brief, each slide was heated
at 37∘C; 5 𝜇L of sample was placed in the slide and covered by
a coverslip. Aminimumof six fieldswere selected for analysis.
Motility related variables considered were VAP (velocity
average path), VCL (curvilinear velocity), VSL (straight-line
velocity), BCF (beat cross frequency), ALH (amplitude of
lateral head displacement), total and progressive motility,
and percentage of cells with fast, medium, slow, and static
movement. Among the previously mentioned variables, total
and progressive motility were selected as more relevant for
the selection of the hydrogen peroxide concentrations used
in the second experiment.

2.3. Experiment 2: Effects of Sperm Oxidative Stress Challenge
on Embryo Development. In this second experiment, for IVF,
we used semen samples subjected to only two concentrations
of hydrogen peroxide, selected according to experiment
1 results: 50 𝜇M (high concentration) and 12.5 𝜇M (low
concentration) and a control group (0𝜇M). This induction
aimed to compare the impact of oxidative stress on cleavage,
embryo development, and blastocyst rates. This experiment
was conducted in 10 replicates, during twomonths, using 200
to 220 oocytes per replicate. For IVP control, semen samples
with no H

2
O
2
and not submitted to incubation were used

and we considered only replicates with control blastocyst rate
≥20% (data not shown).

2.3.1. In Vitro Embryo Production. Ovaries obtained from a
slaughterhouse were transported to the laboratory in saline
solution 0.9% at 30∘C. Cumulus-oocytes complexes (COCs)
were aspirated with an 18-gauge needle from 2 to 8mm
follicles. Oocytes with homogeneous ooplasm surrounded
by more than two layers of compacted cumulus cells were
selected for in vitro maturation (IVM). COCs selected were
washed 3X in holding medium (TCM199 Hepes supple-
mented with 10% FCS (Gibco), 22𝜇g/mL pyruvate, and
50𝜇g/mL gentamycin) and 3X in IVM medium (TCM199
Bicarbonate supplemented with 10% FCS, 22𝜇g/mL pyru-
vate, 50𝜇g/mL gentamycin, 0.5 𝜇g/mL FSH Folltropin-
V (Vetrepharm, Inc., Belleville, ON, Canada), 50 𝜇g/mL
human chorionic gonadotrophin (Vetecor Laboratories,
Calier, Spain), and 1 𝜇g/mL of 17𝛽-estradiol) and placed for
maturation in 90 𝜇L microdroplets of IVM medium (20–
30 oocytes/drop), covered with mineral oil, during 22 to 24
hours at 38.5∘C, 5% (v/v) CO

2
in air, and high humidity.

For IVF, the same semen processing and induction
protocol described in experiment 1 were performed (using
only three concentrations of hydrogen peroxide, 0, 50, and
12.5 𝜇M). However, after concentration adjustment, we per-
formed a pool of 3 bulls (same number of cells of each
bull), in order to eliminate sire effect, and then divided
the same sample between experimental groups. Matured
oocytes were washed 3X in pre-IVF medium (TCM199
Hepes supplemented with 0.003% of BSA-V (m/v), 22𝜇g/mL

pyruvate, and 50 𝜇g/mL gentamycin) and 3X in Fert-TALP
and placed for fertilization in 90 𝜇L microdroplets of Fert-
TALP (20–30 oocytes/drop) covered with mineral oil. At the
end of semen incubation, samples were washed with 550𝜇L
of Fert-TALP (9000G/90 seconds).The sediment with sperm
was recovered and used to inseminate microdroplets with
oocytes (±100.000 sptz/drop) and the rest of the sample was
used in subsequent sperm evaluations.

After IVF (18 hours; 𝐷 = 1), putative zygotes were
mechanically denuded by pipetting in pre-IVF medium and
cultured in KSOM medium (Millipore Corporation, New
Bedford, MA, USA) during 8 days at 38.5∘C, 5% CO

2
, 5% O

2
,

and 90% N
2
, under high humidity. On third day of culture

(𝐷 = 3), KSOM was supplemented with FCS to a final drop
concentration of 5%.

2.3.2. Sperm Attributes Evaluations. CASA was performed as
described in experiment 1. In addition, in this second exper-
iment, we performed epifluorescence microscopy (Olym-
pus IX80, Olympus Corporation, Tokyo, Japan) and flow
cytometry evaluations (Guava EasyCyte Mini System, Guava
Technologies, Hayward, CA, USA). This latter equipment
contains a blue laser, which operates at 488 nm and emits
a 20mW visible laser radiation. A total of 10,000 events
per sample were analyzed and data corresponding to yel-
low (PM1 photodetector, 583 nm), red (PM2 photodetector,
680 nm), and green fluorescent signals (PM3 photodetector,
525 nm) were recorded after a logarithmic amplification.
For data analysis, cell doublets and debris were excluded
using PM3/FSC (forward scatter) and all data was analyzed
by FlowJo v10.2 software, except DNA integrity, which was
evaluated using FlowJo v8.7 software.

2.3.3. Mitochondrial Membrane Potential Evaluated by JC-
1 Probe. Mitochondrial membrane potential was evalu-
ated by JC-1 probe (5,5,6,6-tetrachloro-1,1,3,3-tetraethyl-
benzimidazolylcarbocyanine chloride) (Invitrogen, Eugene,
OR, USA).This probe emits green or red-orange fluorescence
for low (LMM) or high mitochondrial potential (HMP),
respectively. The procedure was performed with 187,500 cells
diluted in Fert-TALP and stained with JC-1 (76.5𝜇M in
DMSO), in the dark at 37∘C. Samples were analyzed by flow
cytometry after 10minutes, excited at 488 nm, and detected at
590 nm. For positive control, we used the protocol described
by Celeghini et al. [34], with some modifications. A sample
of semen submitted to 10 cycles of freezing and thawing in
liquid nitrogen to disruption of membranes was used, and,
for negative control, we used sperm sample processed as
described in experiment 1.

2.3.4. Oxidative Status Evaluated by 2,7-Dichlorofluorescein
Diacetate (DCFH). For this assay, 187,500 cells were stained
with a solution containing DCFH and propidium iodide (PI)
at a final concentration of 9.3𝜇M and 6𝜇M, respectively, in
the dark at 37∘C. Samples were analyzed by flow cytometry
after 5 minutes, excited at 488 nm, and detected at 630–
650 nm (PI) and 515–530 nm (DCFH). For data analysis,
we selected the population of cells PI-DCFH+ (without
membrane alteration and stressed).
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2.3.5. Oxidative Status Evaluated by CellROX Green. Cell-
ROX green (Molecular Probes, Eugene, OR, USA) is a
fluorescent probe that penetrates the cell and, when oxidized
by intracellular free radicals, binds to DNA, emitting a more
intense green fluorescence. For this assay, 187,500 cells were
stained with CellROX green (final concentration of 5 𝜇M) for
30minutes at 37∘C, and, in the last 10minutes, PIwas added to
a final concentration of 6 𝜇M. Samples were analyzed by flow
cytometry, excited at 488 nm, and detected at 630–650 nm
(PI) and 515–530 nm (CellROX green). For data analysis, we
selected the population of cells PI-VD+ (without membrane
alteration and stressed). For CellROX green validation, we
used increasing concentrations of hydrogen peroxide (0, 12.5,
50, and 200𝜇M, during 1 hour at 38.5∘C, 5% CO

2
, and high

humidity), and the same sample stained with CellROX green
was also stained with DCFH, in order to compare the two
techniques.

2.3.6. Chromatin Analysis. Chromatin stability assay was
based on sperm chromatin structure assay (SCSA; [35], as
described by Simões et al. [16]. This assay is based on an acid
challenge that denatures DNA molecules from a susceptible
chromatin structure, breaking hydrogen bounds and sepa-
rating DNAs’ strands, allowing acridine orange (AO) probe
to intercalate and emit red (denatured single-strand DNA)
or green (double-strand DNA) fluorescence. The procedure
was performed with 375,000 cells. Samples were incubated
with TNE buffer (Tris-HCl 0.01M,NaCl 0.15M, EDTA 1mM,
and distilled water, pH 7.4) and acid detergent (HCl 0.08M,
NaCl 0.15M, and Triton X-100 0.1% in distilled water, pH
1.2). After 30 seconds, AO solution was added (citric acid
0.1M, Na2HPO4 0.2M, EDTA 0.001M, NaCl 0.15M, andAO
stock 6 𝜇g/mL in distilled water, pH 6), and each sample was
analyzed by flow cytometry after 5 minutes of incubation at
37∘C, excited at 488 nm, and detected at 630–650 nm (red)
and 515–530 nm (green). For positive control, a sample was
incubatedwith hydrochloric acid (1.2M in acid detergent, pH
0.1) and, for negative control, samples processed as described
in experiment 1 were used.

2.3.7. Capacitation Status Evaluated by Chlortetracycline Assay
(CTC). Capacitation status was evaluated by CTC assay as
described by Ward and Storey [36] with some modifications.
CTC penetrates through cellular membranes, increasing
the fluorescent intensity when it binds with free calcium.
An aliquot containing 375,000 cells was added to 20 𝜇L
chlortetracycline solution, prepared in the same day of each
replicate (CTC 38 𝜇M; stock solution: TRIS 20mM, NaCl
130mM, and L-cystein 4mM). Samples were then fixed with
5 𝜇L paraformaldehyde 4%. An aliquot of this suspension
was placed in a glass slide, mixed with DABCO solution
(1,4-diazabicyclo[2.2.2]octane) and glycerol (1 : 9), covered
with coverslip, and kept at −20∘C, protected from light
until the evaluation. Two hundred cells were examined,
under epifluorescence microscope (Olympus IX80), using
magnification of 1000x with mineral oil. Filters of 355 and
465 nm were used for excitation and emission, respectively.
Three cellular categorieswere classified: noncapacitated (even
distribution of yellow fluorescent over the head), capacitated

(only acrosome region stained in yellow), and reacted (no
yellow fluorescent in the head).

2.3.8. Embryo Development Evaluations. Fast cleavage rate
assessment was performed 30 hours after insemination
(30 h.p.i), counting the number of structures that already
showed fist cleavage at this point. Cleavage rate was assessed
in the third day of culture (𝐷 = 3). Development rate
was performed at fifth day of culture (𝐷 = 5), and, at
this moment, embryos were classified in three categories
according to developmental stage: noncleaved (NC), 2–4
cells, or 8–16 cells. Finally, at day eight of culture (𝐷 = 8),
blastocyst rate was assessed. All these evaluations were made
in stereomicroscope (Olympus TH3, Olympus Corporation)
with 63x of magnification and the percentage of all rates was
made over the total number of oocytes.

2.4. Statistical Analysis. Statistical analysis was performed
using the software Statistical Analysis System 9.3 (SAS Insti-
tute, Cary, NC, USA). Data were tested for residue normality
and variance homogeneity. Variables that did not complywith
these statistical premises were subjected to transformations.
We used PROC GLM for polynomial regression model in
both experiments, considering treatment as main effect. On
experiment 2, Spearman correlations analysis was performed
to verify the correlation between variables analyzed, using
PROC CORR procedure. In this case, groups were analyzed
separately as control or treated (data of groups treated with
12.5 and 50 𝜇M of hydrogen peroxide were pooled). Results
were reported as untransformed means ± SEM. All statistical
analyses were calculated with a significance level of 5%.

3. Results

3.1. Experiment 1: Hydrogen Peroxide Promotes a Dose-
Dependent Decrease in Sperm Motility Related Variables. In
the first experiment, we observed a negative effect of increas-
ing concentrations of hydrogen peroxide for all motility
related variables. This effect was evident for the velocity
patterns revealed by the variables VAP, VSL, and VCL, which
significantly decreased for all hydrogen peroxide concentra-
tions.This decrease also occurred for BCF, however, in amore
moderate pattern (Figure 1(a)). Total and progressivemotility
were also impaired while hydrogen peroxide concentrations
increased, being more intensive between the concentrations
of 25 and 50 𝜇M (Figure 1(b)). Similarly, for sperm popula-
tions with fast, medium, slow, and static movement, there
was a decrease in sperm population with fast movement
with a consequent increase in the remaining populations
according to the increase in hydrogen peroxide concentra-
tions (Figure 1(c)). Media values, straight-line equation, and
𝑟
2 values of all variables with treatment effect (𝑝 < 0.05)
are present in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/8213071 (Table S1).

Based on the straight-line equation generated for total
and progressive motility (Table S1), we chose, for experiment
2, 12.5 and 50 𝜇M concentrations of hydrogen peroxide. The
criterion for such selection was a concentration that caused
considerable oxidative damage but with acceptable motility
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Figure 1: Spermatozoa motility parameters with treatment effect for hydrogen peroxide. (a) Units of VAP, VSL, and VCL = 𝜇m/s and BCF =
hertz; (b) Total: total motility and Prog.: progressive motility.

for IVF (53% and 26% for total motility; and 41.7% and 8% for
progressive motility, for the low and the high concentrations,
resp.).

3.2. Experiment 2: Spermatozoa When Exposed to
Hydrogen Peroxide Promote a Dose-Dependent
Decrease in Embryo Development

3.2.1. CellROX Green Validation. In this validation, our
results show more sensibility of CellROX green to detect
increasing concentrations of hydrogen peroxide when com-
pared to DCFH (Figure 2(a)). The same did not occur
for DCFH (Figure 2(b)), since all concentrations have the
same fluorescence intensity detected. We considered as more
relevant, for both probes, the population of stressed cells with
no membrane alteration (PI-DCFH+ or PI-VD+), once we
speculate that these are the cells that still have the ability to
fertilize the oocyte.

3.2.2. Sperm Evaluations. The dose-dependent effect of
oxidative stress on sperm motility occurred in the second
experiment, similarly to the first experiment (Figures 3(a) and

3(b)). However, with additional sperm analyses, we observed
this dose-dependent effect on oxidative and capacitation
status, as evaluated by CellROX green and chlortetracycline
assay, respectively. No treatment effect was observed for
mitochondrial membrane potential (𝑝 = 0.13) nor oxidative
status analyzed by DCFH (𝑝 = 0.09).

We observed an increase in the percentage of cells with
no membrane alteration and stressed (PI-VD+; Figure 2(c))
and capacitated cells (Figure 3(d)) according to the increase
of hydrogen peroxide concentrations. There was no effect of
treatment for other categories related to capacitation status as
evaluated byCTCassay (noncapacitated and reacted). Finally,
Figure 3(e) shows the increase in the percentage of cells
positive for AO (i.e., chromatin alteration), with increasing
doses of hydrogen peroxide.

3.2.3. Embryo Development. For IVP, all parameters related
to embryo development showed treatment effect, except for
the fast cleavage rate (𝑝 = 0.15). Figures 4(a) and 4(c) show,
respectively, the negative effect of hydrogen peroxide con-
centration on both cleavage and blastocyst rates. Figure 4(b)
illustrates embryo development rate, evaluated on the fifth
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Figure 2: Histogram of green fluorescent intensity for CellROX green and DCFH probes and epifluorescence microscopy of spermatozoa
stained with CellROX green. Histogram of green fluorescent intensity for CellROX green (a) and DCFH (b), wherein green lines correspond
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day of culture. We observed an increase in the percentage of
noncleaved (NC) and 2–4 cells embryos according to increase
hydrogen peroxide concentrations. Contrarily, the number
of 8–16 cells embryos decreased under the same hydrogen
peroxide incubation protocol.

With these results, we verified that oxidative stress suf-
fered by the sperm prior to IVF has a dose-dependent effect
on both early (cleavage rate) and late (development rate and
blastocyst) embryo development.

3.2.4. Correlation between Sperm Parameters and Embryo
Development. Correlation data are shown in Supplementary
Material (Table S4). When sperm was treated with hydrogen

peroxide, there was a positive correlation between the per-
centage of cells with highmitochondrial membrane potential
and cells PI-VD+, and a negative correlation between the
percentage of cells with high mitochondrial potential and
movement pattern (VAP, VSL, VCL, and BCF).

For the oxidative status related variables, also in treated
group, there was a negative correlation between stressed cells
with no membrane alteration (PI-VD+ and PI-DCFH+) with
movement pattern, and the percentage of cells PI-DCFH+
also correlates negatively with the total and progressive
motility.

Finally, in the treated group, cleavage rate correlates
positively with total and progressive motility, and blastocyst
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Figure 3: Spermatozoa evaluations with treatment effect for hydrogen peroxide. Units for VAP, VSL, and VCL = 𝜇m/s and BCF = hertz (a);
Total: total motility and Prog.: progressivemotility (b); oxidative status evaluated by CellROX green represented by percentage of cells without
membrane alterations and stressed (PI-VD+) (c); sperm capacitation evaluated by chlortetracycline assay (CTC) (d); and positive cells for
AO (e).

rate correlates negatively with the percentage of cells PI-VD+
and positively with velocity pattern (VAP, VSL, and VCL).

4. Discussion

In our study, we verified that sperm submitted to an oxidative
environment negatively influence embryo developmentwhen
used for in vitro fertilization. The severity of such effect

is dependent on the intensity of the oxidative challenge.
Interestingly, this impact can be observed not only on
cleavage stage but also during the development to blastocyst.
In addition, we verified the dose-dependent detrimental
effect of oxidative stress on sperm motility, capacitation,
and chromatin integrity. The regression model used in the
preset work enables more inferences than studies which
performed only mean comparisons.We can also consider the
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Figure 4: Embryo development evaluations. Cleavage rate evaluates on 3rd day of culture (a); development rate evaluates on 5th day of
culture, wherein NC is noncleavage (b); and blastocyst rate evaluates on 8th day of culture (c).

functioning of our treatment (hydrogen peroxide as oxidative
stress promoter) over different biological sperm functions
(motility, capacitation, embryo development, etc.), inferring
over the effect of other doses not used in the present study,
once the model generates a straight-line equation. Based on
such equation, we may calculate the ideal hydrogen peroxide
concentration for different desired effects (minimum effect
on IVP, DNA damage, influence on motility, etc.). Also, for
the first time, we reported the use of a new fluorescent probe,
more efficient and sensible, to evaluate oxidative status by
flow cytometry on bovine spermatozoa.

4.1. Oxidative Stress Impaired Sperm Motility, without Affect-
ing Mitochondrial Membrane Potential. In experiment 1, we
proposed a model to evaluate the effect of induced oxidative
stress on bovine sperm motility patterns. Even though we
used low concentrations of hydrogen peroxide in a short
incubation period when compared to those previously used
[37–39], our data suggests that bovine sperm motility is
highly sensitive to oxidative stress induced by hydrogen
peroxide. Furthermore, in treated group, the negative cor-
relations between oxidative status (percentage of cells PI-
VD+ and PI-DCFH+), sperm movement pattern (VAP, VSL,

VCL, and BCF), and percentage of total and progressive
motility reinforce the deleterious influence of the oxidative
environment created by hydrogen peroxide on motility.

Hydrogen peroxide promotes a negative effect on motil-
ity patterns, but this effect apparently is not related to
alteration on mitochondrial membrane potential. In boar
sperm, hydrogen peroxide induces similar effect; reduction
on sperm motility is not accompanied by impaired mito-
chondrial membrane potential or ATP concentrations [40].
These authors suggest that decreased motility caused by
hydrogen peroxide is probably due to the action of the ROS
in the contractility mechanisms of the sperm tail rather than
impaired mitochondrial function. Another possibility is that
the effect of hydrogen peroxide on mitochondrial membrane
potential may be observed in a subsequent moment, as
verified in other studies [20, 22, 26]. At this later stage, sperm
is already dead, with impaired membrane integrity, and then
the decreased mitochondrial membrane potential should be
observed, similarly to cells submitted to the cryopreservation
process [41].

The positive correlation between the percentage of sperm
showing high mitochondrial membrane potential and those
with signs of stress and no membrane alteration (PI-VD+)
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found in the treated group suggests that, in stressful con-
ditions, intact and metabolically active cells would exhibit
greater potential to release prooxidative substances. Similar
relationship betweenmitochondrial membrane potential and
ROS has been demonstrated in other cell types [42, 43].
Studies on heart and kidney cells hypothesize that mitochon-
drial membrane potential could be controlled by ATP/ADP
production, since ATP synthesis is maximum in low mem-
brane potential and ROS formation increases exponentially
under high membrane potential (>140mV) [44]. In fact, in
our study, under the influence of hydrogen peroxide, sam-
ples showing higher percentages of sperm with high mito-
chondrial membrane potential presented impaired sperm
movement pattern (VAP, VSL, VCL, and BCF). According
to these results, we could speculate that, under stressful
situations, intermediary to low mitochondrial membrane
potential may be more favorable to motility, because in these
conditions such cells would feature decreased potential to
release intramitochondrial prooxidative factors.

4.2. Oxidative Stress and Sperm Capacitation. An important
biological function of ROS on sperm physiology occurs in the
capacitation process [45].The actionmechanism of hydrogen
peroxide on sperm capacitation is still a matter of debate.
However, previous studies demonstrated that, for bovine
sperm, low concentrations of hydrogen peroxide (up to
50𝜇M) promote a time- and dose-dependent effect on tyro-
sine phosphorylation of someproteins related to capacitation,
with opposite effect under high concentrations (5mM) [24].
In our study, oxidative stress induced by hydrogen peroxide
also promoted a dose-dependent increase in the percentage
of capacitated sperm. However, this increased number of
capacitated sperm had no influence on sperm fertilization
ability, evaluated indirectly by cleavage rate. Probably, under
the challenge with hydrogen peroxide, such capacitation
would occur prematurely, being actually an indication that
these cells are dying, resulting in decreased sperm motility.
Sperm cryopreservation, as well as successive washes, could
anticipate the capacitation process by altering membrane’s
permeability and removing capacitation inhibition factors
[46, 47]. In our study, hydrogen peroxide on higher con-
centrations probably exacerbated the premature capacitation,
already initiated by the cryopreservation/thawing process,
reducing the sperm limited lifespan and decreasing the ability
to fertilize the oocyte. This is probably one of the reasons
for the decreased cleavage rates on higher hydrogen peroxide
concentrations.

4.3. CellROX Green Is More Efficient for Oxidative Status
Evaluation on Bovine Spermatozoa. In our study, oxida-
tive status was assessed by two fluorescent probes: 2,7-
dichlorofluorescein diacetate (DCFH) and CellROX green.
Weobserved differences in oxidative status detection between
these two fluorescent probes. While, for DCFH, no dose-
dependent effect for hydrogen peroxide was detected, for
CellROX green, we could clearly observe an effect of increas-
ing concentrations of hydrogen peroxide, indicating a dif-
ference of sensibility between these two probes to assess
oxidative status.

To our knowledge, there is no previous report regarding
the use of CellROX green in bovine sperm. A recent study
validatedCellROXdeep red to detect oxidative status in ovine
sperm [48], but in contrast to CellROX green that binds to
DNAwhen it oxidizes, CellROXdeep red detects cytoplasmic
free radicals.

Both DCFH and CellROX green are considered nonspe-
cific to the type of free radical detected, although some studies
still useDCFHas a specific probe to detect hydrogen peroxide
production [49]. In addition, these probes act in different
cellular compartments. The signal generated by DCFH is
most effective when the oxidizing agent is generated in the
cytoplasm or near the plasma membrane [50]. On the other
hand, CellROX green is considered primarily a nuclear probe.
According to manufacture instructions, this probe has a
weak basal fluorescence and, when oxidized, binds to DNA
showing a bright and intense green fluorescence, which may
also indicate a greater fluorescent stability.

The different sensibility of these two probes was observed
in the validation for flow cytometry (Figure 2). When we
used CellROX green, we could identify difference on green
fluorescence intensity as hydrogen peroxide concentration
increases. Such effect was not observed forDCFH; once it was
independent of concentration, the green fluorescent was the
same for all hydrogen peroxide concentrations. However, we
must consider that samples used in the present study were
frozen-thawed, subjected to many centrifugations (Percoll
gradient and washes), and already highly susceptible to the
oxidative stress [51]. Maybe this oxidative stress, inherent
to this particular sample, was sufficient to generate positive
signal for most of the cells evaluated using the DCFH.
Also, some studies report the difficulty to work with this
probe due to instability and photooxidation [52]. Under these
experimental conditions, CellROX green proved to be more
sensitive to and efficient in detecting oxidative status on
bovine cryopreserved sperm cell submitted to an oxidative
challenge.

4.4. Impact of Sperm Oxidative Status on In Vitro Embryo
Development. In our experiment, we verified that sperm,
when exposed to an oxidative environment, induce a dose-
dependent effect on embryo development, from the first
cleavage until blastocyst stage. The diminished cleavage rate
probably occurred due to the lower percentage of motile
cells as the concentration of the induction agent increased,
which would then lead to impaired fertilization rates. In fact,
the correlations found between motility and cleavage rate
would agree with this hypothesis. In the control group, no
correlation was found between motility and cleavage rate
probably because, in this situation, sperm motility would
remain high due to the Percoll gradient. However, in the
treated group, there was a positive correlation between these
two variables, suggesting that only under oxidative stressful
conditions (the presence of hydrogen peroxide) spermmotil-
ity would strongly influence cleavage rates.

Embryo development rates evaluated on the fifth day of
culture demonstrated that most embryos block the devel-
opment at the 2–4 cells stage; at this moment, embryos
should normally be at 8–16 cells stage. The influence of such
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developmental block would result in lower blastocyst rates.
We can speculate two possible causes: (1) sperm that experi-
enced an oxidative environment, after fertilization, may carry
metabolites that would promote oocyte intracellular damage
such as lipid peroxidation and antioxidant depletion, which
would then impair initial embryo development (2–4 cells); (2)
sperm DNA abnormalities induced by oxidative stress block
embryo development even before embryo genome activation,
leading to cellular division failure. The first hypothesis is
very difficult to prove, once techniques currently available
to assess zygotes’ intracellular damage compromise further
embryo development. Results of previous studies [29–31]
give indications that sperm chromatin abnormalities are
probably themost important reason for embryo development
blockage.

In our study, we verified the effect of oxidative stress
increasing the percentage of cells with chromatin alteration
(AO+). Chromatin alterations in bovine sperm are relatively
rare when compared to other species [16, 53, 54]. Despite
the reduced percentage of cells positive for AO (2.3% for
50 𝜇M), hydrogen peroxide was capable of promoting a
dose-dependent increase in the percentage of positive cells.
Shaman and Ward [55] described that most of the DNA
breaks, identified by the SCSA test, are located in the
toroid linker regions. These chromatin regions can be more
sensitive to oxidizing agents. As oxidation mechanism is
dynamic, the DNA lesions started by hydrogen peroxide can
be perpetuated within the cell even after fertilization, in these
sensible regions and also on histone rich regions.

The retained histones on sperm DNA are not accidental.
In an interesting study, Hammoud et al. [56] identified that
retained histones are bound to developmental promoters,
regions in HOX clusters, noncoding RNAs, and paternally
expressed imprinted loci. This strategic localization of his-
tones is considered important epigenetic markers of paternal
DNA, indicating genes related to early embryo development
that must be immediately activated after fertilization [57,
58]. However, the DNA attached to histones can be more
susceptible to damage [55], exposing important epigenetic
markers that, if damaged, may lead to embryo development
arrest. Therefore, even under low percentage of cells with
chromatin alteration, we can assume that the reason for
embryo development block of our study is chromatin dam-
age.

Embryo development fails due to spermatozoa exposed
to oxidative stress which has been previously observed in
primate [15]. In this study, authors attribute embryo develop-
ment arrest before embryo genome activation to alterations
during cellular division and high levels of nuclear fragmen-
tation. In mouse, another study verified that spermatozoa
exposed to hydrogen peroxide promote delay in embryo
development and decrease in implantation rates [59]. Similar
to our study, Simões et al. [16] identified lower cleavage
rates in bovine sperm samples more susceptible to oxidative
stress, but no effect was observed for blastocyst rate. Authors
speculate that embryos that were able to surpass blocking
phase are capable of reaching blastocyst stage. However,
an increase in apoptotic blastomeres was observed. More
studies directed to the early development period (between fist

cleavage until 8–16 cells stage, when bovine embryo genome
is activated) and epigenetic mechanisms may elucidate the
dynamic of embryo development arrest caused by sperma-
tozoa previously submitted to oxidative damage.

With the advances in transcriptome research, several
studies have identified the presence of RNAs on sperma-
tozoa [60–62]. Some of these RNAs have been reported
as functional, necessary for important physiological events
such as the first cleavage of zygotes [63]. RNA molecule is
more unstable than DNA and also prone to damage due to
ROS attack [64]. When oxidized, it can lead to formation of
dysfunctional proteins, truncated or with incorrect folding
[65]. In this context, we can speculate that some of these
sperm RNAs can also be target of ROS oxidation, and once
they are necessary for embryo development, this could be
deleterious even before embryo genome activation.

5. Conclusion

We concluded that an oxidative environment can signifi-
cantly impair bovine sperm motility pattern, oxidative and
capacitation status, and DNA integrity. These changes would
then reflect negatively on embryonic development from
cleavage to blastocyst stage. Also, our study validated a new
method to evaluate oxidative stress, CellROX green, which
is more sensitive and efficient when compared to another
assay normally used for sperm. More studies focusing on
the moments between first cleavage and embryonic genome
activation should be conducted aiming to better understand
the deleterious effect of oxidized sperm in this particular
period.
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Excessive alcohol consumption can lead to brain tissue damage and cognitive dysfunction. It has been shown that heavy drinking
is associated with an earlier onset of neurodegenerative diseases such as Alzheimer’s disease. Acetaldehyde, the most toxic
metabolite of ethanol, is speculated to mediate the brain tissue damage and cognitive dysfunction induced by the chronic excessive
consumption of alcohol.However, the exactmechanisms bywhich acetaldehyde induces neurotoxicity are not totally understood. In
this study, we investigated the cytotoxic effects of acetaldehyde in SH-SY5Y cells and found that acetaldehyde induced apoptosis of
SH-SY5Y cells by downregulating the expression of antiapoptotic Bcl-2 and Bcl-xL and upregulating the expression of proapoptotic
Bax. Acetaldehyde treatment led to a significant decrease in the levels of activated Akt and cyclic AMP-responsive element binding
protein (CREB). In addition, acetaldehyde induced the activation of p38mitogen-activated protein kinase (MAPK)while inhibiting
the activation of extracellular signal-regulated kinases (ERKs, p44/p42MAPK). Meanwhile, acetaldehyde treatment caused an
increase in the production of reactive oxygen species and elevated the oxidative stress in SH-SY5Y cells. Therefore, acetaldehyde
induces cytotoxicity of SH-SY5Y cells via promotion of apoptotic signaling, inhibition of cell survival pathway, and induction of
oxidative stress.

1. Introduction

Excessive alcohol consumption can cause brain tissue damage
and cognitive dysfunction [1]. It has been reported that
heavy drinking is associated with an earlier onset of neu-
rodegenerative diseases such as Alzheimer’s disease (AD)
[2]. Acetaldehyde, the most toxic metabolite of ethanol, is
speculated to mediate the brain tissue damage and cognitive
dysfunction induced by the chronic excessive consumption
of alcohol. The major enzyme that generates acetaldehyde
during ethanol metabolism in liver is alcohol dehydrogenase.
Catalase and cytochrome p450 2E1 are additional enzymes
that are important for the local formation of acetaldehyde
in the brain [3]. Acetaldehyde can also be directly ingested
from foods such as alcohol beverages, fruit juice, and yogurt
or from tobacco smoke [4].The principle enzyme responsible
for the detoxification and metabolism of acetaldehyde into
acetate is aldehyde dehydrogenase (ALDH) 2. Thus, the local
accumulation of acetaldehyde depends on the amount of
exposure and the rates of its formation and clearance. Indeed,

it has been found that the levels of acetaldehyde in blood
are much higher in individuals with defective ALDH2 in
comparison with normal individuals after alcohol ingestion
[5].

The generation and accumulation of acetaldehyde by
local metabolism in brain may contribute to the synaptic
dysfunction. It has been demonstrated that acetaldehyde
mediates the acute inhibition of long-term potentiation by
ethanol in the CA1 region of rat hippocampal slices [6]. The
tissue damage caused by acetaldehyde is largely mediated
by the direct cytotoxicity caused by acetaldehyde. In rat
embryos, acetaldehyde treatment induces marked cell death
in several tissues including neuroepithelium, correlating to
the malformations seen in fetal alcohol syndrome (FAS) [7].
Similarly, exposure to acetaldehyde inhibits cell growth in
primary cultures of rat astrocytes, presumably via apoptotic
pathway [8]. Induction of mitochondria dysfunction and
overproduction of reactive oxygen species (ROS) have been
linked to the action of acetaldehyde [9, 10]. The redox imbal-
ance induced by acetaldehyde is accompanied by a transient
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reduction in the protein content of mitochondrial superoxide
dismutase SOD2 [11]. In rat cerebellar neuron cultures,
acetaldehyde treatment causes decrease in cell viability while
impairing mitochondrial function and significantly elevating
markers of oxidative stress including 4-hydroxy-2-nonenal
and 8-hydroxydeoxyguanosine [12]. In addition, it has been
shown that acetaldehyde induces cytotoxic effects of neuronal
cells by activating apoptotic signals such as cytochrome c
release and caspase 3 activation [13].

Above evidence suggests acetaldehyde may cause neu-
rotoxic effects by promoting oxidative stress and apop-
totic signals. However, the exact molecular mechanisms of
acetaldehyde-induced neurotoxicity are not totally under-
stood. There are few studies on whether acetaldehyde affects
pathways that are essential for cell survival such as the
activation of Akt (a serine/threonine kinase or protein kinase,
PKB) and cyclic AMP-responsive element binding protein
(CREB). In this study, we investigated the cytotoxic effects of
acetaldehyde in SH-SY5Y cells and found that acetaldehyde
induced apoptosis of SH-SY5Y cells by downregulating the
expression of antiapoptoticBcl-2 andBcl-xL and upregulating
the expression of proapoptotic Bax. Acetaldehyde treatment
led to a significant decrease in the levels of activated Akt and
CREB. In addition, acetaldehyde induced the activation of
p38 mitogen-activated protein kinase (MAPK) while inhibit-
ing the activation of extracellular signal-regulated kinases
(ERKs, p44/p42MAPK). Meanwhile, acetaldehyde treatment
led to elevated production of ROS and oxidative stress in
SH-SY5Y cells. Therefore, acetaldehyde induces cytotoxicity
of SH-SY5Y cells via promotion of apoptotic signaling,
inhibition of cell survival pathway, and induction of oxidative
stress.

2. Materials and Methods

2.1. Materials. Fetal bovine serum (FBS), streptomycin, and
penicillin were purchased fromThermo Scientific (Rockford,
IL, USA). Dulbecco’s modified Eagle’s medium (DMEM),
trypsin, and reverse-transcription reaction system were pur-
chased from Invitrogen (Eugene, OR, USA). Caspase 3 activ-
ity kit, BCA protein assay kit, DMSO, BeyoECL plusWestern
blotting detection system, anti-Akt, and goat antirabbit IgG
(H+L) antibodies were purchased from Beyotime Institute
of Biotechnology (Haimen, China). MDA assay kit and
GSH assay kit were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Brandford protein
assay kit, anti-phospho-Akt (Ser 473) antibody, agarose,
primers, and PCR reaction system were purchased from
Sangon Biotech (Shanghai, China). 2, 7-Dichlorofluorescin
diacetate (DCFH-DA) was purchased from Sigma Chemical
(St. Louis, MO, USA). Antibodies for CREB, phospho-CREB
(Ser 133), p38MAPK, phospho-p38MAPK (Thr180/Tyr182),
JNK, phospho-JNK (Thr183/Tyr185), p44/p42 MAPK, and
phospho-p44/p42MAPK (Thr202/Tyr204) were purchased
from Cell Signaling Technology (Beverly, MA, USA).

2.2. Cell Viability Assay. Human neuroblastoma SH-SY5Y
cells were maintained in DMEM with 10% FBS and 1%
streptomycin/penicillin in a CO

2
incubator at 37∘C, with 5%

CO
2
and 95% air. Cells were seeded in 12-well plates with a

density of 4 × 104 per well. The viability of cells was checked
by trypan blue exclusion assay.

2.3. Hoechst 33258 Nuclear Staining Assay. Apoptotic cells
were detected by Hoechst 33258 nuclear staining assay. Cells
were fixed in 4% paraformaldehyde in PBS for 10min at room
temperature after 24 h treatment of acetaldehyde. The fixed
cells were incubated with Hoechst 33258 for 5min at room
temperature and subsequently washed with PBS for three
times. The fluorescence was examined using an Olympus
BX53 fluorescence microscope.

2.4. Caspase 3 Activity. The activity of caspase 3 was deter-
mined using a caspase 3 activity kit according to themanufac-
turer’s instructions. After treatments, cells were harvested by
digesting with trypsin and the cell lysates were prepared. To
evaluate the activity of caspase 3, cell lysates were incubated
with Ac-DEVD-pNA and reaction buffer for 10 h at 37∘C.
Substrate cleavage was then measured using a spectrometer
at 405 nm.

2.5. Measurement of Intracellular Oxidation Stress. Fluores-
cent probe DCFH-DA was used to determine the intracel-
lular generation of ROS. After 1 h treatment with 10mM
acetaldehyde, cells were rinsed three times with PBS and
incubated with 5 𝜇MDCFH-DA at 37∘C for 30min.The fluo-
rescence was examined using an Olympus BX53 fluorescence
microscope. The concentrations of malondialdehyde (MDA)
and glutathione (GSH) were determined using commercial
available kits according to the manufacturer’s instructions.

2.6. RT-PCR. Total RNA was isolated using RNAiso Plus
reagent (Takara Biotechnology (Dalian) Co., Ltd.) and con-
verted to cDNA using reverse-transcription reaction system.
PCR was then performed to determine the expression of Bcl-
2, Bcl-xL, and Bax. The housekeeping geneGAPDH was used
as the internal control. The sequences of forward and reverse
primers used were ACC ACA GTC CAT GCC ATC AC and
ACC TTG CCC ACA GCC TTG for GAPDH; CCA GCT
GCC TTG GAC TGT GT and GGT TTA TTA CCC CCT
CAA GAC CAC for Bax; GGA GGA TTG TGG CCT TCT
TG and GG TGC CGG TTC AGG TAC TCA for Bcl-2; and
TTGGACAATGGACTGGTTA andGTATAGTGGATG
GTC AGT G for Bcl-xL. The PCR conditions were 95∘C for
5min followed by 35 cycles at 95∘C for 1min, 55∘C for 1min,
and 72∘C for 1min followed by final extension at 72∘C for
10min for GAPDH; 94∘C for 3min followed by 25 cycles at
94∘C for 30 s, 54∘C for 30 s, and 72∘C for 1min followed by
final extension at 72∘C for 5min for Bcl-2; 95∘C for 5min
followed by 40 cycles at 95∘C for 1min, 55∘C for 1min, and
72∘C for 1min followed by final extension at 72∘C for 10min
for Bcl-xL; and 94∘C for 5min followed by 30 cycles at 94∘C
for 30 s, 54∘C for 30 s, and 72∘C for 1min followed by final
extension at 72∘C for 5min for Bax. The PCR products were
electrophoresed on 1.5% agarose gel, stained with ethidium
bromide, and photographed under ultraviolet light.
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2.7. Western Blot Analysis. After treatments, cells were
washed twice with PBS and the cell lysates were prepared
in cell lysis buffer (Tris 20mM, NaCl 150mM, EDTA
1mM, sodium pyrophosphate 2.5mM, NaF 20mM, 𝛽-
glycerophosphoric acid 1mM, and sodium orthovanadate
1mM). The supernatants were collected after centrifugation
at 14000×g for 10min at 4∘C and the protein concentration
of the supernatants was measured. 20𝜇g of protein extracts
was resolved by SDS-polyacrylamide gel electrophoresis
and then transferred to polyvinylidene difluoride (PVDF)
membrane and subsequently incubated with specific primary
antibodies. PVDF membrane was washed by Tris buffered
saline (TBS) containing 0.1% Tween-20 for three times.
For detection, the PVDF membrane was incubated with
a horseradish peroxidase-coupled secondary antibody, fol-
lowed by an enhanced chemiluminescence substrate reaction
using BeyoECL plus Western blotting detection system.

2.8. Statistical Analysis. All the experiments were carried out
in triplicates. Quantitative data are represented as the mean
± SD. Student’s 𝑡-test was used to compare the difference
between the control and treatment groups. 𝑃 values of 0.05
were considered statistically significant.

3. Results

3.1. Acetaldehyde Induces Apoptosis and Affects the Gene
Expression of Bcl-2 Family Proteins. We first examined the
effect of acetaldehyde on the cell viability of SH-SY5Y cells.
As shown in Figure 1(a), acetaldehyde decreased the viabil-
ity of SH-SY5Y cells significantly and in a concentration-
dependent manner, suggesting that acetaldehyde induced
cytotoxicity of SH-SY5Y cells. Hoechst 33528 staining of cells
treated with 10mM of acetaldehyde for 24 h demonstrated
that acetaldehyde induced apoptosis of SH-SY5Y cells (Fig-
ure 1(b)).

Proapoptotic protein Bax and antiapoptotic proteins,
Bcl-2 and Bcl-xL, are Bcl-2 family proteins that regulate
apoptotic pathway via affecting the permeability of the
mitochondrial outer membrane [14]. We next examined the
effect of acetaldehyde on the expression of these Bcl-2 family
proteins. As shown in Figure 1(c), exposure of SH-SY5Y cells
to acetaldehyde for 24 h resulted in the decrease in Bcl-2
and Bcl-xL mRNA levels, which were concomitant with the
increase in the level of Bax. Thus, acetaldehyde treatment
might promote apoptosis by decreasing the expression of
antiapoptotic proteins Bcl-2 and Bcl-xL and inducing the
expression of proapoptic protein Bax. Caspase 3 is a hallmark
of the late apoptotic events. As shown in Figure 1(d), acetalde-
hyde treatment significantly increased the activity of caspase
3 and the elevation of caspase 3 activities by acetaldehyde had
a dose-response effect.These data indicated that acetaldehyde
treatment induced cytotoxicity and apoptosis of SH-SY5Y
cells.

3.2. Effect of Acetaldehyde on the Activation of Akt and CREB
Pathway. Akt/CREB pathway is important for the survival
of neuronal cells [15]. To find out whether acetaldehyde

affects cell survival pathway, the activation of Akt and
CREB was examined by Western blot analysis. As shown in
Figure 2(a), treatment of acetaldehyde (10 and 25mM) for
24 h induced a significant decrease in the levels of activated
Akt. Similarly, levels of activated CREB were also decreased
by the treatment of acetaldehyde (Figure 2(b)). These data
suggested that acetaldehyde may decrease cell viability and
promote apoptosis by inhibiting the activation of Akt and
CREB.

3.3. Effect of Acetaldehyde on the Activation of MAPKs.
MAPKs have been shown to have important roles in promo-
tion or inhibition of apoptosis. We next examined the effect
of acetaldehyde on the activation of p38MAPK/ERK/JNK
pathway by Western blot analysis. Treatment of acetalde-
hyde increased the levels of activated p38MAPK in a dose-
dependent manner (Figure 3(a)). In contrast, acetaldehyde
treatment caused a downregulation of the levels of activated
ERK (Figure 3(b)). There was only a slight change in the
activation of JNK after 24 h treatment of acetaldehyde (Fig-
ure 3(c)).

3.4. Acetaldehyde Increases Oxidative Stress in SH-SY5Y Cells.
To further study the underlying mechanism of the cyto-
toxic effects of acetaldehyde, the effects of acetaldehyde on
the redox status of the cells were studied. As shown in
Figure 4(a), exposure of acetaldehyde caused a quick and
dramatic increase in the production of ROS in SH-SY5Y cells.
In addition, acetaldehyde treatment also induced a decrease
in the concentration of tripeptide GSH (Figure 4(b)), which
plays important function in the detoxification of ROS. MDA,
which is a breakdown product of the oxidative degradation of
cell membrane lipids, is generally considered as the marker
of intracellular oxidative stress and an indicator of lipid per-
oxidation [16]. Thus, we next determined the concentration
of MDA in acetaldehyde treated SH-SY5Y cells. As shown in
Figure 4(c), MDA levels increased significantly by acetalde-
hyde treatment in a concentration-dependent manner. The
increase of ROS and MDA levels and the decreased GSH
concentration suggested that the oxidative stress was induced
by the acetaldehyde treatment, which might subsequently
lead to the cytotoxicity and apoptosis of SH-SY5Y cells.

4. Discussion

Excessive accumulation of acetaldehyde in brain could lead
to neurotoxicity and perhaps contribute to the acceleration
of the development of neurodegenerative diseases; however,
the exact molecular mechanisms of acetaldehyde-induced
neurotoxicity are not totally understood. Here we studied
the cytotoxic effects of acetaldehyde in SH-SY5Y cells and
found that acetaldehyde induced cytotoxicity by promoting
apoptosis and inhibiting cell survival pathways.

The role of mitochondria in the apoptotic process
has been well established. Mitochondria apoptotic pathway
is mainly regulated by Bcl-2 family proteins, including
proapoptotic protein Bax and antiapoptotic proteins, Bcl-2
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Figure 1: Effects of acetaldehyde on the cell viability and apoptosis of SH-SY5Y cells. Cells were incubated with various concentrations of
acetaldehyde for 24 h. (a) Cell viability was determined with trypan blue assay. The number of cells in control group is set to 100%. (b) The
cells were fixed and stained with Hoechst 33258. (c) SH-SY5Y cells were treated with different concentration of acetaldehyde for 24 h. Total
RNA was isolated after the treatment and the expression of Bcl-2, Bcl-xL, and Bax genes was assessed by RT-PCR.The expression of GAPDH
was used as an internal control. (d) Total lysates of cells were collected and the caspase 3 activities were determined. Data are expressed as the
values of concentration of pNA. Values are means ± SD, 𝑛 = 3. ∗∗, significantly different from untreated cells (𝑃 < 0.01).

and Bcl-xL, via affecting the permeability of the mitochon-
drial outer membrane [14]. The balance between antiapop-
totic and proapoptotic Bcl-2 family proteins determines the
fate of cells including the survival of individual neurons [17–
19].Our results showed that the expression ofBcl-xL andBcl-2
was decreased while the expression of Bax was upregulated
by acetaldehyde treatment in SH-SY5Y cells. These results
suggested that acetaldehyde induced apoptosis of SH-SY5Y
cells though mitochondria apoptotic pathway.

The serine/threonine kinase Akt, also known as protein
kinase B (PKB), is a key player in regulating cell signals
that are important for cell death and survival [20]. Multi-
ple apoptotic/survival regulating molecules are downstream
substrates of Akt, for examples, Bcl-2-associated death pro-
tein (Bad) [21], caspase 9 [22], glycogen synthase kinase

3𝛽 (GSK3𝛽) [23], and CREB [24]. The reduction of Akt
activation by augmented acetaldehyde exposure has been
shown in alcohol-induced myocardial dysfunction and hep-
atic apoptosis [25–27]. In this study, acetaldehyde treatment
caused a dose-dependent inhibition of the activation ofAkt in
SH-SY5Y cells, suggesting that acetaldehyde might decrease
the cell survival and promote apoptotic signaling by sup-
pressingAkt activation.The phosphorylation of transcription
factor CREB by Akt on Ser133 results in its transcriptional
activation. Our data also showed that the levels of activated
CREB were decreased by acetaldehyde treatment. CREB
promotes cell survival via a transcription-dependent mecha-
nism, upregulating the expression of antiapoptotic genes such
as Bcl-2 [28, 29]. Thus, it is possible that the decrease of Bcl-2
gene expression by acetaldehyde treatment seen in our study
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Figure 2: Effects of acetaldehyde treatment on the activation of Akt and CREB in SH-SY5Y cells. SH-SY5Y cells were treated with different
concentrations of acetaldehyde for 24 h. Total cell lysates were collected and the amount of Akt, phospho-Akt (Ser473) (a), CREB, and
phospho-CREB (Ser 133) (b) was determined byWestern blot analysis. The intensities of the bands were quantified by densitometric analyses
and normalized by the amount of Akt or CREB. Values are means ± SD from three independent experiments. ∗, significantly different from
control (𝑃 < 0.05); ∗∗, significantly different from control (𝑃 < 0.01).

resulted from the inhibition of acetaldehyde on Akt/CREB
pathway.

MAPKs are important cell signals that are involved in
both apoptosis and cell survival. It has been shown that the
activation of p38MAPK and c-JunN-terminal kinases (JNKs)
promotes apoptosis [30, 31]while ERKs inhibit apoptosis [32].
There are few studies on how acetaldehyde affects the activa-
tion ofMAPKs in neuronal cells. In this study, 24 h treatment
of SH-SY5Y cells with acetaldehyde activated p38MAPK
while inhibiting ERKs in a dose-dependent manner. The
suppression of ERKs activation has been associated with the
decrease of Bcl-2 expression or the ratio of Bcl-2/Bax that
leads to the activation of caspase 3 [33, 34]. It is also reported
that ERKs suppress the apoptosis of osteosarcoma cells
induced by an acidic polysaccharide via activating Bcl-xL
[35]. Thus, the inhibition of acetaldehyde on ERK activation
may play a role in its modulation of the expression of Bcl-
2 family proteins. As p38MAPK was shown to inhibit CREB
activated Bcl-2 expression [36], the activation of p38MAPK
by acetaldehydemay also contribute to the downregulation of
Bcl-2 expression, potentiallymediated by the inhibitory effect
of p38MAPK on CREB activation. Furthermore, previous
studies have shown that treating cells with ERKs inhibitor
attenuates the activation of Akt [37, 38] while the activa-
tion of p38MAPK may be involved in the inactivation of
PI3K/Akt signaling pathway [39]. Collectively, the evidence
suggests that theremay be a crosstalk betweenAkt-CREB and

p38/ERKs pathways, and Akt/CREB may be located in the
downstream of p38/ERK signaling pathway in acetaldehyde-
induced apoptotic event, with p38MAPK playing a role as
proapoptotic factor while ERKs acting as an antiapoptotic
factor.

Activated JNKs have been shown to suppress the expres-
sion of Bcl-2, leading to the release of cytochrome c and
triggering apoptosis [40]. In our study, we only found a slight
increase in the activation of JNKs after 24 h exposure of
acetaldehyde (5mM). It is possible that acetaldehyde induces
the activation of JNKswithin short period after the treatment,
as reported in the study of Lee and Shukla [41]. This is
currently under investigation and the preliminary results
showed that the elevation of activated JNK occurred after
a short exposure (<1 h) of acetaldehyde (data not shown).
And this short term activation of JNK could contribute
to the downregulation of Bcl-2 expression and apoptosis
induced by acetaldehyde. Overall, these data suggested that
the modulation of MAPKs by acetaldehyde plays important
roles in acetaldehyde-induced apoptosis in SH-SY5Y cells.

Oxidative stress has emerged as one of the important
factors in neuronal cell death in neurodegenerative diseases
such as AD. Accumulating evidence has shown that ethanol
and acetaldehyde exposure could lead to elevated produc-
tion of ROS and oxidative stress [42, 43]. Our results also
showed that ROS production was significantly elevated in
SH-SY5Y cells after a short time exposure of acetaldehyde.
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Figure 3: Effects of acetaldehyde on the activation of p38MAPK/ERK/JNK in SH-SY5Y cells. SH-SY5Y cells were treated with different
concentrations of acetaldehyde for 24 h. Total cell lysates were collected and the protein levels of p38MAPK, phosho-p38MAPK
(Thr180/Tyr182) (a), ERK (p44/p42) MAPK and phospho-ERK (Thr202/Tyr204) (b), and JNK and phospho-JNK (Thr183/Tyr185) (c) were
determined by Western blot analyses. The intensities of the bands were quantified by densitometric analyses and normalized by the amount
of p38MAPK, JNK, or ERK. Values are means ± SD from three independent experiments. ∗, significantly different from control (𝑃 < 0.05);
∗∗, significantly different from control (𝑃 < 0.01).
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Figure 4: Acetaldehyde increases oxidative stress in SH-SY5Y cells. (a) SH-SY5Y cells were treated with 10mM of acetaldehyde for 1 h. Cells
were then stained with DCFH-DA to determine the production of ROS. Images on the left side are the phase images of the cells. (b) SH-SY5Y
cells were treated with 5mM of acetaldehyde for 2 h. The levels of reduced GSH were determined in the cell lysates. (c) SH-SY5Y cells were
treated with different concentration of acetaldehyde for 24 h. MDA production was measured in the cell lysates. Values are means ± SD. ∗,
significantly different from control cells (𝑃 < 0.05); ∗∗, significantly different from control cells (𝑃 < 0.01).

The induction of oxidative stress was also indicated by the
decreased intracellular GSH content and the increased levels
of MDA after acetaldehyde treatment. These data suggest
that oxidative stress is one of the early events induced by
acetaldehyde in the cell, and the cytotoxicity of acetaldehyde

is at least partly caused by its induction of intracellular
oxidative stress.

In summary, our results suggest that a complex crosstalk
between signaling pathways, such as MAPKs and Akt/CREB,
may act together in acetaldehyde-induced apoptotic event.
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And acetaldehyde induced cytotoxicity of SH-SY5Y cells via
promotion of apoptotic signaling, inhibition of cell survival
pathway, and induction of oxidative stress. The study also
provides evidence that inhibition of oxidative stress by
antioxidants may be beneficial for preventing neuronal dam-
age associated with acetaldehyde-induced cytotoxicity which
could be resulting from excessive alcohol consumption.
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[9] L. Gómez-Quiroz, L. Bucio, V. Souza et al., “Interleukin
8 response and oxidative stress in HepG2 cells treated
with ethanol, acetaldehyde or lipopolysaccharide,” Hepatology
Research, vol. 26, no. 2, pp. 134–141, 2003.

[10] B. E. Farfán Labonne, M. Gutiérrez, L. E. Gómez-Quiroz et al.,
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Compelling evidences have shown that diverse environmental insults arising during early life can either directly lead to a
reduction in the number of dopaminergic neurons or cause an increased susceptibility to neurons degeneration with subsequent
environmental insults or with aging alone. Oxidative stress is considered the main effect of neurotoxins exposure. In this study, we
investigated the oxidative stress effect of Paraquat (PQ) on immortalized human embryonic neural progenitor cells by treating them
with various concentrations of PQ. We show that PQ can decrease the activity of SOD and CAT but increase MDA and LDH level.
Furthermore, the activities of Cyc and caspase-9 were found increased significantly at 10𝜇Mof PQ treatment.The cytoplasmic Nrf2
protein expressions were upregulated at 10𝜇M but fell back at 100𝜇M. The nuclear Nrf2 protein expressions were upregulated as
well as the downstream mRNA expressions of HO-1 and NQO1 in a dose-dependent manner. In addition, the proteins expression
of PKC and CKII was also increased significantly even at 1 𝜇M.The results suggested that Nrf2/ARE pathway is involved in mild to
moderate PQ-induced oxidative stress which is evident from dampened Nrf2 activity and low expression of antioxidant genes in
PQ induced oxidative damage.

1. Introduction

Agricultural chemicals are becoming increasingly potent
environmental threats. Paraquat (PQ; 1,1-dimethyl-4,4-bip-
yridium) is a widely used fast-acting and nonselective contact
herbicide, which is mainly accumulated in the lung, resulting
in widespread reports for its pulmonary toxicity [1]. PQ
has also been shown to cross the blood-brain barrier and
enter the brain through a neutral amino acid carrier due
to its structural homology to amino acids [2, 3]. Animal
experiments demonstrate that prolonged PQ exposure can
result in its accumulation in different brain regions [4].
Extensive evidence demonstrates that PQ is linked to nigros-
triatal damage and the emergence of Parkinson symptoms
in epidemiological investigations and animal studies [5].
Importantly, compelling evidence from animal models has
shown that diverse environmental factors arising during
early life may either directly lead to a reduction in the
number of dopamine neurons in substantia nigra or cause

an increased susceptibility to degeneration of these neurons
with subsequent environmental insults or with aging alone
[6, 7]. Moreover, some direct evidence shows that PQ has
the ability to cross the placenta and it was found in higher
concentrations in the placenta than in the mother’s blood
[8]. Exposure to PQ in the early life can produce progressive,
permanent, and cumulative neurotoxicity of the nigrostriatal
dopamine system and enhance vulnerability to subsequent
environmental insults [6, 7]. Our previous study in vitro
suggested that PQ could reduce viability of human embryonic
neural progenitor cells (hNPCs) by inducing oxidative stress
and apoptosis [9]. Taken together, the persistence develop-
mental neurotoxicity of PQwhichmay contribute to later-in-
life adverse effects needs more attention.

Although the mechanism of PQ neurotoxicity has not
been completely clear, the importance of oxidative stress in
it has been generally proved [10–12]. PQ can induce oxidative
damage to various neurocytes like neurons and hippocampus
cells [13–15]. PQ induces oxidative stress through producing
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reactive oxygen species (ROS), including hydrogen peroxide,
superoxide anion, and hydroxyl radicals, and consuming
nicotinamide adenine dinucleotide phosphate (NADPH), an
important intracellular reducing agent to exert its toxicity. In
addition, ROS is an important second messenger involved
in activation or regulation of cell apoptosis. In the apoptosis
pathway, caspase-dependent mitochondria pathway plays a
decisive role. Divergent cellular stresses promote the release
of caspase-activating factors, notably cytochrome c (Cyc)
from mitochondrial intermembrane space, to cytoplasm to
combine with apoptotic protease activating factor-1 (Apaf-
1) and adenosine triphosphate (ATP) to form apoptosome
assembly, activating caspase-9 to further activate caspase-
3, driving caspase cascade in cytoplasm, causing substrate
proteolysis and cellular collapse to induce cell apoptosis [16,
17].

Therefore, the identification of the potential antioxidant
pathway against oxidative damage had attracted intense
interest. Among the multiple mechanisms, Nrf2-Keap1/ARE
signal pathway is themost important endogenous antioxidant
pathway discovered to date. While being attacked by ROS
or other exogenous toxicant, the cytoplasm nuclear factor
erythroid 2-related factor 2 (Nrf2) which was activated by
dissociation with kelch-like ECH-associated protein (Keap1)
entered the nucleus, binding to antioxidant reactive element
(ARE), starting the transcription of corresponding down-
stream antioxidant molecules including phase II detoxifying
enzymes [18] and antioxidative proteins [19, 20], to suppress
the oxidative stress and maintain the redox balance. Several
antioxidative enzymes and detoxifying enzymes levels had
been downregulated in Nrf2 knockout mouse, which made
the mouse more susceptive to toxin damage [21].

In addition, the developing brain is much more suscep-
tible to being injured than the adult’s brain [22, 23]. Neural
stemcells’ self-renewal andmultipotent differentiation capac-
ity makes it an ideal model in studying neurodevelopmental
toxicologicalmechanism [24, 25]. In this study, we investigate
the effects caused by PQ on the imbalance of oxidation and
antioxidation and the role of the antioxidation pathway—the
Nrf2/ARE pathway in PQ induced neurotoxicity in hNPCs.

2. Material and Methods

2.1. Chemicals and Solution. PQ was purchased from Sigma
Chemical Co. (Sigma-Aldrich, Milan, Italy). ReNcell NSC
Maintenance Medium and accutase were obtained commer-
cially from Millipore (Temecula, CA). Epidermal growth
factor (EGF) and basic fibroblast growth factor (FGF-2) were
purchased from PeproTech. Laminin was purchased from
Invitrogen (Carlsbad, CA, USA). Catalase Assay Kit, Malon-
dialdehyde Assay Kit, Lactate Dehydrogenase Assay Kit, BCA
Protein Assay Kit, Cell Lysis Buffer for Western and IP, goat
anti-rabbit IgG-HRP, and goat anti-mouse IgG-HRP were
obtained from Beyotime (Jiangsu, China). Total Superoxide
Dismutase Assay Kit was purchased fromDojindoMolecular
Technologies (Kumamoto, Japan). Tripure was obtained from
Roche (Basel, Switzerland). The AMV first strand cDNA
Synthesis Kit was purchased fromMBI (Fermentas, Canada).

Real-time PCR Kit was obtained from Tiangen Biotech
(Beijing, China). Rabbit anti-Nrf2 polyclonal antibody, rabbit
anti-Keap1 polyclonal antibody, rabbit anti-PKC polyclonal
antibody, and rabbit anti-CKII polyclonal antibody were
purchased from GeneTex (San Antonio, USA). Mouse anti-
𝛽-tubulin polyclonal antibody was purchased from Boster
(Wuhan, China).

2.2. Cell Culture and PQ Treatment. Human neural progeni-
tor cells (hNPCs) were obtained from Millipore (Temecula,
CA). Frozen cells were thawed and expanded on laminin-
coated 100mm diameter dish (Corning, Inc., Corning, NY)
in complete medium containing fresh EGF (20 ng/mL) and
FGF-2 (20 ng/mL). Cells were passaged when they were 80%
confluent. After accutase dissociation and centrifugation at
300 g for 3min, cells were resuspended in complete medium
and plated in laminin-coated dish (Corning, Inc., Corning,
NY). The cultures were incubated at 37∘C in 5% CO

2
. The

medium was replaced every 24 h.
The cells were plated at a density of 1× 105/mL in laminin-

coated plates. When the cells are approximately 70%–80%
confluent, PQ dissolved in PBS was added at concentrations
ranging from 0, 1, and 10 to 100 𝜇M and the cultures were
maintained for 24 h.

2.3. Measurement of Biomarkers of Oxidative Stress. After
treatment of PQ for 24 h, the levels of methane dicarboxylic
aldehyde (MDA) were determined as an indicator of lipid
peroxidation. And the activities of superoxide dismutase
(SOD), catalase (CAT), and MDA were measured using
qualified kits [26, 27]. The absorbance was obtained using a
Microplate Reader (Biotek, USA) reading at corresponding
wavelength.

2.4. Lactate Dehydrogenase (LDH) Leakage Assay. Oxidative
stress-induced cytotoxicity was determined in a colorimetric
assay based on the measurement of LDH released into the
supernatant, which was determined using an LDH cytotox-
icity assay kit according to the manufacturer’s instructions
[28].The absorbance was obtained using aMicroplate Reader
(Biotek, USA) reading at 450 nm.

2.5. RNAPurification, Reverse Transcription, andQuantitative
Real-Time PCR. Cell samples were collected after being
exposed to PQ for 24 h. Total RNA was first extracted by
Tripure followingmanufacturer instructions.The synthesis of
the cDNA was performed utilizing an oligo(DT) primer and
reverse transcriptase. All the primers were designed and
synthesized based on Primer Premier Software 5.0 (PRE-
MIER Biosoft International) by Sangon Biotech (Shanghai)
Co., Ltd. The 𝛽-actin primers were 5-CTCCATCCTGGC-
CTCGCTGT-3 (sense) and 5-GCTGTCACCTTCACC-
GTTCC-3 (antisense; NM 001101). The HO-1 primers were
5-TCGCCCCTGTCTACTTCC-3 (sense) and 5-GCA-
GCTCCTGCAACTCCT-3 (antisense; NM 002133). The
NQO-1 primers were 5-GCCTAGCACAAGTACCACTCT-
TGGTC-3 (sense) and 5-CTGAGGCAGGAGAATTGC-
TGGAACC-3 (antisense; NM 001025434). 𝛽-actin was used
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as the housekeeping gene.The real-time PCR was done using
2 𝜇L of cDNA, 0.5 𝜇L of each primer, and 2 𝜇L SYBR Green
PCR Master Mix in a 10 𝜇L reaction volume. PCR program
was a 10min activation step at 95∘C, followed by 40 cycles of
94∘C for 15 s, 55∘C for 30 s, and finally 72∘C for 1min. Every
sample was done in triplicate. The ΔΔCt method was applied
for RNA relative expression quantification [9].

2.6. Western Blot Analysis of Cytoplasmic Nrf2, Nuclear Nrf2,
Protein Kinase C (PKC), Casein Kinase II (CKII), Cyc, and
Caspase-9. After treatment with 0, 1, 10, and 100 𝜇mol/L PQ
for 24 h, the protein extraction and western blot process were
operated according to the previous study [9].The immunore-
active proteins were detected by enhanced chemilumines-
cence using hyperfilm and enhanced chemiluminescence
reagent (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) according to the manufacturer’s instructions. Band
intensities were quantified by densitometer analysis system
and expressed as IOD (integrated optical density). Target pro-
tein densitometry values were adjusted to 𝛽-tubulin intensity
and normalized to expression from the control sample.

2.7. Statistical Analysis. Data were analyzed with the SPSS
17.0 statistic program and expressed as means ± standard
deviations (SD). All data were analyzed by one-way analysis
of variance (one-way ANOVA), followed by LSD-𝑡 test for
variance homogeneity and Kruskal-Wallis𝐻 test for variance
heterogeneity. Data obtained at each chemical concentration
were compared with the controls. 𝑝-value < 0.05 was consid-
ered significant.

3. Results

3.1. The Oxidative Damages Induced by PQ in hNPCs. Pre-
vious reports from our laboratory indicated that PQ can
significantly reduce cells viability to 69% at concentration of
100 𝜇Mwhile it had no effect at 0, 1, and 10 𝜇M [9]; we chose
0, 1 and 10 𝜇M PQ which were no significant cytotoxic and
100 𝜇M PQ which was significant cytotoxic as the exposure
concentration in this study. Considering the ROS generation
induced by PQ at 10 𝜇M [9] and the balance between
oxidation and antioxidation in normal circumstance, we
first investigated the antioxidative molecules’ SOD and CAT
activity to research the oxidative mechanism after treatment
with various concentrations of PQ. The two antioxidant
enzyme activities both had a dose-dependent decrease with
the significant decrease at 100 𝜇M PQ exposure compared to
untreated group (𝑝 < 0.05) (Figure 1).

As the final metabolite of lipid peroxidation, MDA can
change the construction and function of cell membrane,
leading to the membrane breakage [29]. Besides, LDH which
was released when the membrane damaged is considered a
kind of sensitive markers of membrane breakage. Therefore,
we detected the PQ induced oxidative damage via measuring
the intracellular MDA and LDH activity. After treatment
with various concentrations of PQ, we found a significant
dose-dependent increase of MDA and LDH activity with PQ
concentrations as low as 10𝜇M compared to untreated group
(𝑝 < 0.05) (Figure 2), which were accordant with ROS [9].

0

5

10

15

20

25

SOD CAT

En
zy

m
e a

ct
iv

ity
 (U

/m
g 

pr
ot

ei
n)

∗

∗

0𝜇M
1𝜇M

10𝜇M
100𝜇M

Figure 1: SOD and CAT activity in hNPCs upon exposure to
different concentrations of PQ for 24 hr. Results are expressed as
means ± S.D. (𝑛 = 3). ∗ means 𝑝 < 0.05 when compared with the
corresponding control group (0𝜇M).

3.2. Nrf2/ARE Pathway Involved in Oxidative Stress Induced by
PQ in hNPCs. Nrf2-ARE-driven genes coordinately function
to protect cells from H

2
O
2
-induced apoptosis in cell studies

[30]. Toxic doses of H
2
O
2
vary with the cell density, compo-

nents in culture media, and the cell type studied. The follow-
ing oxidative stress may result in apoptotic and/or necrotic
cell death depending on a variety of factors. To examine
the potential role of Nrf2 signaling pathway in preventing
PQ induced oxidative stress in hNPCs, we detected the
cytoplasmic and nuclear Nrf2 protein expression by western
blot. As Figure 3 showed, the cytoplasmic Nrf2 expression
was significantly upregulated to 181% at 10 𝜇M of PQ (𝑝 <
0.05) but fell back to 116% at 100 𝜇M (𝑝 > 0.05). The nuclear
Nrf2 expression was significantly upregulated to 178% and
218% at 10 and 100 𝜇M (𝑝 < 0.05).

As a result of nuclear Nrf2 increase, we examine Nrf2-
ARE-driven genes using real-timePCRafter PQ treatment for
24 h. HO-1 mRNA expression was slightly increased to 117%
at 1 𝜇M and significantly increased to 175% and 221% at 10
and 100 𝜇M (𝑝 < 0.05), respectively. NQO1 expression was
slightly increased to 111% at 1𝜇M and significantly increased
to 215% and 220% at 10 and 100 𝜇M (𝑝 < 0.01) (Figure 4).

3.3. Activation of Protein Kinase (PKC and CKII) Induced
by PQ in hNPCs. Previous studies had discovered the
involvement of protein kinase in phosphorylating Nrf2 and
triggering its nuclear translocation in response to oxidative
stress [31]. In our study, we used western blot to detect
the intracellular PKC and CKII proteins expression after
treatment with different concentrations of PQ for 24 h to
observe the role of protein kinases in PQ induced Nrf2
activation. As Figure 5 showed, the intracellular PKC and
CKII expressions were both significantly upregulated at even
1 𝜇M of PQ (𝑝 < 0.01).
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Figure 2:The oxidative damage of hNPCs induced by PQ treatment. (a)The intracellular MDA activity in hNPCs upon exposure to different
concentrations of PQ. (b)The released LDH level of hNPCs upon exposure to different concentrations of PQ. Results are expressed as means
± S.D. (𝑛 = 3). ∗means 𝑝 < 0.05 when compared with the corresponding control group (0𝜇M).
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Figure 3: The expression of cytoplasmic and nuclear Nrf2 proteins in hNPCs after exposure to different concentrations of PQ. (a)
Electrophoretic band of cytoplasmic and nuclear Nrf2 proteins by western blot. (b) Quantification of cytoplasmic and nuclear Nrf2 proteins
expression. Results are expressed as means ± S.D. (𝑛 = 3). ∗ and ∗∗ mean 𝑝 < 0.05 and 𝑝 < 0.01 when compared with the corresponding
control group (0𝜇M).

3.4. Effect of PQ on Apoptotic Cell Death Signaling Pathways
of hNPCs. Oxidative stress had been shown to activate
caspase-dependent apoptotic cell death signaling pathways
[32]. Cyc combined with Apaf-1 and subsequently activated
caspase-9 to initiate downstream effector caspases to cause

the cell apoptosis [33, 34]. Herein, we examined the protein
expressions of Cyc and caspase-9. Figure 6 showed that Cyc
and caspase-9 protein expressions were both significantly
increased in 10 𝜇M PQ treatment group compared with the
control (𝑝 < 0.05).
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Figure 4: The gene expression of HO-1 and NQO1 in hNPCs after
exposure to different concentrations of PQ. Results are expressed as
means ± S.D. (𝑛 = 3). ∗ and ∗∗mean 𝑝 < 0.05 and 𝑝 < 0.01 when
compared with the corresponding control group (0𝜇M).

4. Discussion

In the present study, we demonstrate that PQ can directly
produce toxicity to hNPCs by inducing ROS generation and
decreasing SOD and CAT activity which resulted in redox
imbalance and oxidative damage. In particular, we found that
PQ induced oxidative stress can activate theNrf2-Keap1/ARE
signaling pathway to initiate the downstream antioxidant
responsive elements including HO-1 and NQO1 mRNAs
expression to prevent the oxidative damage. Additionally, we
observed that PQ can activate PKC and CKII which were
involved in the phosphorylation of Nrf2, revealing that PKC
and CKII may play an indirect part in antioxidative stress.

As one of the most widely used herbicides in the world,
PQ can induce damage to various organs or cells [35–37]. To
the nervous system, because of the structural similarity to the
parkinsonism-inducing neurotoxic agent 1-methyl-4-phenyl-
1, 2, 3, 6-tetrahydropyridine (MPTP), PQ is considered to be
a possible environmental risk factor for neurodegenerative
disorders like Parkinson’s disease (PD) [38, 39]. In addition,
the developing brain is much more susceptible to be injured
than the adult’s brain [21, 22]. Therefore, PQ developmental
neurotoxicity deserves more attention. It was reported that
PQ could inhibit the proliferation and disrupt the differen-
tiation of neural precursor cells in vitro studies [40]. Also,
in our previous study, we found the concentration of PQ
reducing the hNPCs viability (100 𝜇M) [9] was lower than
other cell types [41, 42], suggesting the sensitivity of hNPCs
to PQ induced toxicity. Based on the effect of PQ on hNPCs
viability, in this study, we chose 0, 1, 10, and 100 𝜇M as the
exposure concentrations.

Because of its extensive effects on cell proliferation,
differentiation, apoptosis, and signal transduction, ROS plays
an important role in neurotoxicity. Several studies have
suggested that PQ could cause dopaminergic neurons and
hippocampal neurons damage via generating ROS to cause
oxidative damage to brain mitochondria [15, 43]. Our previ-
ous study had also shown that PQ exposure could cause a

dose-dependent increase in ROS production and significant
increases were observed when PQ doses were increased
to 10 𝜇M [9]. Besides, LDH which is released when the
membrane damaged is considered a kind of sensitivemarkers
of membrane breakage. Similarly, our study showed that PQ
increased the LDH and MDA levels. These results suggest
that PQ induced the production of lipid peroxidation and
oxidative damage in hNCPs.

As a sensitive receptor for oxidative stress, Nrf2/Keap1
signaling pathway played a crucial role in preventing cells
from apoptosis, stress, inflammation, and tumor [20]. It was
the most important intrinsic antioxidative stress pathway yet
discovered [44, 45]. When the Nrf2/Keap1 signaling pathway
was activated, Nrf2 was uncoupled from inhibitor protein-
Keap1 and accessed to nucleus to bind with ARE, leading
to the transcription of the downstream target antioxidative
genes, and sequentially improved cell’s antioxidative stress
ability [46, 47]. Similarly, in our study, 10 𝜇M PQ induced
oxidative stress can significantly activate the Nrf2 pathway
to prevent the oxidative stress via increasing the level of
both cytoplasmic and nuclear Nrf2 protein and the Nrf2
downstream antioxidative genes, HO-1 and NQO1, which
meant the activation of Nrf2/Keap1 signaling pathway to
increase nuclear antioxidative genes expression to prevent
10 𝜇M PQ caused oxidative stress.

In other way, normal cells can eliminate the redundant
ROS through antioxidant enzyme including SOD and CAT
to prevent the oxidative damage. But severe exposure to
toxicant could increase the oxidation but decrease the antiox-
idation to damage the oxidative balance. Previous studies
have showed that SOD and CAT in dopaminergic neurons
were all decreased after PQ exposure [41, 48]. Similarly, our
study showed that higher level of PQ (100 𝜇M) can signif-
icantly inhibit antioxidant enzymes SOD and CAT activity,
which meant the imbalance of oxidation and the severity
of 100 𝜇M PQ induced oxidative damage. Enhanced nuclear
Nrf2 expression was further augmented by PQ treatment to
further activate downstream antioxidative genes HO-1 and
NQO1 expressions to defend the oxidative damage. The level
of cytoplasmic Nrf2 fell back at 100 𝜇M. Similarly, a previous
study also has discovered that higher concentration of PQ
exposure (0.5mmol/L) could inhibit neuroblastoma Nrf2
protein level [49].

In addition, some protein kinases like PKC and CKII
could also induce the Nrf2 protein phosphorylation to influ-
ence its activity [31, 50]. In our study, the intracellular PKC
and CKII protein levels were elevated with the increasing
of PQ concentration even at 1𝜇M, which revealed the
correlation between Nrf2 activation and its phosphorylation
caused by PKC and CKII.

However, as an important second messenger involved in
regulation of cell apoptosis, high level of ROS induced by
PQ could inevitably cause mitochondria damage and cell
apoptosis [51, 52]. In our study, the mitochondria released
Cyc level increased at 10 𝜇M, which resulted in the increase
of caspase-9. That was consistent with the cells apoptosis
and cells viability alteration discovered in previous study
[9], suggesting the obvious cells damage caused by high
concentration (100𝜇M) of PQ.
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Figure 5: The expression of PKC and CKII proteins in hNPCs after exposure to different concentrations of PQ. (a) Electrophoretic band
of PKC and CKII proteins by western blot. (b) Quantification of PKC and CKII proteins expression. Results are expressed as means ± S.D.
(𝑛 = 3). ∗∗means 𝑝 < 0.01 when compared with the corresponding control group (0𝜇M).
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Figure 6: The expression of Cyc and caspase-9 proteins in hNPCs after exposure to different concentrations of PQ. (a) Electrophoretic band
of Cyc and caspase-9 proteins by western blot. (b) Quantification of Cyc and caspase-9 proteins expression. Results are expressed as means ±
S.D (𝑛 = 3). ∗means 𝑝 < 0.05 when compared with the corresponding control group (0𝜇M).

In general, PQ exposure could significantly induce oxida-
tive stress and cause oxidative imbalance. Low concentration
(10 𝜇M) of PQ caused moderate stress could activate Nrf2
pathway to prevent cells from PQ induced oxidative damage;
however, the Nrf2 pathway protection was ineffective in high
concentration (100𝜇M) and caused severe stress, which has
finally resulted in decrease of cell ability and increase of cell
apoptosis [9]. Considering the protection of Nrf2 pathway
in PQ induced damage, it may be supposed as a potential
and effective therapeutic target for oxidative damage related
disease in clinical therapy.

5. Conclusion

Weprovide important evidence suggesting that PQ has direct
toxicity to cause irreversible apoptosis to hNPCs which was
associated with the elevated oxidative stress. In addition,
PQ induced oxidative stress and redox imbalance could
activate the Nrf2/ARE signaling pathway to prevent the
oxidative stress via initiating the downstream antioxidant
responsive element like HO-1 and NQO1mRNAs expression.
In particular, we also observed that PKC and CKII may be
involved in the phosphorylation of Nrf2, revealing that PKC
and CKII may play an indirect role in antioxidative stress.
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In plasma medicine, cold physical plasma delivers a delicate mixture of reactive components to cells and tissues. Recent studies
suggested a beneficial role of cold plasma in wound healing. Yet, the biological processes related to the redox modulation via
plasma are not fully understood. We here used the monocytic cell line THP-1 as a model to test their response to cold plasma in
vitro. Intriguingly, short term plasma treatment stimulated cell growth. Longer exposure only modestly compromised cell viability
but apparently supported the growth of cells that were enlarged in size and that showed enhancedmetabolic activity. A significantly
increased mitochondrial content in plasma treated cells supported this notion. On THP-1 cell proteome level, we identified an
increase of protein translation with key regulatory proteins being involved in redox regulation (hypoxia inducible factor 2𝛼),
differentiation (retinoic acid signaling and interferon inducible factors), and cell growth (Yin Yang 1). Regulation of inflammation is
a key element inmany chronic diseases, andwe found a significantly increased expression of the anti-inflammatory heme oxygenase
1 (HMOX1) and of the neutrophil attractant chemokine interleukin-8 (IL-8). Together, these results foster the view that cold physical
plasma modulates the redox balance and inflammatory processes in wound related cells.

1. Introduction

Plasma is generated by substantial energy input to a gas,
thereby creating a “fourth state ofmatter” [1]. Plasma contains
active and reactive components ofmany kinds including elec-
trons, ions, and reactive oxygen and nitrogen species (ROS
and RNS) as well as ultraviolet (UV), visible, and infrared
radiation [2]. Apart from naturally occurring plasma, for
example, lightning, fire, orAurelia borealis, plasma is also cre-
ated artificially. For plasma jets, such as the one used in
the present study (kiNPen), the reactive components of the
plasma can be delivered directly and in a controlled manner
to cells and tissues without inducing thermal damage [3].
In the device (or kiNPen), the noble gas argon is excited at
a central high voltage electrode (AC, several kV, ≈1MHz).
This creates nonequilibrium plasma that contains hot and
reactive electrons and relatively cold argon ions in a bulk of
nonionized gas atoms that govern the overall temperature [4].
The electrons and argon ions [5] in turn react with ambient

oxygen or nitrogen molecules to form ROS/RNS [6]. This
may be of therapeutic benefit in pathological skin conditions,
as first small-scale clinical studies supported the notion that
chronic wounds displayed an improved healing signature
after exposure to ROS/RNS generating plasma [7–9].

Cells of the immune system are central players in the reg-
ulation of all wound healing phases [10]. During the inflam-
matory phase, professional phagocytes are attracted via cyto-
kines and reactive molecules from the vasculature to the
wound bed where they eradicate invading microorganisms
[11]. Among them are monocytes which in situ differentiate
into macrophages [12]. Macrophages also dominate the cen-
ter of chronic ulcers and can potently generate reactive
species [13]. These cells have key regulatory functions which
are reflected by, for example, the phagocytosis of dead cells
[14] and debris as well as their release of cytokines [15] and
other wound healing-related proteins, such as heme oxy-
genase 1 (HO-1) [16]. In particular, interleukin-8 (IL-8) is
a central molecule in initiating the inflammatory wound
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healing phase [17] and its secretion was previously shown to
be accented by reactive species, such as hydroxyl radicals [18].

Wound healing is highly redox-controlled [19]. Almost all
cells of the wound microenvironment utilize oxygen to gen-
erate reactive species, and at low concentration these species
seem to be required for proper healing [20]. It is hypothesized
that plasma may trigger similar responses in cells. Yet, the
mechanisms and biological processes following exposure to
plasma are not fully understood [21]. Accordingly, we inves-
tigated the neoplastic cell line THP-1 monocytes as a model
to study the effects of a plasma-based redox modulation. We
identified an increase in free thiol content, cell proliferation,
and metabolic activity, arguing for a priming of these cells
which was further manifested by significant changes in pro-
tein expression as analyzed by mass spectrometry based pro-
teomic tools. We further identified an altered inflammatory
signature. Our results implicate a potential significance of
redox intonations by plasma that may help to further under-
stand its impending benefit in human skin pathologies.

2. Materials and Methods

2.1. Cell Culture. THP-1 monocytes (ACC 16, DSMZ, Ger-
many) were cultured in RPMI1640 medium (Lonza, Switzer-
land) containing 10% bovine calf serum (Sigma, USA), 2%
glutamine (Pan-Biotech, Germany), and 1% penicillin/strep-
tomycin (Lonza, Switzerland). For total protein expression
using stable isotope labeling (SILAC), cells were labeled for at
least three passages in complete RPMI containing 10% of dia-
lyzed bovine calf serum with either both isotopically labeled
arginine and lysine (13C15

6
N
4
arginine and 13C15

6
N
2
lysine,

Cambridge Isotopes, USA) or regular amino acids.

2.2. Plasma Source and Treatment. The atmospheric pressure
argon plasma jet kiNPen 11 (neoplas tools GmbH, Germany)
was used. It was operated with five standard liters per minute
(slm) of argon gas (Air Liquide, France) and its flux was
controlled using a mass flow controller (MKS instruments,
Germany).The jet is equipped with a ceramic capillary (inner
radius of 0.8mm) and an inner pin-type high-frequency elec-
trode (AC≈ 1MHz, several kV). Cells were indirectly plasma-
treated in experimentswhere RNAandproteinwere collected
for real-time PCR or mass spectrometry, respectively. Here,
5mL of cell culture medium in a 60mm dish was plasma-
treated and was subsequently added to 1 × 106 pelleted THP-
1 cells. For direct plasma treatment in all other experiments,
5mL of cell suspension (0.2×106/mL of medium) was added
to a 60mm plastic dish (Sarstedt, Germany) and exposed
to plasma. In both regimes and using a computer-controlled
𝑥𝑦𝑧-table (S-400, CNC step, Germany), the jet hovered over
the sample in a meandering fashion for the indicated time
length. A predetermined amount of destilledwater was added
after treatment to compensate evaporation. The direct and
indirect approaches were previously compared and found
to have similar effects. Using the same plasma source, this
accounts for toxicity in human PBMC [22] and effects on
metabolic activity and proliferation in feline epithelial cells
[23]. Analogous results were obtained for other sources using

human epithelial cells [24] as well as for inactivating bacteria
[25].

2.3. Metabolic Activity Assay. THP-1 monocytes were pla-
sma-treated, aliquoted in 96-well plates (Sarstedt, Germany),
and incubated for 72 h at 37∘C. Resazurin (Alfa Aesar, USA)
was added (final concentration 200𝜇M), and cells were
incubated for 4 h. In active cells, NADH+ is generated during
the cellular metabolism which sponsors the transformation
of resazurin to its fluorescent product resorfurin [26]. The
latter can be detected measuring its fluorescence at 590 nm
(excitation wavelength 530 nm) using a microplate reader
(M200 pro, Tecan, Austria).

2.4. Flow Cytometry. To assess intracellular redox changes,
THP-1 monocytes were stained with 2 𝜇M CM-H

2
DCF-DA

(Life Technologies, USA) prior to plasma-treatment and sub-
sequent analysis by flow cytometry (Gallios, Beckman-Coul-
ter, USA). Also, cells were plasma-treated, collected at various
incubation times, and stained with 10 𝜇Mof theThiolTracker
probe (Life Technologies) to assess the intracellular reduced
thiol content. Apoptosiswas investigated as previously descri-
bed [27]. Briefly, cells were plasma-treated and after 24 h
they were incubated in Annexin V binding buffer containing
Annexin V FITC (BioLegend, USA) and 4,6-diamidin-2-
phenylindol (DAPI, Sigma, USA). Alternatively, cells were
fixed in ethanol and stained with DAPI to analyze THP-1 cell
cycle. To analyze the metabolic activity per cell, resorfurin
fluorescence wasmeasured, andDAPI was added prior to cell
enumeration using volumetric flow cytometry (Attune, Life
Technologies). Viable cell counts were related to total fluores-
cence obtained by the resazurin-reduction assay. Mean for-
ward and side scatter fluorescence intensity was evaluated as
well. To determine mitochondrial content, cells were stained
with 0.5𝜇M MitoTracker red FM (Life Technologies) 72 h
after plasma treatment.

2.5. Global Protein Expression. Proteomic analysis was car-
ried out as previously described [28]. Briefly, SILAC-labeled
THP-1 cells were exposed to plasma-treated (3min) medium
and cellular protein was collected 24 h later. Proteins were
fractionated using SDS gel electrophoresis and in-gel protein
digestion was performed. Peptides were analyzed by nano-
LC/MS (Proxeon, Denmark), and the eluent was ionized
by electrospray ionization and examined using a TripleTOF
5600 (AB Sciex, USA) mass spectrometer. Data were pro-
cessed using ProteinPilot 4.5 software (AB Sciex) and Ingenu-
ity Pathway Analysis (Qiagen, USA). Between 2200 and 2700
human proteins from about 60,000 peptides were identified
out of 240,000 mass spectra. Candidates were selected upon
their significant involvement in pathways of metabolisms
and/or redox stress as well as on statistical criteria (≥±1.5-
fold expression). Additionally, data were analyzed through
the use of Ingenuity Pathway Analysis (IPA, Qiagen) and free
web based applications (PANTHER and Universal Protein
Resource).
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Figure 1: Analysis of THP-1 cell apoptosis. THP-1 monocytes were plasma-treated (6min). Percentages of viable as well as early and late
apoptotic cells were analyzed (a) and quantitated (b) by flow cytometry using Annexin V andDAPI. “Ctrl” represents percent of viable cells in
untreated samples; percentages of viable and early and late apoptotic cells add up to 100. Data are shown as one representative (b) or mean +
S.E. (b) of five independent experiments.

2.6. Real-Time PCR of IL-8 and HMOX1. THP-1 cells were
exposed to plasma-treated medium and incubated for 12 h
or 24 h. Cells were harvested and mRNA was isolated
(RNA-Mini Kit; Bio&Sell, Germany). Complementary DNA
(cDNA) was generated from total RNA using transcriptor
first strand cDNA synthesis kit and T4 DNA polymerase for
second strand synthesis (both from Roche, Switzerland). For
quantitative polymerase chain reaction, the real-time ready
catalogue assay kit containing IL-8 and HMOX1 primers was
utilized, and samples were analyzed using a LightCycler 480
II (all Roche).

2.7. Cytokine Detection. THP-1 cells were incubated for 24 h
after plasma treatment. Supernatants were analyzed using an
IL-8 (BioLegend) ELISA and a multianalyte inflammatory
cytokine ELISA array (Qiagen). Sample values were normal-
ized to control values and displayed as fold change to control.

2.8. Statistics. Experiments were repeated at least three times.
Values were displayed as arithmetic mean. For MitoTracker
and ThiolTracker fluorescence and for IL-8 and HMOX1
expression studies, Student’s 𝑡-test was applied. For compari-
son in all other experiments, one-way ANOVA with Dunnett
posttesting was utilized. Significance levels were indicated as
follows: ∗𝛼 = 0.05, ∗∗𝛼 = 0.01, and ∗∗∗𝛼 = 0.001.

3. Results and Discussion

3.1. Plasma Altered the Cellular Redox State without Major
Apoptosis Induction. In this study, we investigated whether
exposure to cold physical plasma affected THP-1 cell viability,
metabolic activity, and function. THP-1 cell apoptosis was
studied (Figure 1(a)), and viability was compromised only to
a minor extent (Figure 1(b)). This is in line with peripheral
blood monocyte viability being only marginally affected
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Figure 2: Analysis of redox changes in THP-1 cells. THP-1 cells were stained with CM-H
2
DCF-DA and plasma-treated (3min) to evaluate

intracellular redox changes by flow cytometry (a, b). THP-1 cells were plasma-treated, and cells were stained at different time point with
ThiolTracker dye to examine their total reduced thiol content ((c), shown for 72 h) by flow cytometry (d). Data are shown as one representative
(a, c) or mean + S.E. (b, d) of three independent experiments.

by plasma [27]. Yet, plasma did induce changes in the
cellular redox state. Immediately following treatment, THP-
1 cells showed a significant (𝑃 < 0.001) increase in
DCF fluorescence (Figures 2(a) and 2(b)). Although DCF is
regarded as a general redox probe, it is highly sensitive to
hydroxyl radicals [29]. These may have been formed in the
Fenton reaction of plasma-derived hydrogen peroxide [30]
with metals being inevitably present in biological systems
[31]. We asked next whether plasma-derived reactive species

also affected the cells’ antioxidative defense.Here, glutathione
is a central molecule which constitutes and regenerates the
majority of free thiols in cells to maintain redox homeostasis
[32]. The intracellular free thiol content was significantly
(𝑃 < 0.01) decreased immediately following exposure to
plasma whereas thiol levels were substantially elevated hours
and days after plasma treatment (Figures 2(c) and 2(d)).
This argues for a swiftly augmented redox defense in res-
ponse to plasma with only little induction of apoptosis. This
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Figure 3: Analysis of THP-1 cell size and mitochondrial content. THP-1 monocytes were plasma-treated. After 72 h, forward (FS) and side
scatter (SSC) distribution (a, b) and mean fluorescence intensity (MFI) thereof (c, d) were analyzed in viable cells using flow cytometry.
MitoTracker red fluorescence indicative of total mitochondrial content was assessed in viable cells (f) 72 h after plasma treatment. Data are
shown as one representative (a, b, e), mean + S.E. (c, d), or boxplot (5–95 percentile, (f)) of three independent experiments.

may be explained by THP-1 cells being derived from an
acute monocytic leukemia (AML), and an excessive constitu-
tive ROS production combined with an impaired p38-MAPK
and ROS-mediated apoptosis signaling was found in AMLs
of oncological patients [33]. Moreover, GSH decrease was
also followed by a rebound increase as an adaptive response
to oxidative stress in epithelial cells [34], underlining our
results, and suggested an adaptation in THP-1 cells following
plasma. We subsequently investigated alterations in the cells’
morphology and metabolic activity after plasma treatment.

3.2. Plasma Enhanced Cell Size and Stimulated Cellular Pro-
liferation. Compared to control cells (Figure 3(a)), plasma-
treated cells (Figure 3(b)) displayed a small but significant
enhancement of mean forward scatter (attributed to the cells’
size, Figure 3(c)) and side scatter (attributed to the cells’
granularity and membrane irregularity, Figure 3(d)). This
correlated with mitochondrial content (Figure 3(e)) that
was significantly increased in plasma-treated cells as well
(Figure 3(f)), possibly pointing to an altered metabolic activ-
ity. Indeed, we found a significant elevation (𝑃 < 0.003)
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of cellular respiration for short exposure to plasma (1min).
By contrast, total metabolic activity was significantly (𝑃 <
0.001) decreased after extended (6min) plasma treatment
(Figure 4(a)).The same cells that were subjected to the assess-
ment ofmetabolic activitywere subsequently analyzed by vol-
umetric flow cytometry and viable cells were counted. Again,
we found a significant (𝑃 < 0.001) increase in cell numbers
for short exposure times and a significant decrease (𝑃 <
0.001) for longer exposure times to plasma (Figure 4(b)).
Based on these data, we calculated the metabolic activity on a
per-cell basis by combination of the total fluorescence divi-
ded by the total number of viable cells (Figure 4(c)). For
short exposure times there was no difference compared to
untreated controls. On the contrary, the per-cell metabolic
activity was significantly (𝑃 < 0.001) enhanced in cells that
were exposed to plasma for 6min. Supplementation of fresh
media during the incubation time yielded similar results and
hence the elevated metabolism was not a consequence of
nutrient limitation in control cells (data not shown). The
decrease in total cell numbers (Figure 4(b)) was reflected by a
significant (𝑃 < 0.001) G2 arrest (Figures 4(d) and 4(e)) 24 h
but not 72 h (data not shown) after plasma treatment.

These results suggest that exposure to plasma may have
stimulated THP-1 cells, eventually leading to enhanced pro-
liferation for short exposure times. Reactive species delivered
to the cells via the plasma altered the intracellular redox state
and consequently stimulated growth.Thismay be reflected by
the finding of others who suggested a role of redox changes
in, for example, thioredoxin or Id3 in growth stimulation [35,
36]. It was reported that redoxmodifications in THP-1mono-
cytes lead to macrophage differentiation [37] which may
account for the increase observed in cell size (Figure 3(c)) and
metabolic activity (Figure 4(c)). Indeed, THP-1 cell activa-
tions via, for example, mitogens increase cell size as well [38].
Yet, mitogen-activated and THP-1 cell-derived macrophages
display a distinct surface marker signature (e.g., elevated
expression of CD33, CD45, CD49b, CD49d, CD81, and
CD141) which was not present on plasma-treated THP-1
cells (data not shown). This argues against a role of plasma
in induction of THP-1 cell differentiation. Oxidative stress
was also shown to support an accumulation of THP-1 cells
in the G2 phase of the cell cycle [39] which supports our
findings (Figure 4(e)) andmay explain the lower proliferation
found after prolonged exposure to plasma (Figure 3(b)). A
linkage between the enhanced metabolic activity and the
elevated mitochondrial content (Figure 3(f)) is unlikely due
to the monocytes’ glycolytic nature [40]. It was suggested
that monocytes utilize mitochondria to generate ROS for
signaling purposes and not mainly for ATP generation [41].
This would imply a combined extrinsic (plasma) and intrinsic
(mitochondria) ROS generation, possibly affecting redox sig-
naling and/or other biological responses observed in this
study. Finally, growth promotion of plasma-treated cells may
be a consequence of elevated GSH levels (Figure 2(d)) pro-
tecting from ROS generated during proliferation [42].

3.3. Global Protein Expression Screening. Next, proteome
analysis was carried out to further elucidate the THP-1 cell

Table 1: Differential expression of proteins complexed in metabolic
and redox processes after plasma treatment. Fold regulation of rele-
vant candidate protein expression identified from global proteomic
profiling of THP-1 cells and 24 h after exposure to plasma-treated
medium. Data are presented as mean and range of three indepen-
dent experiments.

Short name/ID Fold change Pathway/task
EPAS1 (Q99814) +4.0 ± 0.7 Transcription factor
YY1 (P25490) +3.0 ± 0.3 Cell cycle control
CRABP1 (P29762) +1.9 ± 0.2 Retinoic acid signaling
SUGT1 (Q9Y2Z0) +1.9 ± 0.3 Protein ubiquitination
STUB1 (Q9UNE7) +1.7 ± 0.2 Protein ubiquitination
SOD2 (P04179) −1.5 ± 0.1 Redox balancer
IRF8 (Q02556) −1.6 ± 0.2 Interferon signaling

protein response to plasma. In plasma-treated THP-1 mono-
cytes, total protein expression was increased by 1.05-fold,
paralleling the observed increase in cell size (Figure 3). An
increase of protein translation was also suggested by the
finding that the dominant pathways regulated after plasma
involved ribosomal protein translation (eIF2 signaling and
eIF4/p706K signaling) [43]. Simultaneously, cellular protein
degradation was elevated, indicated by an increased expres-
sion of several key members of the ubiquitin/proteasome
pathway, such as SUGT1 and STUB1 (Table 1) [44, 45].

These observations point to an anticipated protein stress
response triggered by plasma and subsequent changes in the
THP-1monocyte redox state.This notion is further supported
by the finding that the endothelial PAS domain-containing
protein 1 (EPAS1, also known as hypoxia inducible factor-
2𝛼) was highly regulated after plasma (Table 1). Like HO-1,
EPAS1 is central in themaintenance of redox homeostasis and
is moreover linked to superoxide dismutase (SOD) activity
[46]. After plasma treatment, we found a decrease in mito-
chondrial-resident SOD (SOD2, Table 1). Although SOD2 is
a protector against oxidative stress, previous work had found
downregulation during the physiological wound healing
process in rats [47]. Along with our findings, decreased levels
were also reported in response to sublethal oxidative stress in
neuronal cells [48]. In oxidatively challenged rats, Yin Yang 1
(YY1), a zinc finger transcription factor, was strongly increa-
sed [49] which correlates with our results (Table 1). YY1 is
central in cell cycle progression and resistance to apoptotic
stimuli [50] and its upregulation inmacrophages is associated
with an increased expression of cyclooxygenase 2 (COX2)
[51]. COX2 is a hallmark of tissue injury and inflammation.
Thus, the increase of YY1 expression after plasma may repre-
sent the perception of a danger stimulus by THP-1 cells. This
may be reflected by changes in the inflammatory signature
(Figure 5) and the decrease of interferon regulatory factor 8
expression (IRF8, Table 1) which may indicate the effort to
control interleukin production and overshooting cell activa-
tion [52, 53]. YY1 also controls respiratory chain expression
andmitochondrial activity [54, 55] andmay have a role in the
modulation of the metabolic activity observed (Figure 4(c)).
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Figure 4: Analysis of total THP-1 cell metabolism and number. THP-1 monocytes were plasma-treated, and after 72 h the total metabolic
activity was assessed in a microplate reader using the resazurin assay (a). Viable cell numbers were determined of the same samples (b), and
the metabolic activity per cell was calculated (c). Twenty-four hours after plasma treatment, cells were subjected to cell cycle analysis (d)
and quantitatively compared to each other (e). Data are shown as one representative (d) or mean + S.E. (a, b, c, and e) of three independent
experiments.
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Figure 5: Analysis of THP-1 cell IL-8 and HMOX1 expression. THP-1 monocytes were plasma-treated, and after 24 h IL-8 expression and its
secretion were analyzed by real-time PCR and ELISA, respectively. Expression of HMOX1 was examined 12 h and 24 h after treatment using
real-time PCR (b). Data are presented as mean + S.E. of three independent experiments.

However, in contrast to human keratinocytes [56], oxida-
tive stress response like nuclear factor erythroid 2-related fac-
tor (Nrf2) regulated response was not observed as indicated
by unchangedNAD(P)Hdehydrogenase (quinone) 1 (NQO1)
or carbonyl reductase (NADPH) 1 (CBR1) expression (data
not shown). Instead, retinoic acid (RA) signaling was acti-
vated as shown by cellular retinoic acid binding protein 1
(CRABP1) expression (Table 1). Corroborating our findings,
RA signaling in monocytes has been associated with a slow-
down of cell cycle progression and a stimulation of cell differ-
entiation [57, 58]. Additionally, RA signaling plays a role in
the oxidative stress response and CRABP1 expression may
reflect a reaction towards the reduced SOD2 levels [59].

We identified YY1 to be strongly controlled by plasma. In
the human T cell line Jurkat, the IFN-𝛾 cytokine promoter
is under control of YY1 [60]. Malondialdehyde-induced ROS
stresswas found to highly upregulate YY1 expression in Jurkat
cells which was subsequently associated with a marked inc-
rease of IL-8 mRNA and its release [61]. Strikingly, YY1 is
positively regulated by products of HO-1, such as carbon
monoxide [62], and HMOX1 upregulation was previously
found in plasma-treated keratinocytes [56]. Both molecules
are associated with inflammation and we asked next whether
their expression was affected following exposure to plasma.

3.4. Plasma Treatment Induced Expression of IL-8 and
HMOX1. In the inflammatory phase of wound healing,
the main function of the proinflammatory chemokine IL-8
(CXCL8) is the attraction of phagocytes from the blood to the
site of injury [63]. Exposure of THP-1 monocytes to plasma
led to the presence of higher copy numbers of IL-8 mRNA
(Figure 5(a)). This correlated with an increase in secretion of
IL-8 (Figure 5(b)) while no release or no change in the release
of other inflammation-associated molecules (IL-1𝛽, IL-6, IL-
10, IL-17A, IL-22, GM-CSF, INF𝛾, TNF𝛼, andTGF𝛽) could be
observed (data not shown). IL-8 is also secreted by primary
monocytes and macrophages but is not associated with
autocrine effects on these cells [64], making a contribution of
thismolecule to other results of this study unlikely. Substanti-
ating our results, antioxidants were found to decrease steady
state ROS and IL-8 levels [65] while increased ROS trigger
IL-8 expression in primary monocytes/macrophages [66].

Next to IL-8, HMOX1 was significantly upregulated after
exposure to plasma (Figure 5(b)). The myeloid cell-specific
enzyme HO-1 protects against the cytotoxicity of oxidative
stress and mediates immunomodulatory and anti-inflamma-
tory properties [67] via the oxidation of free heme under
generation of the products carbon monoxide, biliverdin, and
iron [68]. It is upregulated during oxidative stress [69] and
hypothesized to be central in the protection and homeostatic
reestablishment in numerous pathological conditions [70].
Ferritin, a scavenger of free iron, is coinduced with HMOX1
[71], which may provide a beneficial side effect via, for exam-
ple, reduced hydroxyl radical generation through the Fenton
reaction. Importantly, HO-1 expression was shown to inc-
rease the number of mitochondria and total metabolic act-
ivity in cardiac cells [72] which corroborates our findings in
THP-1 monocytes (Figures 3(f) and 4(c)).

3.5. Study Limitations. Following exposure to cold physical
plasma, the widely recognized cell line THP-1 monocytes
were used in this study to investigate their biological respon-
ses. This includes the identification of their proteomic profile
using SILACmass spectrometry which requires proliferating
cells. Yet, owing to the altered ROS-signaling in THP-1 cells
[33], the findings identified in this work may not fully repre-
sent the redox response in other cell types following exposure
to plasma. Moreover, studying the neoplastic THP-1 cells
may provide an only imperfect model to mimic responses
of wound-resident monocytes/macrophages to plasma. This
especially accounts for the changes observed inmetabolic act-
ivity and cell proliferation as macrophages at the wound site
derive frommonocyte differentiation rather than cell division
[73].

4. Summary

Via generation of ROS/RNS, treatment with cold physical
plasma may be beneficial in redox-related diseases, such as
impairedwoundhealing.UsingTHP-1monocytes as amodel,
we investigated the oxidative challenge provided by the
plasma to these cells. Although plasma induced changes in
the intracellular redox status, it only modestly compromised
their viability. Short plasma treatment stimulated THP-1
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monocyte growth while longer exposure increased cell size,
mitochondrial content, andmetabolic activity. Global protein
expression analysis revealed an increase in protein synthesis,
degradation, and folding processes indicative of both plasma-
mediated protein stress response and changes in protein
expression pattern. A moderate oxidative stress response was
detected, yet not via Nrf2 signaling. Changes in RA signaling,
YY1, and IRF8 expression suggested the activation of cell
differentiation events. At long exposure times, plasma upreg-
ulated the expression of IL-8 (but not other inflammatory
cytokines) and HMOX1 which are both involved in inflam-
matory processes, such as wounds. Altogether, THP-1 mono-
cytes mounted a distinct response to plasma which was
manifested by alterations of their metabolic activity and inf-
lammatory potential. Our results exemplify the delicate bal-
ance of cellular redox control and suggest a role of low-dose
redox modulation in wound-related cells which is aimed at
being triggered by cold plasma in redox-based diseases.
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Previouslywe identified, for the first time, a new small-size subset of neutrophil-derived giant phagocytes (G𝜙) which spontaneously
develop in vitro without additional growth factors or cytokines. G𝜙 are CD66b+/CD63+/MPO+/LC3B+ and are characterized
by extended lifespan, large phagolysosomes, active phagocytosis, and reactive oxygen species (ROS) production, and autophagy
largely controls their formation. Hypoxia, and particularly hypoxia/reoxygenation, is a prominent feature of many pathological
processes. Herein we investigated G𝜙 formation by applying various hypoxic conditions. Chronic intermittent hypoxia (IH) (29
cycles/day for 5 days) completely abolished G𝜙 formation, while acute IH had dose-dependent effects. Exposure to 24 h (56 IH
cycles) decreased their size, yield, phagocytic ability, autophagy, mitophagy, and gp91-phox/p22-phox expression, whereas under
24 h sustained hypoxia (SH) the size and expression of LC3B and gp91-phox/p22-phox resembledG𝜙 formed in normoxia. Diphenyl
iodide (DPI), a NADPH oxidase inhibitor, as well as the PI3K/Akt and autophagy inhibitor LY294002 abolished G𝜙 formation
at all oxygen conditions. However, the potent antioxidant, N-acetylcysteine (NAC) abrogated the effects of IH by inducing large
CD66b+/LC3B+ G𝜙 and increased bothNADPHoxidase expression and phagocytosis.These findings suggest thatNADPHoxidase,
autophagy, and the PI3K/Akt pathway are involved in G𝜙 development.

1. Introduction

Neutrophils, the first line of defense against invading
pathogens and harmful particles, are known as professional
phagocytes. Yet, increased neutrophil survival within tissues
or in the circulation can promote persistent inflammation
resulting in tissue injury and dysfunction [1]. During the last
decade it has become increasingly evident that neutrophil
activities go far beyond pathogen clearance while new unan-
ticipated functions were recognized [2]. Moreover, concepts
such as “neutrophil plasticity” and “neutrophil heterogeneity”
have emerged [3], implying that there are conditions under
which neutrophilsmay differentiate into discrete subsets with
increased longevity and with new phenotypes and functions
[2]. Thus, by exposing neutrophils to GM-CSF/IL-4/TNF-
𝛼, long-lived neutrophil subsets with efficient phagocytosis,

increased production of reactive oxygen (ROS), IL-1, and IL-
8 developed [4]. Also transforming or reprogramming into
other cell types, like macrophages or dendritic cells (DCs),
was demonstrated [5, 6]. Murine neutrophils cultured with
GM-CSF, or upon recruitment to inflammatory or infectious
sites, are differentiated into a hybrid population with pro-
longed life span, exhibiting dual features and functionality of
neutrophils and DCs [7–9]. Notably, the existence of long-
lived neutrophil subsets is suggested through their ability
to modulate their survival response by both intrinsic host-
derived and extrinsic factors, such asG-CSF,GM-CSF, IFN-𝛾,
TNF-𝛼, and/or pathogen-derived products, nucleic acids, or
hypoxic environmental conditions [10]. Specifically, inflam-
matory sites tend to become depleted of oxygen. Thus, the
concept of “inflammatory hypoxia,” in which inflammation
and hypoxia are inseparably linked, was proposed [11, 12].
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Both sustained and intermittent hypoxia (SH and IH) were
shown to profoundly inhibit neutrophil apoptosis resulting
in increased neutrophil survival and activation [13, 14].
Moreover, prolonged neutrophil survival was also evident
in patients with obstructive sleep apnea (OSA), a morbidity
associated with nightly IH resulting in intermittent blood
hypoxemia resembling ischemia/reperfusion (I/R) and asso-
ciated with increased ROS production, oxidative stress, and
systemic inflammation [15, 16].

To adapt to hypoxia, cells undergo a metabolic shift by
increasing the cellular dependency on anaerobic metabolism
and activate autophagy for degrading damaged or unnec-
essary proteins and organelles. In neutrophils, autophagy
plays a cell death role in inflammatory/infectious conditions
and in tumors which are characterized by hypoxia. Of note,
autophagy is vital in sensing oxidative stress and removing
oxidatively damaged cellular components and is activated
by stress or triggered by cytoplasmic overload of these
proteins or organelles. It may also play a role in neutrophil
differentiation [17] and has been shown to control the
generation of neutrophils in the bone marrow [18]. Addi-
tionally, a specific mitochondrial autophagy—mitophagy—
has been demonstrated as a selective mechanism to remove
dysfunctional or damaged mitochondria [19]. One of the key
proteins of autophagy activation and a prominent autophago-
some marker is LC3B. Generation of autophagosome struc-
tures requires conversion of the cytosolic LC3BI to the
lipidated LC3BII and its translocation to autophagosomes
[20]. Autophagy is negatively regulated by mTOR while it
requires phosphatidylinositol 3-kinase (PI3K) for inducing
the autophagic machinery [20] and for generating NADPH
oxidase-dependent ROS [21]. Autophagy is also enhanced
in cardiac I/R injury but acts as a double-edged sword in
I/R related pathological processes [22]. Hence, besides its
detrimental effects, autophagy can protect cardiac myocytes
against I/R injury [23]. However, the interplay between ROS,
autophagy, and cell survival is complex, cell specific, and not
entirely understood [24]. All in all, these findings suggest that
ROSmight be involved in autophagic processes in conditions
associated with IH.

In a previous study we have shown, for the first time,
that freshly isolated purified PMN from healthy subjects
maintained in prolonged culture conditions without addi-
tional growth factors or cytokines give rise to a small
subpopulation of G𝜙 within 5–7 days [25]. These G𝜙 are
characterized by unique morphology, phenotype, and func-
tions. They are vastly enlarged due to autophagocytosis
of dead neutrophil remnants, are vacuolated, and contain
phagolysosomes.They express amarker of specific neutrophil
granules CD66b, a marker of azurophilic granules CD63,
CD15, CD11b, and MPO, the gp91-phox subunit of NADPH,
and autophagy markers (LC3B). Functionally, they actively
take up particles as latex and opsonized zymosan and gener-
ate ROS in response to these particulate stimuli and to PMA.
Interestingly, unlike fresh PMN, G𝜙 which also intensively
expressed CD68 scavenger receptor took up oxidized LDL
(oxLDL) and generated ROS in response to stimulation
with oxLDL. Additionally, specific autophagy inhibitors as 3-
methyladenine (3-MA) or bafilomycin (BafA1) abolished G𝜙

development, demonstrating the importance of autophagy
to G𝜙 development [25]. However, the exact factors which
determine G𝜙 formation remain to be unveiled.

To further elucidate the conditions and mechanisms
involved in G𝜙 formation, we sought to investigate the effects
of various hypoxic treatments on G𝜙 development. To gain
further insights into G𝜙 development in hypoxic conditions,
PMNwere also treatedwith various pharmacologic inhibitors
for ROS generation and signalling pathways.

2. Materials and Methods

2.1. Isolation and Culture of Polymorphonuclear Cells (PMN)
and the Development of Giant Phagocytes (G𝜙) in Culture.
Blood samples were obtained from 28 (26 males/2 females)
healthy nonsmoker volunteers with a mean age of 28.0 ±
6.6 years and BMI of 24.9 ± 3.9Kg/m2. Sleep studies
were performed on all subjects using the WatchPAT-200
device [26], to rule out occult sleep disordered breathing.
All subjects had less than 5 oxygen desaturation (ODI)
breathing events per hour which is considered a normal
value. The protocol was approved by the local Human Rights
Committee according to the Declaration of Helsinki, and
all participants signed an informed consent form. Some of
the subjects were tested from two to six times. PMN were
isolated using two-step density gradients of equal volumes of
Ficoll-Histopaque-1077 and Ficoll-Histopaque-1.119 (Sigma-
Aldrich, Israel) according to manufacturer’s instructions,
followed by lysis of red blood cells with 0.2% sodium chloride
for 30 sec on ice. PMN were cultured in RPMI-1640 medium
supplemented with 10% heat inactivated FCS (Biological
Industries, Beit HaEmek, Israel). Half of the growth medium
was carefully replaced every 3 days. After 5–7 days, G𝜙 were
evident in culture. Depending on the donor, from each 106
neutrophils plated, 100–200G𝜙 developed. As a control, in
some experiments, the culture medium was supplemented
with 30 ng/mL granulocyte macrophage-stimulating factor
(GM-CSF) and 30 ng/mL IL-4 (R&D Systems, Minneapolis,
MN). GM-CSF/IL-4 was added at each medium change.
The LPS content in FCS was lower than 1.0 ng/mL and the
addition of 1–10 ng/mL LPS to the culture medium did not
affect G𝜙 formation [25].

Of note, to validate the neutrophilic origin of G𝜙,
in earlier experiments we also prepared a FACS-purified
population of CD15/CD11b/CD63/CD66b neutrophils. Their
development in culture was similar to that obtained from
PMN isolated by Ficoll only. Moreover, by coculturing PMN
with autologous monocytes, G𝜙 did not develop. Thus,
excluding the possibility that G𝜙 arise from contaminating
cells or cells other than mature PMN, we should also note
that since the yield of G𝜙 formed from neutrophils in
culture is low (0.01–0.02% of cultured PMN in normoxia),
biochemical and molecular measures are hard to implement
[25]. Therefore in this study the analyses rely mostly on a
follow-up by confocal microscopy.

2.2. In Vitro Intermittent (IH) and Sustained Hypoxia (SH)
Protocol. Purified PMN (0.6mL per well; 3 × 106 cells/mL)



Oxidative Medicine and Cellular Longevity 3

were plated into 24-well plates after which they were exposed
to normoxia, SH, or IH in custom-designed incubation
chambers attached to an external O

2
-CO
2
-N
2
computer-

driven controller using BioSpherix-OxyCycler-C42 system
(Redfield, NY, USA). This system enables creating periodic
changes in external O

2
concentrations that control air gas

levels in each chamber individually as previously described
[13].Oxygen levels in themediumwere determined by a fiber-
optic dissolved oxygen electrode (BioSpherix, Redfield, NY,
USA). The actual lowest % of O

2
in the medium dropped

to 5% during the hypoxic period for about 1.5min, and this
level of hypoxia was achieved after 15min of incubation. In
the reoxygenation period, O

2
levels reached normoxic levels

(20%) after 10min of incubation. Carbon dioxide was held
constant (5%) at all treatments. For modeling chronic IH, the
purified PMN were exposed for 5 consecutive days to 29 IH
cycles/day (approximately 12 h/day). Acute IHwas induced by
exposing PMN to 10 cycles (250min), 29 cycles (12 h), or 56
cycles (approximately 24 h), each in the first day in culture.
SH was employed for comparable times at 5% actual oxygen
in the medium for the entire periods (250min, 12 h, and
24 h). Thereafter, the hypoxia treated cells were transferred
to normoxia for additional six days, after which various
measures were performed. Control cells were maintained in
normoxia for the entire period.

2.3. Confocal Laser ScanningMicroscopy. Cytospins prepared
from 7-day G𝜙 were fixed with 4% paraformaldehyde and
washed with PBS. For intracellular staining, cells were per-
meabilized with 0.5% Triton X-100 (Sigma-Aldrich, Israel)
in PBS, at room temperature for 10min. After blocking
with 10% normal goat serum in RPMI-1640, cells were
incubated overnight at 4∘C using the following primary
Abs (dilution 1 : 100) or the corresponding isotype controls:
mouse monoclonal anti-CD66b Abs (80H3, AbD Serotec,
Oxford, UK) and anti-cytochrome b-245 light chain (p22-
phox identification, Clone 44.1, BioLegend, San Diego, CA),
rabbit polyclonal anti-neutrophil elastase (NE) (Calbiochem,
San Diego, CA), anti-LC3B Abs (Sigma, Israel), and anti-
Nox2/gp91-phox Abs (ab131083, Abcam, UK). Isotype con-
trols included purified mouse IgG1 (clone MG1-45) and IgG2
(cloneMOPC-173, BioLegend, SanDiego, CA) and rabbit IgG
(Santa Cruz Biotechnologies, Santa Cruz, CA).Then, the cells
were washed and incubated with 1/400 secondary antibodies
CF 488A or CF 647 goat anti-rabbit IgG and/or CF 647
goat anti-mouse IgG (Biotium,Hayward, CA).Afterwashing,
slidesweremountedwithmountingmediumcontaining 4,6-
diamidino-2-phenylindole (DAPI) for nuclear staining (Vec-
tashield H-1000, Vector Lab. Inc., Burlingame, CA). Slides
were analyzed by a confocal laser scanning system (LSM 700)
using Nikon E600 (Japan) fluorescence microscope and Plan
Apo X40 immersion oil objective. Cells’ area and fluorescent
intensities (FI) were integrated with Image J 1.49k Software
(Wayne Rasband, NIH, USA). Data are presented as FI = Raw
integrated density (sum of pixel values)/Area of cells.

2.4. Fluorescence Labeling of Cells. The fluorescence mem-
brane stains PKH-26 (red) and PKH-67 (green) (Sigma-
Aldrich) were used to label freshly isolated neutrophils

according tomanufacturer’s instructions.The labeling vehicle
provided by the kits (Diluent C) is an aqueous solution
designed to maintain cell viability. Cells were washed in
serum-free medium; the pellets were resuspended in 0.5mL
of PKH-26 or PKH-67 (1 : 500 in Diluent C) and incubated
for 5min at room temperature. Labeling was stopped by
adding 0.5mL FCS.Then, cells were washed three times with
complete medium and cocultured.

2.5. Phagocytosis. The phagocytic activity of G𝜙 was deter-
mined on day 7 using fluorescent latex beads of 1.0 𝜇m
in diameter (phagocytosis is considered when the parti-
cles internalized are about 0.75𝜇m or larger). Briefly, G𝜙
were incubated for 2 h with carboxylate-modified fluorescent
yellow-green latex beads (Polyscience, Warrington, PA) at a
cell : bead ratio of 1 : 500 (because of the large G𝜙 cell size).
Cytospins were prepared and fixed as described above and
analyzed by confocal microscopy. Three types of controls
were performed to ensure intracellular localization of the
beads. (1) Control G𝜙 were kept on ice for 15min and
cytospins were prepared immediately or 2 h after adding
the latex beads. (2) To inhibit phagocytosis, G𝜙 were prein-
cubated with 10 𝜇M cytochalasin B (Sigma-Aldrich, Israel)
for 30min prior to adding the latex beads, and cytospins
were prepared 2 h after incubation with latex. (3) To ensure
intracellular localization rather than adhesion, the intra-
cellular localization of latex beads was confirmed in G𝜙
by 3D images (𝑥𝑦, 𝑥𝑧, and 𝑦𝑧 cross sections) using 3D
reconstructing software IMARIS z-stack analysis (Bitplane
AG, Switzerland), and only latex beads in the plane of the
nucleus were considered positive for phagocytosis.

2.6. Lysosomal and Mitochondrial Distribution. LysoTracker
(Invitrogen, Molecular Probes, Eugene, Oregon, USA) was
used to detect acidified endosomes.ViableG𝜙were incubated
with 50 nM of LysoTracker for 90min at 37∘C in the dark. To
identify mitochondria, viable cells were stained for 30min at
37∘C in the dark with 100 nM MitoTracker Orange CMTM-
Ros (Invitrogen, Molecular Probes, Eugene, Oregon, USA).
To further detect mitophagy, fixed cytospins were stained
with LC3B, as described above.

Colocalization was quantified by ZEN 2010 (version 6.0)
Carl Zeiss MicroImaging GmbH, Germany using Manders
Overlap Coefficient (MOC) [27]. Only cells with MOC > 0.6
were considered as cells with significant colocalization.

2.7. Treatments of Neutrophils with Inhibitors. Freshly isolated
PMN were exposed for 24 h to IH, SH, or normoxia with
or without various inhibitors. Each inhibitor was added
10min prior to the various oxygen treatments and remained
throughout the treatments. The following inhibitors were
used: a NADPH oxidase inhibitor, 10 𝜇M diphenyl iodide
(DPI); a ROS scavenger, 20 𝜇M N-acetylcysteine (NAC) (all
purchased from Sigma-Aldrich, St. Louis, MO, USA); and
PI3K inhibitor LY-294002, 20𝜇M (L-1023, A.G. Scientific,
San Diego, CA, USA) which is indicated to act at this
concentration as a PI3K inhibitor not affecting TLR signaling
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cascade. Equal volumes of DMSO were used as a negative
control.

2.8. NBT Test. Intracellular ROSwas determined in 7-day G𝜙
by NBT test. NBT (Sigma-Aldrich) was dissolved in RPMI
1640without phenol red (0.2%). Cells were incubatedwithout
or with 100 nM PMA at 37∘C for 15min, then kept at room
temperature for 10min, and assessed by light microscopy. In
some experiments also DPI was added to G𝜙, 2 h prior to
PMA stimulation. Cytoplasmic clumps of formazan deposits
in G𝜙 were considered positive for ROS.

2.9. Cell Viability by WST-1 Assay. Cell viability was moni-
tored in the various oxygen and inhibitor treatments by using
a commercial reagent WST-1 (Roche Diagnostics GmbH,
Mannheim, Germany), according to manufacturer’s instruc-
tions [28]. Briefly, purified PMN were exposed for 24 h dura-
tion to normoxia, SH or IHwith or without various inhibitors
(see above). Then cells were seeded at a concentration of 5 ×
104 cells/well in 100𝜇L culture medium (tissue culture grade,
96 wells, flat bottom) and were incubated with the WST-1
reagents (10 𝜇L/well) for 1 h. The formazan dye formed was
determined with ELISA reader at 450/650 nM.Themeasured
absorbance directly correlates to the number of viable cells.

2.10. SDS-PAGE and Western Blot Analysis. Cells were
washed twice and extracts were prepared in lysis buffer
containing 50mM Tris-HCl (pH 7.4), 150mM NaCl, and 1%
NP-40 supplemented with a mixture of protease inhibitors
(Roche Applied Science). Protein concentration was deter-
mined using the Bradford reagent (Bio-Rad), and 30 𝜇g of
protein was loaded onto SDS-PAGE under reducing con-
ditions. After electrophoresis, proteins were transferred to
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) and
probedwith rabbit polyclonal antibody to LC3B (Sigma, Saint
Louis, USA), followed by horseradish peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) and an enhanced chemiluminescent
substrate (Beit HaEmek, Israel). Densitometric analysis was
performed using TotalLab TL100 v.2006c software (Nonlin-
ear Dynamics Ltd., Newcastle Upon Tyne, UK). Data were
normalized over 𝛽-actin and the ratio of LC3BII/LC3BI was
also calculated.

2.11. Statistical Analysis. Data are expressed as mean ± SD for
each experimental group. A two-tailed Student’s t-test with
Bonferroni correction was used for multiple comparisons.
Therefore, only values of 𝑝 < 0.008 were considered
significant. The NCSS 2004 statistical package (Kaysville,
Utah) was used.

3. Results and Discussion

3.1. Development of G𝜙 in Normoxia. Previously we have
shown that, under normoxic conditions, a new neutrophil-
derived subpopulation of cells characterized by neutrophilic
markers CD15/CD11b/CD63/CD66b, as well as a unique
morphology and functions, spontaneously develop into G𝜙

under prolonged culture conditions [25]. Accordingly, in this
study, G𝜙 which developed in normoxic conditions had the
same characteristics of G𝜙 as previously shown (CD66b+,
LC3B+, gp91-phox expression, large phagolysosomes, and
phagocytosis). These G𝜙 avidly phagocytosed neutrophil
remnants, including granules and microparticles, suggesting
that this active phagocytosis of neutrophil remnants may
induce activation of some neutrophil subsets or precursors
resulting in their transformation into G𝜙 [25]. Thus, we
treated PMN with cytochalasin B, which inhibits phagocy-
tosis by inhibiting the polymerization of actin and prevents
phagosome closure. As illustrated in Figure 1(a), cytochalasin
B abolished the formation of G𝜙, indicating the importance
of autophagocytosis to their development.

In addition, for comparison, we also followed PMN
cultures supplemented with GM-CSF/IL-4. These cells were
shown to develop into various cell types after 7–14 days in
culture as previously described [9, 29]. Unlike G𝜙, the cells
which developed in GM-CSF/IL-4 supplemented medium
were mostly smaller in size, showed widespread cytoplasmic
projections (Figure 1(b)), and were negative or had a low
CD66b expression (data not shown). Morphologically, they
resembledDC-like cells as reported byOehler et al. [29] or the
murine neutrophil-DC “hybrid” population demonstrated
by Matsushima et al. [9]. Figure 1(c) illustrates the size
differences betweenG𝜙 and the cells which developed inGM-
CSF/IL-4 supplementedmedium.We divided freshly isolated
PMN into two, and half of PMN were labeled with PKH-
26 (red) dye and cultured in cytokine-free medium for 7
days, while the other half of PMN were labeled with PKH-
67 (green) dye and cultured in GM-CSF/IL-4 supplemented
medium for 7 days. Then, both cell types were mixed
in a 1 : 1 ratio and cocultured for 2 h and cytospins were
prepared. Notably, G𝜙 formation is dependent on the local
cytokinemilieu, and culturing neutrophils with GM-CSF/IL-
4 did not induce G𝜙 formation but rather a different long-
lived subpopulation. Since cells obtained in GM-CSF/IL-
4 supplemented cultures did not resemble G𝜙, we did not
follow their phenotypic and functional characteristics.

3.2. Development of G𝜙 under Hypoxic Conditions. Hypoxic
environments are common in inflammatory and other
pathological conditions. Neutrophils adapt to such hypoxic-
pathological environments for the resolution of inflammation
by relying on their unique molecular features such as prefer-
ential glycolysis as an ATP source over the mitochondria and
a potent NADPH oxidase-dependent machinery producing
massive amounts of ROS [30]. Thus, freshly isolated purified
PMN from healthy subjects were exposed to various acute
and chronic hypoxic conditions and compared to normoxia,
as indicated in Materials and Methods. A typical profile of
10 IH cycles is presented in Figure 2(a). In the chronic IH
protocol PMN were exposed to 29 cycles (12 h) of IH/day
for five consecutive days. PMN were also maintained in SH
(12 h/day for 5 days) and normoxia for the same period of
time. As shown in Figure 2(b), treatment with chronic IH
completely abolished G𝜙 formation, but their development
was evident in SH and in normoxic cultures. Thus, in the
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Figure 1: Effects of cytochalasin B and GM-CSF/IL-4 on giant phagocyte (G𝜙) formation. (a) Freshly isolated PMNwere incubated at time 0
without or with 10𝜇M cytochalasin B and followed for 7 days in culture. Bright-field microscopy of 7-day living cultures. (b) Representative
photomicrographs ofMay-Grünwald-Giemsa-stained cytospin preparations of PMN cultured without (G𝜙) or with GM-CSF/IL-4 for 7 days.
Samples were analyzed with a bright-fieldmicroscopy.Magnification, ×40. Cells developed in cultures withmedium supplemented with GM-
CSF/IL-4 show widespread cytoplasmic projections. Representative data out of 3 independent experiments. (c) PKH-26 (red) dye labeled
PMNwere cultured in cytokine-free medium for 7 days and PKH-67 (green) dye labeled PMNwere cultured in medium supplemented with
GM-CSF/IL-4 for 7 days. Then the developed cells were mixed in a ratio of 1 : 1 and cocultured for 2 h. Cytospins were fixed and analyzed by
confocal microscopy.

following experiments we focused on acute IH treatments for
G𝜙 development.

In the acute IH protocol, purified PMN were exposed
to 10 cycles (250min), 29 cycles (approximately 12 h), or 56
cycles (approximately 24 h) of IH, each on the first day in
culture. In parallel cells were also exposed to corresponding
times of SH (250min, 12 h, and 24 h). Subsequently, PMN
were cultured during the following 6 days at normoxic
conditions. Control cells were maintained in normoxia for
the entire durations.

Exposing PMN to 10 cycles of IH (250min) had no effect
on G𝜙 development (Figure 2(c)). However, exposing PMN
to 29 cycles of IH slightly decreased the quantity and size of
the developed G𝜙. By exposure to 56 cycles of IH, G𝜙 size
was further decreased by about 30% (𝑝 < 0.005 (Table 1))
and the yield was only 20–25% of that obtained in controls.
In SH, cell yield and size were unaffected (Table 1), although
some variation in G𝜙 cell size was noted after 24 h of SH.
Confocal microscopy revealed that most of the SH-treated
G𝜙 had a normoxic appearance but some were smaller or
slightly bigger than the control cells (Figures 2(b) and 2(c)).
Moreover, two of the subjects were studied twice one month
apart with similar results in both experiments. Jointly, these
findings raise the possibility that, at sites of “inflammatory

hypoxia,” neutrophilsmay adapt to SHand transform intoG𝜙
able of removing dead cells and/or cell debris, possibly when
the macrophage/DCs system is insufficient. The autophago-
cytosis of apoptotic PMN remnants by the developing G𝜙,
whichwe have previously demonstrated, is in accordwith this
possibility [25]. However, in IH which is a signature feature
of I/R injury in a great number of pathologies and induces
activation of various leukocytes [13, 15, 16], exposure of PMN
to prolonged acute IH in the first day in culture might have
switched the cells’ program towards inhibiting G𝜙 formation.

Since acute exposure to 56 IH cycles (24 h IH) had
the strongest effect on G𝜙 formation, it was chosen to
further investigate G𝜙 phenotype and functions. As shown in
Figure 3(a), G𝜙 formed at all oxygen treatments were CD66b
positive. The developed G𝜙 were also neutrophil elastase
(NE) positive, indicating that G𝜙 express this important
neutrophil specific protein after differentiation. However, the
expression of NE was significantly lower in IH-treated G𝜙
compared to G𝜙 formed in normoxia or SH. Although in
SH-treated G𝜙 NE levels were also attenuated, they did not
significantly differ from controls (Table 1, Figure 3(b)). By
staining G𝜙 with LysoTracker (Figure 3(d)), a stain com-
monly used as a lysosomal marker exhibiting a proportional
fluorescence to the volume of lysosome-related organelles
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Figure 2: Effects of chronic and acute hypoxia on the development of giant phagocytes (G𝜙). (a) A typical profile of 10 intermittent hypoxia
(IH) cycles. During IH actual %O

2
in themedium (solid line) decreased to 5% oxygen concentration during the hypoxia. In the reoxygenation

period O
2
levels reached 20% oxygen. (b) For chronic hypoxia treatments, PMN were exposed to 29 cycles (approximately 12 h) of IH/day

for 5 days or to a comparable time of sustained hypoxia (SH)/day. Controls were maintained at normoxia for the entire period. (c) For acute
hypoxia treatments, PMN were exposed to 10 IH cycles (250min), 29 IH cycles (approximately 12 h), or 56 IH cycles (approximately 24 h),
each in the first day in culture. SH was employed for comparable times at 5% actual oxygen in the medium for the entire period (12 h and
24 h) and control cells weremaintained at normoxia.Thereafter, the hypoxia treated cells were transferred to normoxia for additional six days.
Light microscopy of living culture. Representative data out of 3 independent experiments. In (b) and (c) is bright-field microscopy of living
cells.
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Table 1: Effects of hypoxia on giant phagocytes (G𝜙) area and markers.

Measures N IH SH
Area of cells (𝜇m2)
(𝑛 = 9) 1486 ± 129 1051 ± 101†,†† 1527 ± 158

Neutrophil elastase
relative % (𝑛 = 3)∗ 100 ± 36.4 16.7 ± 3.8†,†† 58.1 ± 23.6
FI# 35,888 ± 13,326 4,847 ± 1,003 19,383 ± 7,304

LysoTracker
relative % (𝑛 = 3)∗ 100 ± 47.1 31.7 ± 9.1†,†† 116.7 ± 51.7
FI# 17,501 ± 10,900 3,023 ± 1,748 21,633 ± 12,869

MitoTracker
relative % (𝑛 = 3)∗ 100 ± 40 59.7 ± 25.6†,†† 98.2 ± 43.4
FI# 11,582 ± 4,183 6,284 ± 2,759 11,459 ± 6,063

LC3B
relative % (𝑛 = 5)∗ 100 ± 33.8 59.2 ± 20.8†,†† 81.8 ± 27.7
FI# 34,246 ± 10,319 15,912 ± 6,962 27,078 ± 9,928

gp91-phox
relative % (𝑛 = 5)∗ 100 ± 46.2 28.4 ± 15.4†,†† 65.1 ± 30.9
FI# 19,886 ± 8,975 5,506 ± 2,459 13,072 ± 6,844

p22-phox
relative % (𝑛 = 3)∗ 100 ± 41.5 45.0 ± 18.4†,†† 165.3 ± 54.9†††

FI# 18,384 ± 9,569 5,772 ± 2,962 34,938 ± 11,756
Freshly isolated PMN were exposed for 24 h to intermittent hypoxia (IH), sustained hypoxia (SH), or normoxia (N). Then, cells were cultured at normoxia
for additional six days. Area of cells and fluorescence intensity (FI), defined as Raw integrated density (sum of pixel values)/Area of cells, was integrated with
Image J 1.49k Software as indicated in Materials and Methods.
∗FI at normoxia was considered as 100% and the effects of IH and SHwere calculated as relative% of normoxia for each of the indicated number of experiments.
#FI representative data of one independent experiment. In each experiment at least 10 cells were counted at each condition.
†Significance IH versus N, 𝑝 < 0.005.
††Significance IH versus SH, 𝑝 < 0.005.
†††Significance SH versus N, 𝑝 < 0.01.

in a cell [31], a different lysosomal morphology was noted
between the various acute oxygen treatments. Unlike the
large phagolysosomes formed in normoxia- or SH-treated
G𝜙, the phagolysosomes of IH-treated G𝜙 were small, and
only small spots of lysosome-like structures were stained by
LysoTracker. Also the intensity of LysoTracker staining was
significantly lower by nearly 70% in these IH-treated G𝜙
(Table 1), indicating lysosomal dysfunction.

All in all, G𝜙 development under SH treatments basically
resembled the development of normoxia-treated G𝜙, mainly
with regard to size, CD66b, and LysoTracker expression. Yet
other measures as NE varied. However, under IH, G𝜙 devel-
opment was significantly attenuated in a severity-dependent
manner.

3.3. Effects of Hypoxia on Autophagy. Autophagy represents
an adaptive response to various stresses such as starvation,
hypoxia, and excessive ROS by regulating cell death/survival,
phagocytosis of dead cells, and contributing to neutrophil
differentiation [17]. We have previously shown that, under
normoxia, autophagy is a constitutive trait of G𝜙 by demon-
strating the presence of LC3B-II as vesicular puncta associ-
ated with autophagosomes and that treatment with specific
autophagy inhibitors abolished G𝜙 formation [25]. Herein

we further confirmed the expression LC3B-II in G𝜙 at the
protein level as illustrated in Figure 4(a). Densitometric anal-
ysis of LC3BII normalized over 𝛽-actin and normalizing by
LC3BII/LC3BI ratio revealed a high LC3BII expression in G𝜙
compared to fresh PMN, clearly indicating active autophagy
in G𝜙. Examples of G𝜙 stained for LC3B at the various
oxygen treatments are depicted in Figure 4(b). Unlike the
case in normoxia, LC3B expression was significantly lowered
by about 40% in 24 h IH-treated G𝜙 (Table 1). Additionally,
also in SH-treated G𝜙 LC3B levels were attenuated; however,
they did not significantly differ from controls (𝑝 = 0.1)
(Table 1).These findings clearly suggest that autophagymight
be decreased in G𝜙 to various degrees depending on the type
of the hypoxia inflicted.

Mitochondrial autophagy (mitophagy) mediates the
selective elimination of dysfunctional or unwanted mito-
chondria [32]. Therefore, the effects of 24 h IH on mitophagy
were investigated by double labeling for the autophagosomal
compartment LC3B (green) and the mitochondria with
MitoTracker (red). Two types of G𝜙were noted (Figure 4(c)).
In normoxia, G𝜙 expressing LC3B positive structures con-
taining mitochondria (mitophagy) were the predominant
G𝜙 type (57.4 ± 7.2% expressed mitophagy, 𝑛 = 4).
These appeared as yellow spots with significant colocalization
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Figure 3: Effects of acute hypoxia on the development of giant phagocytes (G𝜙). Freshly isolated PMN were exposed for 24 h to intermittent
hypoxia (IH, 56 cycles), sustained hypoxia (SH), or normoxia (N) and then cultured at normoxia for additional six days. Cytospins were
prepared and analyzed by confocal microscopy (see Materials and Methods). Nuclei were stained with DAPI (blue). (a) Fixed cytospins were
stained with anti-CD66b Abs and (b) neutrophil elastase (NE). (c) Isotype controls: fixed cytospins were stained withmouse IgG2 followed by
1/400 CF 647 goat anti-mouse IgG (red) staining. (d) Viable cells were stained with LysoTracker before fixation (see Materials and Methods).
Arrow indicates large phagolysosomes. Representative data out of 3 independent experiments.

of LC3B and MitoTracker (MOC > 0.6). In SH, 34.8 ±
2.8% expressed mitophagy, but the morphology was mixed
(Figure 4(c), inserts in normoxia and SH). However, in the
24 h IH-treated cells, the predominant type hadmitochondria
without LC3B (only 3–6% of G𝜙 expressedmitophagy).Thus,
in IH, mitochondria and LC3B were mostly not colocalized
(Figure 4(c) red dots, arrow). Also, the intensity of Mito-
Tracker expression in 24 h IH-treated G𝜙 was 59.7 ± 25.6%
of that expressed in normoxic-G𝜙, indicating the loss of
membrane potential (Table 1). These findings indicate that,
in the IH-treated G𝜙, mitochondria are dysfunctional and
display an abnormal mitophagy.

3.4. Effects of Hypoxia on the Cellular Localization of gp91-
phox and p22-phox and Its Involvement in G𝜙 Development.
NADPH oxidase-derived ROS are a key signal for autophagy

through LC3 recruitment to phagosomes [33]. In resting
inflammatory cells NADPH oxidase is predominantly inac-
tive and its components are separately distributed between
the cytosol and the membranes. However, upon stimulation,
its subunits (gp91-phox, p22-phox, p-47-phox, p67-phox, p40-
phox, and Rac2) are assembled as the functional NADPH
oxidase at the phagosomes and/or the plasma membrane
[34–37]. We therefore determined the expression of two
of its critical subunits, namely, gp91-phox and p22-phox.
The intracellular localization of gp91-phox (green) and p22-
phox (red) was determined by double immunofluorescence
staining, as depicted in Figure 5. The gp91-phox subunit
was highly expressed in normoxic-G𝜙 and as expected was
localized in the plasma and phagolysosome membranes as
previously shown [25]. In 24 h SH-treated G𝜙 the gp91-phox
expression was on average lower than that of normoxia.
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Figure 4: Effects of acute hypoxia on LC3B expression in giant phagocytes (G𝜙). Freshly isolated PMNwere exposed for 24 h to intermittent
hypoxia (IH, 56 cycles), sustained hypoxia (SH), or normoxia (N) and then cultured at normoxia for additional six days. (a) A representative
western blot for LC3BI and LC3BII expression in freshly isolated PMN and normoxic-G𝜙. Densitometric analysis of LC3BII normalized over
𝛽-actin and normalizing by LC3BII/LC3BI ratio are presented. (b) Fixed cytospins were stained with LC3B (see Materials and Methods).
Nuclei were stained with DAPI (blue). (c) Viable cells were labeled with MitoTracker Orange CMTMRos following fixation and LC3B
staining. Mitophagy (LC3B positive structures containing mitochondria) appears as yellow spots (inserts in N and SH) with significant
colocalization (MOC > 0.6) of LC3B/MitoTracker. Mitochondria without LC3B (red dots, arrows) were mainly noted in IH-G𝜙 but also
in SH-G𝜙. Representative data out of 4 independent experiments.

However, in 24 h IH-treated G𝜙, the expression of gp91-phox
was significantly lowered to 28.4 ± 15.4 of normoxic-G𝜙
(𝑛 = 5). Typical examples of gp91-phox fluorescence intensity
of expression at different oxygen conditions are depicted in
Table 1.

The p22-phox subunit was also mainly localized in the
plasma membranes and phagolysosomes in normoxic and
in 24 h SH-treated G𝜙. However, while, in 24 h IH-treated
G𝜙, the intensity of the p22-phox subunit expression was
lowered to 45% of normoxic-G𝜙, in 24 h SH-treated G𝜙 its
intensity of expression was significantly increased to 165%
compared to normoxic-G𝜙 (𝑝 < 0.01). Typical examples
of p22-phox fluorescence intensity of expression at different
oxygen conditions are depicted in Table 1. Colocalization of

gp91-phox with p22-phox was evident in the cell membranes
of normoxic- and 24 h SH-treated G𝜙 (Figure 5). However,
in 24 h IH-treated G𝜙 these subunits were rarely colocalized
but rather were located separately. The inability of NADPH
oxidase to undergo assembly in response to IH may indicate
that the enzyme is not activated in IH-treated G𝜙 and
thus its signaling properties might be altered. This is clearly
evidenced by the lower NBT dye reduced into formazan in
IH-treated G𝜙 that were stimulated by PMA to produce ROS,
compared to normoxia- and SH-treated G𝜙 (Figure 6(a)).
Moreover, inhibiting NADPH oxidase with DPI, prior to
PMA stimulation, confirms the data regarding NADPH
oxidase distribution and colocalization in the various oxygen
treatments (in Figure 8(b)) but also indicates that NADPH
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Figure 5: Effects of hypoxia on gp91-phox and p22-phox expression in giant phagocytes (G𝜙). Freshly isolated PMN were exposed for 24 h
to intermittent hypoxia (IH, 56 cycles), sustained hypoxia (SH), or normoxia (N) and then cultured at normoxia for additional six days. For
double immunofluorescence staining fixed cytospins were stained with rabbit anti-gp91-phox and mouse anti-p22-phox primary Abs (1/100)
or the corresponding isotype controls (rabbit IgG and mouse IgG2) followed by 1/400 CF 488A goat anti-rabbit IgG (green) and CF 647 goat
anti-mouse IgG (red) staining. Nuclei were stained with DAPI (blue). Representative data out of 3 independent experiments.

oxidase is a ROS contributor in normoxia and SH and less
so in IH, thus, likely maintaining its signaling properties in
normoxia and SH, but not in IH.

To explore the potential involvement of NADPH oxidase
in G𝜙 development, 10 𝜇MDPI was added to fresh PMN cul-
tures 10min prior to the exposure to the various 24 h oxygen
treatments. After 7 d in culture the development of G𝜙 was
completely abolished at all oxygen conditions (Figure 6(b)),
but it did not affect cell viability after 24 h in culture as
determined with WST-1 test (Figure 6(c)). Although DPI is
an inhibitor of flavin containing enzymes and mitochondria,
it was shown to be less potent for mitochondrial oxidative
phosphorylation and other flavin enzymes than for NADPH
oxidase. Moreover, mitochondria are scarce in neutrophils.
Therefore the effects ofDPI aremostly attributed to inhibition
of NADPH oxidase [38].

Jointly, the lower expression and assembly of NADPH
oxidase as well as its lower production of ROS in IH-treated
G𝜙 and its inhibition by DPI at all oxygen conditions which

prevented G𝜙 formation may suggest that NADPH oxidase-
dependent ROS production contributes to G𝜙 formation,
likely through signaling pathways that regulate autophagy.
Possibly, decreasedNADPHoxidase expression in IH-treated
cells might prevent LC3B recruitment or alter NADPH-
dependent ROS signaling pathways such as PI3K [39] and
therefore mitigate the autophagy-depend G𝜙 development.

3.5. Effects of PI3K Inhibitor on G𝜙 Development. The PI3K
specific inhibitor LY-294002 was added at 20 𝜇M to PMN
cultures 10min prior to the exposure to the various 24 h
oxygen treatments (this concentration does not inhibit the
TLR signaling cascade). Equal volumes of DMSOwere added
as a negative control. Inhibiting the PI3K kinase pathwaywith
LY-294002 abolished G𝜙 formation at all oxygen conditions
studied (data not shown). Also, inhibition of class III PI3K
by 3-methyladenine (3-MA), a commonly used autophagy
inhibitor, was previously shown to inhibit G𝜙 formation [25].
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Figure 6: PMA-dependent ROS production, and the effects of diphenyl iodide (DPI) (10 𝜇M) and N-acetylcysteine (NAC) (20 𝜇M) on
viability and development of giant phagocytes (G𝜙). PMN were cultured during 24 h in normoxia (N), intermittent hypoxia (IH) (56 cycles),
or sustained hypoxia (SH) without or with inhibitors and then cultured at normoxia for additional six days. (a) Intracellular ROS production
was detected in PMA-activated G𝜙 by NBT test (see Materials and Methods). DPI was added to G𝜙 2 h prior to PMA stimulation. Bright-
field microscopy of Giemsa-stained cultures in the various oxygen treatments. (b) DPI or NAC were added to PMN cultures 10min prior to
exposing to N, IH, and SH.Then PMN were cultured during the next 6 days at normoxia. Equal volumes of DMSO were added as a negative
control. Bright-field microscopy of living cultures in the various treatments. (c) PMN viability was detected immediately after 24 h of the
hypoxic treatments in untreated (1), DPI treated (2), or NAC-treated cells (3) using WST-1 assay. The measured absorbance (OD) directly
correlates to the number of viable cells in each treatment.

Jointly, these findings support the involvement of PI3K
pathway in the formation of G𝜙.

The PI3K/Akt signaling pathway is essential for several
neutrophil functions, including migration, degranulation,
and superoxide production by controlling NADPH oxidase
activation [40–42]. Akt phosphorylates p47phox, facilitating
its membrane translocation and activation [41]. Akt is also
a well-established inhibitor of apoptosis and inhibiting Akt
promotes apoptosis [43]. Thus, it is likely that PI3K/Akt
may act as an indispensable pathway for G𝜙 formation via
controlling NADPH oxidase activation.

3.6. Effects of NAC on G𝜙 Development. To further probe
the potential involvement of ROS in G𝜙 development, the
potent antioxidant and glutathione precursor—NAC—was
used [44]. NAC (20𝜇M) was added to PMN cultures 10min
prior to the exposure to 24 h of normoxia, SH, or IH. Viability
of the cells in the presence of NAC, measured after 24 h, was
unaffected at all three oxygen conditions (Figure 6(c)). Treat-
ment with NAC did not affect G𝜙 development in normoxia
or in SH. However, it had a robust impact on IH-treated
PMN cultures exposed to 56 cycles. After 7 days in culture
morphology and functions were altered; the G𝜙 size and
LC3B expression were significantly increased and resembled
normoxia-treated cells (Figures 7(a)–7(c)). Treatment with
NAC also increased CD66b expression and phagolysosome

size (Figure 8(a)). Additionally, the expression of gp91-phox
and p22-phox subunits and their redistribution in cell mem-
branes, as well as around phagosomes in these 24 h IH-treated
G𝜙, resembled those maintained in normoxia (Figure 8(b)).
Thus, treatment with NAC abolished the effects of IH and
partially restored the normoxic phenotype. Treatment with
NAC twice weekly was also shown to promote hematopoietic
differentiation of induced pluripotent stem cells (iPSCs)
in long-term culture by mitigating oxidative stress [45].
Accordingly, in our study, treatment with NAC increased G𝜙
size and punctuation of LC3B in the IH-treated G𝜙 already
after 2 days in culture (data not shown). It is thus suggested
that the presence of NAC can restore the cellular ROS balance
by replenishing the intracellular glutathione levels during IH
and therefore facilitate the development of G𝜙 with similar
characteristics to those obtained in normoxia with regard to
size, LC3B, and NADPH oxidase expression.

3.7. Effects of Hypoxia and NAC on the Phagocytic Activity
of G𝜙. G𝜙 were shown to internalize carboxylate-modified
fluorescent yellow-green latex beads (1 𝜇m) more avidly than
freshly isolated neutrophils. Yet, the IH-treated G𝜙 (12 h, 29
cycles) exhibited a lower phagocytic activity (𝑝 = 0.015)
compared to normoxic-G𝜙 (Figure 9(a)), which was further
attenuated in 24 h IH-treatedG𝜙 to about 50%of the ability of
normoxic-G𝜙 (𝑝 = 0.001) (Figures 9(a) and 9(b)). Treatment
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Figure 7: Effects of N-acetylcysteine (NAC) on giant phagocytes (G𝜙) size and LC3B expression. Freshly isolated PMNwere exposed for 24 h
to intermittent hypoxia (IH, 56 cycles), sustained hypoxia (SH), or normoxia (N) and then cultured at normoxia for additional six days. NAC
(20 𝜇M)was added to PMNcultures 10min prior to exposing toN, IH, or SH. Equal volumes of DMSOwere added as a negative control. Fixed
cytospins were stained with rabbit anti-LC3B primary Abs (diluted 1/100) or corresponding isotype controls (rabbit IgG) followed by 1/400
CF 488A anti-rabbit IgG staining (green). Nuclei were stained with DAPI (blue). (a) Area of cells (𝜇m2) in three independent experiments.
(b) Fluorescence intensity (FI) of LC3B expression, integrated with Image J Software (see Materials and Methods), in three independent
experiments. (c) Representative photomicrographs of G𝜙 which developed after exposure to N, IH, or SH without (untreated) or with NAC.
Isotype controls: untreated or NAC-treated normoxic-G𝜙.

with NAC significantly increased this ability of normoxic-
G𝜙, as well as that of the IH-treated G𝜙 compared to the
correspondingNAC-untreatedG𝜙, whereas, in 24 h SH,NAC
treatment had no effect on the phagocytosis compared to
untreated G𝜙 (Figures 9(a) and 9(b)). To exclude possible
cytospinning-dependent false-positive latex internalization,
we used as negative controls G𝜙 that were kept on ice and
cytospins were prepared immediately or 2 h after adding latex
beads. Also, uptake of the beads was blocked by inhibiting
actin (cytochalasin B, 10 𝜇M). Additionally, the intracellular
localization of latex beads was also validated in G𝜙 by 3D z-
stack images as illustrated in Figure 9(c).

Enhanced phagocytosis in NAC-treated neutrophils was
previously shown in a number of studies. While treatment
in vitro of human neutrophils with NAC enhanced their
phagocytic ability [46], also oral administration of NAC
in vivo to healthy individuals increased this ability [47].
Similarly, the phagocytosis of neutrophils was augmented in
NAC-treated patients in the intensive care unit [48]. Thus,
treatment with NAC restored the phagocytic activity of the
developed G𝜙 under IH similarly to increasing their size, the
expression of LC3B, and that of NADPH oxidase subunits
gp91-phox and p22-phox.This may indicate that phagocytosis
is one of themechanisms contributing to the formation ofG𝜙,
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Figure 8: Expression of NADPH oxidase subunits in giant phagocytes (G𝜙) and the effects of NAC on their expression. Freshly isolated PMN
were exposed for 24 h to intermittent hypoxia (IH, 56 cycles), sustained hypoxia (SH), or normoxia (N) and then cultured at normoxia for
additional six days. NAC (20𝜇M) was added to PMN cultures 10min prior to exposing to N, IH, or SH. Equal volumes of DMSOwere added
as a negative control. Cytospins were prepared and analyzed by confocal microscopy (see Materials and Methods). The developed G𝜙 were
stained by double immunofluorescence: (a) for CD66b (red) and gp91-phox (green) in untreated and NAC-treated G𝜙 and (b) for gp91-phox
(green) and p22-phox (red) in untreated and NAC-treated G𝜙. Nuclei were stained with DAPI. Representative photomicrographs out of 3
independent experiments.

as already indicated by restoring the formation of G𝜙 under
IH in the presence of NAC.

The importance of NAC in restoring, at least partially, G𝜙
phenotype and functions in IH-treated cells may have clinical
relevance to conditions associated with cyclic-intermittent
hypoxia. NAC that is best known for treating glutathione
deficiency [44] was also shown to exert protective effects
in various systems including neuroprotection in ischemic
stroke [49]. Treatment with NAC was also shown to affect
the IH associated with OSA [16]. For instance, in animal
models mimicking OSA treated with NAC, oxidative stress
and liver inflammation were attenuated [50], pancreatic 𝛽
cells were protected from apoptosis [51], pharyngeal muscle
dilator performance was also improved [52], and diaphragm
muscle dysfunction was prevented [53]. In addition, oral

administration of NAC to patients with OSA improved sleep
efficiency, shortened the duration of apneas, decreased lipid
peroxidation, and increased total reduced glutathione [54].
Taken together, these findings demonstrate the protective
effects exerted by the antioxidant NAC against IH-induced
oxidative stress, inflammation, and overall improving OSA
associated consequences.

4. Conclusions

Previously we have described for the first time a new subpop-
ulation of giant phagocytes (G𝜙) derived from neutrophils
maintained in prolonged culture conditions [25]. Exposing
PMN to acute intermittent hypoxia (IH), common in inflam-
matory conditions, cancer, and sleep apnea, hampered G𝜙
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Figure 9: Phagocytic activity of giant phagocytes (G𝜙) and the effects of NAC on G𝜙 phagocytosis. Freshly isolated PMN were exposed
for 12 h (29 cycles) or 24 h (56 cycles) to intermittent hypoxia (IH), 24 h sustained hypoxia (SH), or normoxia (N) and then cultured at
normoxia for additional six days. NAC (20𝜇M) was added to PMN cultures 10min prior to exposing to N, IH, or SH.The developed G𝜙 (7 d
culture) were incubated for 2 h with carboxylate-modified fluorescent yellow-green latex beads. Cytospins were prepared, fixed, stained with
LC3B (red), and analyzed by confocal microscopy (see Materials and Methods). Nuclei were stained with DAPI. (a) The average number of
beads/cell in G𝜙 developed after exposure to N, IH, or SH without or with NAC in three independent experiments. In each experiment at
least 10 cells were counted in each condition. (b) Representative photomicrographs of phagocytosis by G𝜙 developed after exposure to N,
IH, or SH without (upper panel) or with (lower panel) NAC. (c) A representative analysis of intracellular latex beads localization using 3D
reconstructing software IMARIS z-stack for 24 h IH-treated G𝜙 in the presence of NAC. Upper panel in (c) represents an image of the G𝜙.
Lower panel in (c) represents cross sections (𝑥𝑦, 𝑥𝑧, and 𝑦𝑧) for localization of the latex beads.

development in a dose-dependent manner whereas sustained
hypoxia had no (or minimal) effect on their development.
Intermittent hypoxia reduced G𝜙 size, autophagy, neutrophil
elastase and NADPH oxidase expression, and their phago-
cytic activity. InhibitingNADPHoxidase or the PI3K/Akt sig-
naling pathway completely abolished G𝜙 development at all
oxygen conditions investigated, indicating their importance
for this process. Conversely, the antioxidant N-acetylcysteine
(NAC) abrogated the IH-associated effects and partially
restored a control like phenotype and functions.

The physiological/pathophysiological significance of G𝜙
development in vivo is yet unknown. However, our earlier
findings indicate their potential involvement in atherogenic
processes by demonstrating their ability to internalize oxi-
dized LDL (oxLDL) and to generate ROS in response to
oxLDL uptake, unlike fresh neutrophils [25]. In accord
with this line we have recently identified the presence of
G𝜙 in carotid plaques from patients undergoing elective
endarterectomy. Thus, a better understanding of G𝜙 forma-
tion may provide insights into basic neutrophil biology in
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inflammatory and atherogenic conditions or in the resolution
of neutrophilic inflammation.Moreover, the a priori low yield
of G𝜙may indicate that they have a unique function andmay
represent a subgroup of progenitor cells. However, their iden-
tification and roles in vivo warrant intensive investigation.
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Background. The human Circadian Locomotor Output Cycle protein Kaput (CLOCK) gene was originally discovered as a regulator
of essential human daily rhythms. This seemingly innocuous gene was then found to be associated with a multitude of human
malignancies, via several biochemical pathways.We aimed to further investigate the role of hCLOCK in the hypoxia-oxidative stress
response systemat the biochemical level.Methods. Expression levels of RhoGTPasesweremeasured in normoxic andhypoxic states.
The effect of hCLOCK on the hypoxic response was evaluated with the use of a retroviral shRNA vector system, a Rho inhibitor,
and a ROS scavenger by analyzing expression levels of hCLOCK, Rho GTPases, and NF-𝜅B pathway effectors. Finally, in vitro
ROS production and tube formation in HUVECs were assessed. Results. Hypoxia induces ROS production via hCLOCK. hCLOCK
activates the RhoA and NF-𝜅B signaling pathways. Conversely, inhibition of hCLOCK deactivates these pathways. Furthermore,
inhibition of RhoA or decreased levels of ROS attenuate these pathways, but inhibition of RhoA does not lead to decreased levels
of ROS. Overall findings show that hypoxia increases the expression of hCLOCK, which leads to ROS production, which then
activates the RhoA and NF-𝜅B pathways. Conclusion. Our findings suggest that hypoxic states induce vascular oxidative damage
and inflammation via hCLOCK-mediated production of ROS, with subsequent activation of the RhoA and NF-𝜅B pathways.

1. Introduction

The human Circadian Locomotor Output Cycle protein
Kaput (CLOCK) genewas originally discovered as a regulator
of essential human daily rhythms, as its name implies.
The human circadian rhythm encompasses a multitude of
physiologic activities, from macroscopic processes such as
sleep-wake cycles and core body temperature to molecular
mechanisms such as hormone secretion,metabolism, and cell
cycle timing [1, 2]. These are all ultimately controlled by a
system of feedback loops, with one well-established model
describing interactions between the heterodimer transcrip-
tional factors CLOCK and BMAL1, the cryptochromes Cry1
and Cry2, and the period regulator genes Per1, Per2, and
Per3 [3]. Of these, CLOCK has been described as the master
controller gene. On the other hand, however, some studies
have shown that the CLOCK protein is not required for

rhythmic gene expression but attributes to robust maximal
peak expression levels of rhythmic gene [4–6].

The sphere of influence of CLOCK extends further still,
as disruptions in circadian rhythm and defects in circadian
rhythm genes are known to be associated with humanmalig-
nancy. Recent research has described the proneoplastic effects
of hCLOCK in brain, breast, colorectal, renal, hepatocellular,
and endometrial cancer [7–11]. Despite its seemingly inno-
cent name, hCLOCK operates via multiple pathways related
to the regulation of apoptosis, cell proliferation, hormone
receptor expression, and hypoxia response.

The hypoxia response in cancer progression has been
previously described but has not been studied with particular
attention to CLOCK [12]. Broadly speaking, cells respond
to hypoxia, pseudohypoxia, or gene mutations by generat-
ing reactive oxygen species (ROS) which cause oxidative
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damage to DNA. Some of these resultant DNAmodifications
are involved in the initiation of various cancers [13, 14].
Interestingly, cancer cells themselves must express increased
antioxidant protein levels to protect against these same ROS
[15]. This introduces a delicate balance between ROS and
antioxidant levels that cancer cells need to precisely manage
in order to develop and survive. Antineoplastic therapeutic
strategies must therefore be tailored accordingly. Additional
study of the relationships between hCLOCK and oxidative
damage and the inflammatory response is required.

Research over the past decade has discovered new
molecular links between the Rho GTPases and the nuclear
factor 𝜅B (NF-𝜅B) pathway in inflammation [16]. The Rho
GTPases are a collection of 20 proteins, most notably
RhoA, Rac, and Cdc42, which are widely found within cells
and serve to mediate cell spreading, adhesion, and move-
ment. ROCK1 is a major downstream effector of the Rho
GTPases, in particular RhoA. These Rho GTPases are regu-
lated by GTPase-activating proteins (GAPs), guanine-nucle-
otide-exchange factors (GEFs), and guanosine-nucleotide-
dissociation inhibitors (GDIs). The NF-𝜅B pathway is a
signaling cascade involved in multiple physiologic processes,
most notably its close integration with tumor suppressor
pathways, its proinflammatory functions, chronic inflamma-
tory, and its role in immune homeostasis [17–20]. Inducers
of the NF-𝜅B pathway, such as tumor necrosis factor (TNF),
interleukins (IL), and viral and bacterial products such as
lipopolysaccharide (LPS), have been shown to induce Toll-
like receptor (TLR) signaling and cellular stress, such as
DNA damage and hypoxia [19]. Activation of the NF-𝜅B
pathway by Rho GTPases was found to increase expression of
inflammatory mediators IL-1, collagenase-1 [21], and tumor
necrosis factor alpha (TNF-𝛼) [22] and to produce a mutant
version of the inflammatory suppressor p120 catenin [23].
RhoGTPases have been shown to inhibit theNF-𝜅Bpathways
in certain situations as well, when activated by lipopolysac-
charide (LPS) and interferon gamma (IFN-𝛾), disrupting the
precise homeostasis of central nervous system inflammation
[24].

The intersection between the inflammatory and neo-
plastic mechanisms of hCLOCK and Rho GTPase/NF-𝜅B
therefore carries important potential for application toward
future therapeutic strategies. We aimed to further investigate
the role of hCLOCK in the hypoxia response and oxidative
stress at the biochemical level.

2. Materials and Methods

2.1. Chemicals. A Rho inhibitor allows specific study of
this Rho pathway and uncovers alternate pathways of ROS
production. A ROS scavenger allows facile manipulation
of ROS concentrations. Cell-permeative Rho inhibitor C-
3 transferase (CT-04) was purchased from Cytoskeleton
(Denver, CO, USA) and dissolved in DMSO to make a
20𝜇g/mL stock solution. Cells were treated with dilutions of
this CT-04 solution for 24 hours prior to analysis. Tiron (4,5-
dihydroxy-1,3-benzene disulfonic acid-disodium salt, Sigma,
St. Louis, MO, USA), a ROS scavenger, was dissolved in

dimethyl sulfoxide (DMSO, final concentration less than
0.1%) to make a 100mM stock solution. Cells were treated
with dilutions of this Tiron solution for 12 hours prior to
analysis.

2.2. Cell Culture and Treatment. Human Umbilical Vein
Endothelial Cells (HUVECs) were purchased from the
American Type Culture Collection (ATCC, Rockville, MD,
USA) and maintained in an EGM-2 BulletKit (Lonza, Basel,
Switzerland) containing 10% fetal bovine serum, 100U/mL
penicillin, and 100 𝜇g/mL streptomycin.

The Xvivo Closed Incubation System (Xvivo system
300C, BioSpherix, Lacona, New York, USA) was used in
order to accurately maintain different oxygen tensions in dif-
ferent chambers. Cells were grown at 37∘C in an atmosphere
of 5% CO

2
/95% room air. After 24 hours of cultivation in the

conventional cell culture, the cells were divided into separate
chambers with different oxygen controls for varying periods
of time and then harvested formeasurement of ROS level and
tube formation, as well as Western blotting.

2.3. Preparation of the Retroviral Vector. Retroviruses were
used to introduce hCLOCK into the HUVECs and serve as
vectors for negative control cells and scrambled control cells.

Stable transfectants overexpressing hCLOCK (GenBank
Accession Number: NM 004898) were generated via
retroviral transduction using a pGV186 retroviral vector
(GeneChem Co., Ltd., Shanghai, China). As a control, a
retroviral vector expressing green fluorescent protein alone
was also generated.

The short hairpin RNA (shRNA) sequences targeting
hCLOCK were constructed using a pGV113 retroviral vector
(GeneChem Co., Ltd., Shanghai, China). Scrambled shRNA
expressing vectors (SCR) serving as controls were made in a
similar fashion.

2.4. Determination of RhoA Activation. RhoA activation was
assessed by loading the RhoA protein in cell lysates, using the
RhoA Activation Assay Biochem Kit (Cytoskeleton, Denver,
CO, USA), based on the method described by Cao et al.
[25], whereby cellular GTP-bound RhoA is detected by
Western blot after affinity precipitation with a fusion protein
containing glutathione-S-transferase (GST) and the Rho-
binding domain of Rhotekin (GST-RBD). Briefly, total cellu-
lar proteins were extracted and quantitated with a Bradford
protein assay (Bio-Rad, Hercules, CA, USA). These proteins
were then incubated with 25 𝜇g aliquots of brightly colored
glutathione affinity beads coupled to GST-RBD in order to
pull down the GTP-bound form of RhoA. RhoA activation
was quantitatively analyzed by standardWestern blot analysis
using anti-RhoA antibody.

2.5. Measurement of Reactive Oxygen Species (ROS) Levels.
Reactive oxygen species (ROS) is a term encompassing
a variety of reactive molecules and free radicals derived
from molecular oxygen. ROS generation in HUVECs was
evaluated using the oxidant-sensing 2,7-dichlorofluorescein
diacetate (DCFH-DA, 5 𝜇M, Invitrogen, Grand Island, NY,
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Figure 1: Effect of hypoxia over time on protein expression levels of hCLOCKandRhoA inHUVECs. (a)Western blot analysis was performed
to evaluate Rac1 and CLOCK protein expression levels in HUVECs exposed to a hypoxic environment. Expression levels are measured at 0,
12, and 24 hours, normalized to 𝛽-actin control. (b) RhoA activation assay and Western blot analysis were performed to measure protein
expression levels of activated GTPase-bound RhoA in HUVECs exposed to a hypoxic environment. Expression levels are measured at 0, 12,
and 24 hours, normalized to total cellular RhoA.

USA). DCFH-DA is a nonpolar nonfluorescent dye which is
converted into the polar, highly fluorescent DCF by cellular
esterases in a dose-dependent manner when oxidized by
intracellular ROS. The fluorescence intensity of DCFH was
measured using a spectrophotometer (Leica, Heidelberg,
Germany) at an excitation wavelength of 488 nm and an
emission wavelength of 525 nm.

2.6. Tube-Formation Assay. Tube formation in HUVECs
is a well-established in vitro assay of angiogenesis reorga-
nization. Compounds inhibiting tube formation could be
useful in various inflammatory or neoplastic disease states.
Tube formation was assessed in HUVECs among the control
normoxic group and the hypoxic scrambled control (SCR)
and shCLOCK-transduced groups. HUVECs (2 × 104 per
well) were transduced with pGV113-scrambled control (SCR)
or pGV113-shRNA-hCLOCK (shCLOCK) and seeded into
Matrigel-coated wells of a 24-well plate. Photographs were
taken with a Leica DFC290 digital microscope camera (Leica
Camera AG, Wetzlar, Germany) 8 hours later.

2.7. Western Blot Analysis. Relative expression levels of
hCLOCK, RhoA, Rac1, IL-6, ROCK1, COX2, Phospho-NF-
𝜅B p65, and 𝛽-actin were measured by Western blotting
using standard methods. Anti-Rac1 (ab15880) and anti-
hCLOCK (ab98948) antibodies were purchased from Abcam
(Cambridge, MA, USA). Anti-IL-6 antibody (21865-1-AP)
was purchased from Proteintech (Chicago, IL, USA). Anti-
ROCK1 (# 4035), anti-COX2 (# 4842), and anti-Phospho-
NF-𝜅B p65 (Ser536, # 3033) antibodies were purchased from
Cellsignal (Beverly, MA, USA). Anti-𝛽-actin antibody (sc-
47778) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Band intensities of RhoA were normalized
to the band intensities of the total RhoA.The band intensities
of the other proteins were normalized to the band intensity of
the cell structural protein 𝛽-actin.

2.8. Statistical Analysis. All results reported represent the
mean± SD of at least three experiments performed in trip-
licate. Statistical comparisons between groups were made

using two-tailed 𝑡-tests comparing two variables. Differences
were considered statistically significant if 𝑝 < 0.05.

3. Results

3.1. Expression Levels of hCLOCK and RhoA Are Increased
in a Hypoxic State. We measured the effects of a hypoxic
state on expression levels of hCLOCK and the Rho GTPases
RhoA and Rac1 in HUVECs via Western blot over a 24-hour
period. Relative levels of both Rac1 and hCLOCKwere found
to increase significantly at both the 12-hour and 24-hour time
points in hypoxic environments (Figure 1(a)). Furthermore,
levels of RhoA GTPase increased with time exposed to
hypoxia as well, when normalized to total RhoA (T-RhoA)
(Figure 1(b)). These findings demonstrate that hCLOCK and
RhoA are both involved in the hypoxic response and form the
fundamental basis of the remainder of this study.

3.2. Hypoxia Induces ROS Production via hCLOCK and
Inhibits HUVEC Tube Formation. We then reconfirmed
the hypoxia response by quantifying ROS production and
HUVEC tube formation. A control HUVEC group in nor-
moxic conditions was transduced with a control retroviral
vector as described previously and served as a baseline for
comparison of ROS levels. Two hypoxic HUVEC groups
were transducedwith scrambled (SCR) and hCLOCK knock-
down (shCLOCK) retroviral vectors. Relative ROS levels
were determined with DCFH analysis (Figure 2(b)). Tube
formation was visualized with a digital microscope camera.
Efficacy of hCLOCK knockdown via shCLOCK transduction
is shown in Figures 2(a) and 2(d). Following transduction
with the scrambled retroviral vector (SCR) in a hypoxic
environment, DCFH analysis shows a statistically significant
increase in relative ROS levels in HUVECs when compared
to the normoxic control (𝑝 < 0.01, Figure 2(b)). Tube
formation in this group was significantly decreased (𝑝 <
0.01, Figure 2(c)). Interestingly though, relative ROS levels
of the cells in the hypoxic environment transduced with the
hCLOCK knockdown retroviral vector (shCLOCK) resulted
in ROS levels significantly less than the SCR group (𝑝 < 0.05,
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Figure 2: Effect of knockdown of hCLOCK on ROS production, tube formation, and RhoA activity. (a) Western blot analysis was performed
to confirm successful knockdown of hCLOCK. (b) Representative images obtained during analysis of fluorescence intensity, comparing ROS
levels with and without knockdown of hCLOCK. The control HUVEC group was kept in normoxic conditions and was transduced with a
control retroviral vector.The SCRHUVEC group was exposed to hypoxic conditions and was transduced with a scrambled control retroviral
vector. The shCLOCK HUVEC group was exposed to hypoxic conditions and transduced with an hCLOCK knockdown retroviral vector.
Bar graph shows relative ROS levels normalized to the normoxic control group. ∗∗𝑝 < 0.01 compared to control; #𝑝 < 0.05 compared to
SCR. (c) Photographs obtained during tube-formation assay comparing tube-formation levels in HUVECs with and without knockdown of
hCLOCK. Bar graph quantifies relative tube-formation levels. ∗∗𝑝 < 0.01 compared to control; #𝑝 < 0.05 compared to SCR. (d) Western blot
analysis showing activated RhoA normalized to total RhoA in HUVECs with and without knockdown of hCLOCK.
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Figure 3: Induction of the RhoA and NF-𝜅B pathways by hCLOCK. (a) Western blot analysis of RhoA pathway effector ROCK1 and NF-𝜅B
pathway effectors COX-2, IL-6, and p-P65 in HUVECs transduced with control vector or hCLOCK-overexpressing vector. Expression levels
are normalized to 𝛽-actin. (b) Western blot analysis showing activated RhoA normalized to total RhoA in HUVECs transduced with control
vector or hCLOCK-overexpressing vector. (c) Western blot analysis of the same RhoA and NF-𝜅B pathway effectors in HUVECs transduced
with scrambled control vector or shCLOCK vector. (d) Western blot analysis showing activated RhoA normalized to total RhoA in HUVECs
transduced with scrambled control vector or shCLOCK vector.

Figure 2(b)), though still higher than control levels. Relative
tube formation was significantly higher than the SCR group
(𝑝 < 0.05, Figure 2(c)). These findings directly implicate
hCLOCK in the pathway of ROS production as well as the
more physiologic measure of tube-formation inhibition.

3.3. hCLOCK Activates the RhoA and NF-𝜅B Signaling
Pathways in HUVECs. We performed initial testing of our
hypothesis that CLOCK activates the RhoA and NF-𝜅B sig-
naling pathways by overexpressing hCLOCK and observing
downstream protein levels. Knowing that hypoxia induces
ROS production, we conducted all following experiments
under hypoxic conditions. Expression levels of key proteins
in the RhoA and NF-𝜅B signaling pathways were measured
via Western blot in HUVEC groups which were transduced
with either a control retroviral vector or an hCLOCK-
overexpressing retroviral vector. Protein expression levels of
hCLOCK itself were observed, confirming proper technique.

COX-2, IL-6, and p-P65, major effectors in the NF-𝜅B signal-
ing pathway, were significantly upregulated in the HUVEC
group transduced with the hCLOCK-overexpressing vector,
compared to control (Figure 3(a)). Likewise, ROCK1 and
RhoA, key proteins in the RhoA pathway, were significantly
upregulated in the cell group transduced with the hCLOCK-
overexpressing vector, compared to control (Figures 3(a) and
3(b)). These findings confirm that CLOCK is involved in
the RhoA and NF-𝜅B signaling pathways, key pathways in
tumorigenesis, and the inflammatory response.

3.4. Inhibition of hCLOCK Deactivates the RhoA and NF-𝜅B
Signaling Pathways in HUVECs. We then sought to confirm
a direct relationship between hCLOCK and the RhoA and
NF-𝜅B signaling pathways. Inhibition of hCLOCK was per-
formed to evaluate this converse association. Expression lev-
els of the same key proteins in these pathways were measured
via Western blot following transduction of HUVECs with
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Figure 4: Induction of theNK-𝜅B pathway by RhoA. (a)Western blot analysis of RhoApathway effector ROCK1 andNF-𝜅Bpathway effectors
COX-2, IL-6, and p-P65 inHUVECs overexpressing hCLOCKand exposed to 5 𝜇g/mLRhoA inhibitor CT-04 or control solution for 24 hours.
Vector control group consists ofHUVECs transducedwith control retroviral vector exposed to control solution. (b) Bar graph showing relative
ROS levels in the same HUVEC groups. ∗∗𝑝 < 0.01 compared to vector control.

the shCLOCK (hCLOCK knockdown) vector. These results
were then compared to protein expression levels in HUVECs
transduced by a scrambled control retroviral vector.

We found that all of the key effector proteins previously
examined, COX-2, IL-6, p-P65, ROCK1, and RhoA, were
significantly downregulated by transduction of shCLOCK,
compared to control (Figures 3(c) and 3(d)), thus identifying
hCLOCK as directly involved in the activation of the RhoA
and NF-𝜅B signaling pathways.

3.5. Inhibition of RhoA Attenuates hCLOCK-Induced p-P65,
ROCK1, IL-6, and COX-2 Expression but Not ROS Production.
We subsequently targeted the RhoA signaling pathway to
discern whether downstream effectors were suppressed with
inhibition of RhoA itself. We examined HUVECs transduced
with the hCLOCK-overexpressing vector, exposed to either
cell-permeative Rho inhibitor C-3 transferase (CT-04) or
blank solution. The control hCLOCK-overexpressing group
expressed higher levels of the RhoA and NF-𝜅B pathway
effectors as expected. When the hCLOCK-overexpressing
HUVECs were exposed to the Rho inhibitor (CT-04) solu-
tion, however, all of the previously overexpressed effector
proteins were found to be downregulated (Figure 4(a)).These
findings proved that inhibition of hCLOCK attenuates the
production of the RhoA and NF-𝜅B pathway effectors COX-
2, IL-6, p-P65, and ROCK1. We then sought to examine the
effects of hCLOCK on ROS production.

The hCLOCK-overexpressing cell group which was
exposed to blank solution produced 2.5-fold more ROS
than the control vector group (𝑝 < 0.01), as expected
(Figure 4(b)). Interestingly, however, the hCLOCK-
overexpressing cell group exposed to the Rho inhibitor
(CT-04) produced a similar amount of ROS compared to
the noninhibited group (Figure 4(b)). This interesting result
shows that while inhibition of RhoA attenuates the RhoA
and NF-𝜅B pathway effectors, it does not in fact suppress the

production of ROS. This suggests that ROS may either have
a place in the overall signaling pathway upstream of RhoA
or have a separate pathway.

3.6. The hCLOCK-Induced RhoA and NF-𝜅B Pathways Are
Inhibited in the Presence of a ROS Scavenger. In order to
answer the question raised by the previous experiment, we
decided to target ROS and reveal its role in the hypoxic
response. We used Tiron, a ROS scavenger, to reduce
cellular ROS levels and examine the effects on downstream
proteins. We conducted this experiment with three groups:
(1) HUVECs transduced with control GFP vector and
treated with control solution, (2) HUVECs transduced with
hCLOCK-overexpressing vector and treated with control
solution, and (3) HUVECs transduced with hCLOCK-
overexpressing vector and treated with Tiron solution.
Similar to the prior experiment, the hCLOCK-overexpressing
group treatedwith control solution expressed increased levels
of COX-2, IL-6, p-P65, RhoA, and ROCK1 (Figures 5(a)
and 5(b)). When the hCLOCK-overexpressing HUVECs
were treated with Tiron solution, however, they expressed
decreased protein levels of all of these downstream effectors.
Our finding that decreased ROS levels inhibit the RhoA and
NF-𝜅B pathways, while inhibition of RhoA inhibits these
same pathways without significantly altering ROS levels, fur-
ther elucidates the hCLOCK-induced hypoxic response path-
way. We have determined that hypoxia increases the expres-
sion of hCLOCK, which leads to ROS production, which
then activates the RhoA and NF-𝜅B pathways (Figure 6).

4. Discussion

We hereby describe the hCLOCK-induced hypoxia response
pathway, which leads to a Rho GTPase and NF-𝜅B mediated
endothelial inflammatory response. Specifically, this study
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Figure 5: Effect of ROS levels on RhoA andNF-𝜅B pathways. (a)Western blot analysis of RhoA pathway effector ROCK1 andNF-𝜅B pathway
effectors COX-2, IL-6, and p-P65 in HUVECs overexpressing hCLOCK and treated with either 10 𝜇MTiron or control solution for 12 hours.
Vector control group consists of HUVECs transduced with control retroviral vector exposed to control solution. (b) Western blot analysis of
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Figure 6: Proposed signaling pathway of the hCLOCK-induced
hypoxia response. hCLOCK is the primary inducer of the hypoxia
response, leading to ROS production, which in turn induces the
RhoA and NF-𝜅B signaling pathways and upregulates key down-
stream inflammatory effectors IL-6 and COX-2.

finds that (1) expression levels of hCLOCK and RhoA are
increased in a hypoxic state, (2) hypoxia induces ROSproduc-
tion via hCLOCK and inhibits HUVEC tube formation, (3)
hCLOCK activates the RhoA and NF-𝜅B signaling pathways
inHUVECs, (4) inhibition of hCLOCK deactivates the RhoA
and NF-𝜅B signaling pathways in HUVECs, (5) inhibition
of RhoA attenuates hCLOCK-induced p-P65, ROCK1, IL-6,
and COX-2 expression, but not ROS production, and (6) the
hCLOCK-induced RhoA and NF-𝜅B pathways are inhibited
in the presence of a ROS scavenger. Briefly, hypoxia increases
the expression of hCLOCK, which leads to ROS production,
which then activates the RhoA and NF-𝜅B pathways.

We pursued these particular pathways on the basis of sev-
eral areas of prior research linking hCLOCKwith the hypoxia
response, and the hypoxia and inflammatory responses with
tumorigenesis. Additionally, the Rho GTPases and the NF-
𝜅B pathway had both been implicated in the inflammatory
response. We sought to find the intersection between these
pathways.

Our initial experiments confirmed the initial link in the
hCLOCK-induced hypoxia response pathway, that hypoxic
conditions increase both hCLOCK and RhoA levels. All fur-
ther experiments were carried out under hypoxic conditions.
The hypoxic response pathways aremyriad, though hCLOCK
had not previously been definitively characterized.

The biochemical involvement of hCLOCK in ROS pro-
duction has not previously been characterized. By knocking
down hCLOCK via a shCLOCK retroviral vector, we con-
firmed that the hypoxic response of ROS production was
mediated by hCLOCK.This resulted in a significant decrease
in ROS levels.These findings suggest that although hCLOCK
may not be the sole mediator of ROS production, it plays a
major role and is thereby a potential target for future research
or therapy.

As prior research had shown a link between the Rho
GTPases and the NF-𝜅B pathways and the inflammatory
response, we then turned our attention to the effectors in
these pathways. RhoA and ROCK1, the major effectors in the
RhoA pathway, as well as COX-2, IL-6, and p-P65, the major
effectors in the NF-𝜅B pathway, were found to be upregulated
by hCLOCK.These effectors of both pathwayswere downreg-
ulated with knockdown of hCLOCK, inhibition of RhoA, or
decrease in ROS levels.

The ROS scavenger we used, Tiron, is known to also
bind metals including iron, copper, uranium, vanadium,
beryllium, and chromium; thus it is conceivable that off-
target effects may have confounded our study [26]. Of these
metals, only iron and copper would be reasonably expected in
HUVECs. Copper has previously been shown to activate the
NF-𝜅B pathway; however it achieves this via the production
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of ROS, similar to hCLOCK [27]. Our shCLOCK knockdown
targeted specifically at hCLOCK causes inhibition of this
pathway, demonstrating that the two inducers, copper and
hCLOCK, have similar though independent roles in inducing
ROS production.

The RhoA and NF-𝜅B pathways each have their own
profound spheres of influence within the grand world of
human biology and are brought together with hCLOCK
in the hypoxic inflammatory response. To date, research
has been performed on multiple links in a complex chain
of biochemical pathways ultimately connecting regulators
such as hCLOCK with inflammation and tumorigenesis.
Our novel characterization of the hCLOCK-induced hypoxia
response helps to complete this chain.

In conclusion, hCLOCK induces Rho GTPase mediated
endothelial dysfunction and NF-𝜅B mediated inflammatory
responses. This study provides novel insight into the hypoxia
response and we hope that these findings may help further
elucidate some aspects of the complex biology of inflamma-
tion and tumorigenesis.
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