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ABSTRACT
Plumbagin (PLB), an alkaloid obtained from the roots of the plants of Plumbago genus, is an
inhibitor of NADPH oxidase 4 (NOX4). This study aimed to investigate the beneficial effect of PLB
against oxygen-glucose deprivation/reoxygenation (OGDR)-induced neuroinjury in human SH-
SY5Y neuronal cultures. Our results showed that OGD/R stimulated NOX4 protein expression and
reactive oxygen species (ROS) production in SH-SY5Y cells, whereas increased 4-hydroxynonenal
(4-HNE) and malondialdehyde (MDA) production, resulting in the activation of the NLRP3
inflammasome. And PLB pretreatment reduced the ROS production by regulating the expression
of NOX4 and downregulated NF-κB signaling which was induced by OGDR. Furthermore, PLB
inhibited OGDR induced NLRP3 inflammasome activation but not PARP1. Overall, PLB improved
OGDR induced neuroinjury by inhibiting NOX4-derived ROS-activated NLRP3 inflammasome.
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Cerebral ischemia-reperfusion injury is a complex
pathophysiological processes, including inflammation,
apoptosis, and excitotoxicity in the brain [1]. It remains
lack of effective drug treatments for cerebral ischemia-
reperfusion injury [2]. Ischemia-reperfusion injury can
be mimicked in cultured neurons by using oxygen-
glucose deprivation and reoxygenation (OGDR) [3].
SH-SY5Y cells are derived from human neuroblastoma
and usually used as cell models for neurodegenerative
diseases and cerebral ischemic disease [4]. Thus, the
SH-SY5Y cell lines were employed in this study to
mimic cerebral ischemia-reperfusion injury in vitro.
The mechanisms of OGDR-induced neuronal injury
include inflammation, oxidative stress, mitochondrial
dysfunction and apoptosis, which eventually lead to
irreversible neuronal cell death and brain injury [5].

Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) is one of the most important
reactive oxygen species (ROS) producers. It is a multi-
component enzyme complex which is composed of
membrane subunits, cytochrome b558, and multiple
cytosolic subunits. Recently, NOX4 has been regarded
as a major ROS source for the brain ischemia injury [6].
On the other hand, the nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors (NLRs) are key med-
iators of innate immune responses via inflammasome
activation [7]. Among them, NLR pyrin domain contain-
ing 3 (NLRP3) has been involved in cerebral injuries and
some neurodegenerative diseases [8]. NLRP3 inflamma-
some is a protein complex for processing the maturation

of IL-1β and IL-18 [9]. AndNLRP3 inflammasome is also
a downstreammolecule of oxidative stress [10]. Previous
studies indicated that both NOX-derived ROS and mito-
chondrial ROS give rise to NLRP3 inflammasome activa-
tion [11,12]. Thus, the lipid peroxides (4-HNE and
MDA) followingOGDR could evaluate the peroxidation.
Also oxidative stress could be evaluated by themitochon-
drialmembrane potential (ΔΨm), reactive oxygen species
(ROS) and apoptosis. And the expression levels ofNOX4,
NLRP3, ASC and pro-caspase1 directly reflect the activa-
tion of NOX4-NLRP3 axis.

Plumbagin (PLB, 5-hydroxy-2-methyl-1,4-naphtho-
quinone) is a natural naphthoquinone constituent
found in many plants, especially Plumbago zeylanica
L (Plumbaginaceae) which is traditionally used in tradi-
tional Chinese medicine [13]. Previous studies have
reported its role in inhibiting NOX4 and regulating
redox signaling [14,15]. Also plumbagin protected cer-
ebral infarction-reperfusion induced neuroinjury in rats
through repression of apoptosis and NF-κB activation
[16]. In this study, we aimed to investigate the beneficial
effect of PLB on oxygen-glucose deprivation/reoxy-
genation (OGDR)-induced neuroinjury and its
mechanisms in human SH-SY5Y cells.

Materials and methods

Reagents and antibodies

Plumbagin (S4777) was provided by Selleck Chemicals.
Anti-NLRP3 antibody was provided by Boster (Wuhan,
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China). Anti-pro-caspase1 antibody was obtained from
Abcam (Cambridge, UK). Anti-NOX4, anti-ASC, anti-
TLR4, anti-Myd88, anti-NF-κB p65, anti-PARP1 antibo-
dies were purchased from Proteintech (Wuhan, China).

Cell culture

Human undifferentiated SH-SY5Y cells were purchased
from the American Type Culture Collection (Manassas,
VA, USA). Cells were cultured in DMEM supplemen-
ted with 10% fetal bovine serum. SH-SY5Y cells were
incubated at 37°C in a humidified incubator containing
5% CO2. Cells in exponential phase of growth were
used for the subsequent experiments. The cultured
cells were randomly divided into five groups. The con-
trol group was treated with complete culture medium
without OGDR (later referred to as control); the OGDR
group was treated with OGDR only (later referred to as
OGDR); the OGDR+PLB groups were treated with
different concentrations (5, 10 and 20 μM) of PLB for
24 h prior to OGDR (later referred to as OGDR+PLB).

Oxygen–glucose deprivation/reoxygenation
(OGDR) injury

Cells were pretreated with PLB at different concen-
trations in a DMEM medium for 24 h. To establish
an in vitro ischemic injury model, SH-SY5Y cells
were first incubated in glucose- and serum-free
DMEM in an anaerobic humidified chamber filled
with 95% N2 and 5% CO2 for 4 h at 37°C (mimic
oxygen glucose deprivation). Afterward, the cells
were then cultured in a normal medium under nor-
moxic conditions and re-oxygenated for 24 h.
Normoxic control cells without OGDR were placed
in norm-oxygenated complete DMEM medium.

Cell viability assays

After re-oxygenation, cell viability was determined
using a CCK-8 kit (Beyotime Biotechnology, China).
The absorbance was evaluated at 450 nm using a spec-
trophotometer (BioTek, Winooski, VT, USA).

Mitochondrial membrane potential assay

JC-1 dye was conducted to determine the mitochon-
drial membrane potential (ΔΨm) changes [17]. To
determine the ΔΨm, cells were stained with a JC-1
assay kit (Bioswamp) and subsequently evaluated by
flow cytometry with the CXP software 2.0.

Measurement of intracellular ROS

To determine the levels of intracellular ROS, a DCF-DA
staining was performed in SH-SY5Y cells. Fluorescence
intensity was determined by flow cytometry at an

excitation wavelength of 488 nm and an emission wave-
length of 525 nm. Data was analyzed using the CXP
software 2.0 (Beckman Colter, Pasadena, CA, USA).

Neuronal apoptosis

Cell apoptosis assay was performed using an Annexin
V-FITC/PI assay with anAnnexinV-FITC/PI apoptosis
detection kit (Beyotime Inst, China). SH-SY5Y cells
were cultured in 60 mm cell culture plates (1 × 106

cells/well), subjected to OGDR, harvested by trypsiniza-
tion and washed three times with ice-cold PBS. Then
the cells were resuspended in 200 μL of binding buffer.
After Annexin V-FITC (10 μL, 20 μg/mL) and PI
(10 μL, 1 mg/mL) were added, the cells were incubated
for 30 min at 4°C. After that, 300 μL of binding buffer
was added. Then flow cytometry was conducted for the
determination of apoptotic cells. Each test was repeated
three times. Data was analyzed using CXP software 2.0.

Western blot analysis

To assess protein expression, western blot analysis was
performed [18]. Briefly, the whole cell lysate was pre-
pared to detect the protein level of NOX4, NLRP3, ASC,
pro-caspase 1, TLR4, Myd88 and PARP1. The nuclear
extracts were obtained to detect the protein level of
nucleus NF-κB p65 by using a nuclear/cytoplasmic iso-
lation kit (Beyotime Inst, China). The total proteins and
nuclear proteins were separated by SDS-PAGE, trans-
ferred to a PDVF membrane. Then, the membranes
were incubated overnight at 4°C in solution containing
0.1% Tween 20, 5% nonfat milk and the following
primary antibodies: NOX4 (1:1000), NLRP3 (1:200),
ASC (1:1000), pro-caspase 1 (1:1000); PARP1
(1:1000); TLR4 (1:1000); Myd88 (1:1000); NF-κB p65
(1:2000); GAPDH (1:1000); Histone H3 (1:1000). Levels
of proteins were evaluated using a chemiluminescence
detection system (IS4000MM Pro, Kodak, USA).
GAPDH or Histone H3 was used as an internal control.

Statistical analysis

Statistical analysis was carried out using SPSS version
13.0. All data were expressed as the mean ± S.D. Data
were analyzed by one-way ANOVA with LSD post
hoc analysis. The p value <0.05 was considered to be
statistically significant. And the p value <0.01 was
considered to be statistically extremely significant.

Results

Plumbagin protected SH-SY5Y cells against
OGDR-stimulated cytotoxicity

CCK-8 assay was conducted to evaluate the cell via-
bility. As shown in Figure 1, a significant decrease in
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the cell viability of the OGDR group was observed as
compared with the control group (p < 0.01).
Pretreatment with PLB (10 and 20 μM) significantly
increased the cell viability as compared with the
OGDR group (p < 0.01).

Plumbagin attenuated OGDR-induced
mitochondrial dysfunction and elevation of ROS
production

A JC-1 assay was conducted to determine the ΔΨm of
SH-SY5Y cells. OGDR reduced the ΔΨm of SH-SY5Y
cells (p < 0.01), pretreatment with PLB (20 μM)
resulted in an obvious elevation in the ΔΨm
(p < 0.05, Figure 2(a-f)).

In this study, the levels of ROS in SH-SY5Y cells were
quantified using DCF-DA staining. OGDR significantly
increased the intracellular levels of ROS in SH-SY5Y
cells. And pretreatment with PLB (10 and 20 μM)
reduced ROS production (p < 0.01, Figure 3(a-f)).

Figure 1. Effects of different concentration of PLB on the
viability of OGDR-treated SH-SY5Ycells.
The data were obtained from at least three independent experiments.
The results were represented as the means ± S.D. * p < 0.05 versus
control, ** p < 0.01 versus control; # p < 0.05 versus OGDR, ## p < 0.01
versus OGDR by one-way ANOVA and LSD post hoc test.

Figure 2. Effects of different concentration of PLB on mitochondrial membrane potential in OGDR-treated SH-SY5Ycells.
(a) Control group. (b) OGDR group. (c) OGDR+PLB (5 μM). (d) OGDR+PLB (10 μM). (e) OGDR+PLB (20 μM). (f) Bar graph represents ΔΨm changes of the
different groups. The data were obtained from at least three independent experiments. The results were represented as the means ± S.D. * p < 0.05
versus control, ** p < 0.01 versus control; # p < 0.05 versus OGDR, ## p < 0.01 versus OGDR by one-way ANOVA and LSD post hoc test.
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Plumbagin prevented OGDR-induced apoptosis of
human neuronal cells

As shown in Figure 4(a-f), the apoptotic rate was
significantly higher in the OGDR group than in the
control group (p < 0.01). Pretreatment with PLB (10
and 20 μM) significantly reduced the apoptotic rate as
compared with OGDR alone (p < 0.05).

Plumbagin reduced the inflammatory cytokines
and lipid peroxide in OGDR-treated SH-SY5Y cells

The inflammatory cytokines (IL-1, IL-6 and TNF-α)
and lipid peroxide (4-HNE and MDA) content were
significantly increased in the OGDR group than in
the control group (p < 0.01). Pretreatment with PLB
(5, 10 and 20 μM) significantly reduced the inflam-
matory cytokines and lipid peroxide content as com-
pared with OGDR alone (p < 0.01, Figure 5(a-e)).

Plumbagin inhibited the NF-κB signaling pathway

As shown in Figure 6, the expression of TLR4, Myd88
andNF-κB p65 protein in the OGDR groupwas notably

increased as compared with the control group
(p < 0.01). In comparison, pretreatment with PLB (10
and 20 μM) significantly inhibited TLR4, Myd88 and
NF-κB p65 protein expression as compared with the
OGDR group (p < 0.05 and p < 0.01).

Plumbagin inhibited the NOX4/NLRP3 signaling
pathway

The expression of NOX4, NLRP3, ASC, pro-caspase 1
and PARP1 protein in the OGDR group was notably
induced as compared with the control group (p < 0.01).
In comparison, pretreatment with PLB (10 and 20 μM)
significantly inhibitedNOX4, NLRP3 and pro-caspase 1
protein expression as compared with the OGDR group
(p < 0.05 and p < 0.01). Pretreatment with PLB (20 μM)
significantly inhibited ASC protein expression as com-
pared with the OGDR group (p < 0.01). And PLB failed
to influence the PARP1 expression obviously (Figure 7).

Discussion

In this study, PLB relieved apoptosis and reduced
ROS production in OGDR-stimulated SH-SY5Y

Figure 3. Effects of different concentration of PLB on the elevation of ROS in OGDR-treated SH-SY5Ycells.
(a) Control group. (b) OGDR group. (c) OGDR+PLB (5 μM). (d) OGDR+PLB (10 μM). (e) OGDR+PLB (20 μM). (f) Bar graph represents DCF fluorescence
intensity of the different groups. The data were obtained from at least three independent experiments. The results were represented as the means ± S.
D. * p < 0.05 versus control, ** p < 0.01 versus control; # p < 0.05 versus OGDR, ## p < 0.01 versus OGDR by one-way ANOVA and LSD post hoc test.
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cells by inhibiting NOX4-derived ROS-activated
NLRP3 inflammasome.

OGDR-induced neuronal injury in SH-SY5Y cell
lines is a classical cell model that mimics ischemia-
reperfusion insult [19]. Ischemic injury causes mas-
sive releases of reactive oxygen species (ROS), which
directly disrupt main cellular components. The
restoration of oxygen levels in hypoxic tissues also
stimulates ROS production [20]. And ROS further
induces neuronal cell death in a time- and dose-
dependent manner [21]. In this study, PLB pretreat-
ment obviously reduced the OGDR-induced ROS
production, which indicated that PLB relieved the
OGDR-induced oxidative damage in SH-SY5Y cells.

Main sources of ROS in brain consist of the mito-
chondrial respiratory chain, xanthine oxidase and
cyclooxygenase [22]. Previous studies revealed that
NADPH oxidases (NOX) were important ROS

producers. NOX consists of the membrane-bound
cytochrome b558 (gp91phox and p22phox) and cyto-
plasmic proteins (p40phox, p47phox and p67phox)
[23]. The NOX expression and activation are induced
in brain tissues following ischemic stroke. And the
NOX inhibitor (apocynin) obviously improves cere-
bral infarction, suggesting a crucial role of NOX in
mechanism of cerebral ischemia/reperfusion injury
[24]. Particularly, NOX4 is notably induced during
ischemic stroke in mouse model [25]. NOX4−/- mice
but neither NOX1y/- nor NOX2y/- mice are benefited
in both transient and permanent ischemic stroke
[26]. Protection from ischemic stroke in NOX4−/-

mice is due to the repressed oxidative stress, inhibi-
tion of neurons apoptosis and improvement of blood-
brain-barrier (BBB) leakage [27]. And our results
indicated that PLB reduced the NOX4 protein level
in OGDR-challenged SH-SY5Y cells. Thus, we

Figure 4. Effects of different concentration of PLB on cell apoptosis in OGDR-treated SH-SY5Ycells.
(a) Control group. (b) OGDR group. (c) OGDR+PLB (5 μM). (d) OGDR+PLB (10 μM). (e) OGDR+PLB (20 μM). (f) Bar graph represents apoptotic rates of the
different groups. The data were obtained from at least three independent experiments. The results were represented as the means ± S.D. * p < 0.05
versus control, ** p < 0.01 versus control; # p < 0.05 versus OGDR, ## p < 0.01 versus OGDR by one-way ANOVA and LSD post hoc test.
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Figure 5. Effects of PLB on the levels of inflammatory cytokines and lipid peroxide in OGDR-treated SH-SY5Y cells.
(a) IL-1. (b) IL-6. (c) TNF-α. (d) 4-HNE. (e) MDA. The data were obtained from at least three independent experiments. The results were represented as the
means ± S.D. * p < 0.05 versus control, ** p < 0.01 versus control; # p < 0.05 versus OGDR, ## p < 0.01 versus OGDR by one-way ANOVA and LSD post
hoc test.

Figure 6. Effects of PLB on the NF-κB signaling pathway in OGDR-treated SH-SY5Y cells.
The data were obtained from at least three independent experiments. The results were represented as the means ± S.D. * p < 0.05 versus control, **
p < 0.01 versus control; # p < 0.05 versus OGDR, ## p < 0.01 versus OGDR by one-way ANOVA and LSD post hoc test.
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hypothesized that PLB might alleviate the OGDR-
induced oxidative damage and protect against
OGDR induced neuroinjury by down-regulating
NOX4 in vitro.

Previous reports have revealed that nod-like recep-
tor protein 3 (NLRP3) inflammasomes might be
pivotal for mediating inflammatory responses and
for inducing cellular damage following ischemic
stroke [28,29]. Mitochondrial ROS is a major signal
to trigger the NLRP3 inflammasome activation in
ischemic stroke [30]. The activated NLRP3 inflamma-
some then form a molecular platform for caspase-1
activation leading to the production of IL-1β and IL-
18, eventually magnifying the inflammatory
responses [31]. Activation of the NLRP3 inflamma-
some requires two independent signals [32]. First, the
precursor of IL-1β as well as the NLRP3 proteinis
required to be transcriptionally activated. Second,
subsequent activation of the NLRP3 inflammasome
results in its oligomerization and inflammasome
assembly. In macrophages, NF-κB activation is the
first step to activate the NLRP3 inflammasome. The
TLRs/Myd88/NF-κB pathway (signal 1) has been
proved to induce NLRP3 as well as pro-IL-1β [33].
The signal 2 is provided by pathogen-associated
molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) that activate inflamma-
some assembly, IL-1β and IL-18 release. ROS (sig-
nal 2) is the most important molecule that activates
NLRP3 inflammasome [34]. The presented results
demonstrated that NLRP3 inflammasome compo-
nents (NLRP3, ASC and pro-caspase 1) were signifi-
cantly raised in SH-SY5Y cell 24 h post OGDR. And
PLB pretreatment significantly repressed the NLRP3
inflammasome activation stimulated by OGDR. In
addition, the elevated protein level of TLR4, Myd88

and nuclear NF-κB p65 was repressed significantly by
PLB treatment. However, TLR signaling is not only
TLR4 but also other TLR family. Thus we could not
attribute the mechanism by which PLB inhibit
NOX4-derived ROS-activated NLRP3 inflammasome
to TLR4 only. .Further studies are still ongoing.

The mitochondrial membrane potential (ΔΨm) is
generated by the special configuration of the outer
and inner mitochondrial membranes. The ΔΨm
decreases and membrane instability increases during
mitochondrial dysfunction. Disruption of ΔΨm is an
earliest event that occurs following the cellular apop-
tosis [35]. Loss of mitochondrial membrane is mostly
due to activation of mitochondrial permeability tran-
sition pore which causes the release of Cytochrome
C from mitochondria and then triggers apoptotic
signals [36]. OGDR induces mitochondrial depolari-
zation, which in turn influences apoptosis process in
SH-SY5Y cells [37]. Our results showed that pretreat-
ment with PLB at high concentration (20 μM) nota-
bly elevated the ΔΨm, thus improved the
mitochondrial dysfunction and inhibited neuronal
apoptosis following OGDR.

The excessive ROS and mitochondrial dysfunction
not only trigger the apoptotic cascade of caspase-3,
caspase-9, but also activate poly (ADP-ribose) poly-
merase (PARP) [38]. And PARP1 is a nuclear enzyme
thatregulates various inflammatory genes [39]. After
binding to damaged DNA, PARP1 completes its acti-
vation and auto-poly (ADP-ribosylation) which is
critical for DNA repair. However, over activation of
PARP1 results in intracellular depletion of β-
nicotinamide adenine dinucleotide (NAD+) and ade-
nosine triphosphate (ATP), driving cells into energy
depletion and mitochondrial dysfunction [40]. In the
present study, although OGDR notably induced

Figure 7. Effects of PLB on the NOX4/NLRP3 signaling pathway in OGDR-treated SH-SY5Y cells.
The data were obtained from at least three independent experiments. The results were represented as the means ± S.D. * p < 0.05 versus control, **
p < 0.01 versus control; # p < 0.05 versus OGDR, ## p < 0.01 versus OGDR by one-way ANOVA and LSD post hoc test.
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PARP1 expression, PLB pretreatment failed to signif-
icantly influence PARP1 level in OGDR challenged
SH-SY5Y cells.

In summary, this study showed that PLB improved
OGDR-induced neuronal injury in human SH-SY5Y
cells by inhibiting NOX4-derived ROS-activated
NLRP3 inflammasome.

Authors’ contributions

Qianrui Zhang and Tao Wu designed the study and wrote
the manuscript. Sheng Zhao, Wenxia Zheng and Haitan Fu
performed parts of the experiments. Fei Hu provided the
technological guidance and was a major contributor in
writing the article. All authors read and approved the
manuscript.

Disclosure statement

No potential conflict of interest was reported by the
authors.

Funding

This work was supported by Science and Technology
Project of the Changjiang River Administration of
Navigational Affairs [201810010], Training Programme
for Key Young and Middle-aged Medical Talents by
Wuhan Municipal Health Commission (2018) and
Science Foundations of Wuhan Municipal Health
Commission [WX19Q37 and WX19D03].

ORCID

Tao Wu http://orcid.org/0000-0003-3638-5283

References

[1] Fayaz SM, Suvanish Kumar VS, Rajanikant GK.
Necroptosis: who knew there were so many interest-
ing ways to die? CNS Neurol Disord Drug Targets.
2014;13:42–51.

[2] Wang J, Cao B, Han D, et al. Long non-coding RNA
H19 induces cerebral ischemia reperfusion injury via
activation of autophagy. Aging Dis. 2017;8:71–84.

[3] Park SY, Chae SY, Park JO, et al. Kalopanacis cortex
extract-capped gold nanoparticles activate NRF2 sig-
naling and ameliorate damage in human neuronal
SH-SY5Y cells exposed to oxygen-glucose depriva-
tion and reoxygenation. Int J Nanomedicine.
2017;12:4563–4578.

[4] Zhang JF, Shi LL, Zhang L, et al. MicroRNA-25
negatively regulates cerebral ischemia/reperfusionin-
jury-induced cell apoptosis through Fas/FasL
pathway. J Mol Neurosci. 2016;58:507–516.

[5] Sun LP, Xu X, Hwang HH, et al. Dichloromethane
extracts of propolis protect cell from oxygen-glucose
deprivation induced oxidative stress via reducing
apoptosis. Food Nutr Res. 2016;60:30081.

[6] Suzuki Y, Hattori K, Hamanaka J, et al.
Pharmacological inhibition of TLR4-NOX4 signal

protects against neuronal death in transient focal
ischemia. Sci Rep. 2012;2:896.

[7] de Rivero Vaccari JP, Brand F 3rd, Adamczak S,
et al. Exosome-mediated inflammasome signaling
after central nervous system injury. J Neurochem.
2016;136(Suppl 1):39–48.

[8] Zhou K, Shi L, Wang Y, et al. Recent advances of the
NLRP3 inflammasome in central nervous system
disorders. J Immunol Res. 2016;2016:1–9.

[9] Strowig T, Henao-Mejia J, Elinav E, et al.
Inflammasomes in health and disease. Nature.
2012;481:278–286.

[10] Szabo G, Csak T. Inflammasomes in liver diseases.
J Hepatol. 2012;57:642–654.

[11] Cai SM, Yang RQ, Li Y, et al. Angiotensin-(1-7)
improves liver fibrosis by regulating the NLRP3
inflammasome via redox balance modulation.
Antioxid Redox Signal. 2016;24:795–812.

[12] Zhou R, Yazdi AS, Menu P, et al. A role for mito-
chondria in NLRP3 inflammasome activation.
Nature. 2011;469:221–225.

[13] Zhang Q, Liao X, Wu F. The naphthoquinone plum-
bagin suppresses ADP-induced rat platelet aggrega-
tion through P2Y1-PLC signaling pathway. Pak
J Pharm Sci. 2017;30:573–578.

[14] Checker R, Patwardhan RS, Sharma D, et al.
Plumbagin, a vitamin K3 analogue, abrogates lipo-
polysaccharide-induced oxidative stress, inflamma-
tion and endotoxic shock via NF-kappaB
suppression. Inflammation. 2014;37:542–554.

[15] Checker R, Gambhir L, Sharma D, et al. Plumbagin
induces apoptosis in lymphoma cells via oxidative
stress mediated glutathionylation and inhibition of
mitogen-activated protein kinase phosphatases
(MKP1/2). Cancer Lett. 2015;357:265–278.

[16] Chen XJ, Zhang JG, Wu L. Plumbagin inhibits neu-
ronal apoptosis, intimal hyperplasia and also sup-
presses TNF-α/NF-κB pathway induced
inflammation and matrix metalloproteinase-2/9
expression in rat cerebral ischemia. Saudi J Biol Sci.
2018;25:1033–1039.

[17] Wang Y, Liu J, Tao Z, et al. Exogenous HGF pre-
vents cardiomyocytes from apoptosis after hypoxia
via up-regulating cell autophagy. Cell Physiol
Biochem. 2016;38:2401–2413.

[18] Wu T, Zhang Q, Song H. Swertiamarin attenuates
carbon tetrachloride (CCl4)-induced liver injury and
inflammation in rats by regulating the TLR4 signal-
ing pathway. Braz J Pharm Sci. 2018;54:e17449.

[19] Zhao LP, Ji C, Lu PH, et al. Oxygen glucose depriva-
tion (OGD)/re-oxygenation-induced in vitro neuro-
nal cell death involves mitochondrial cyclophilin-D/
P53 signaling axis. Neurochem Res.
2013;38:705–713.

[20] Wang J, Han D, Sun M, et al. Cerebral ischemic
postconditioning induces autophagy inhibition and
a HMGB1 secretion attenuation feedback loop to
protect against ischemia reperfusion injury in an
oxygen glucose deprivation cellular model. Mol
Med Rep. 2016;14:4162–4172.

[21] Fukui K. Reactive oxygen species induce neurite
degeneration before induction of cell death. J Clin
Biochem Nutr. 2016;59:155–159.

[22] Chen H, Yoshioka H, Kim GS, et al. Oxidative stress
in ischemic brain damage: mechanisms of cell death
and potential molecular targets for neuroprotection.
Antioxid Redox Signal. 2011;14:1505–1517.

8 Q. ZHANG ET AL.



[23] Bedard K, Krause KH. The NOX family of
ROS-generating NADPH oxidases: physiology and
pathophysiology. Physiol Rev. 2007;87:245–313.

[24] Serrano F, Kolluri NS, Wientjes FB, et al. Nadph
oxidase immunoreactivity in the mouse brain.
Brain Res. 2003;988:193–198.

[25] Qin YY, Li M, Feng X, et al. Combined NADPH and
the NOX inhibitor apocynin provides greater
anti-inflammatory and neuroprotective effects in
a mouse model of stroke. Free Radic Biol Med.
2017;104:333–345.

[26] Radermacher KA, Wingler K, Langhauser F, et al.
Neuroprotection after stroke by targeting nox4 as
a source of oxidative stress. Antioxid Redox Signal.
2013;18:1418–1427.

[27] Kleinschnitz C, Grund H, Wingler K, et al. Post-
stroke inhibition of induced nadph oxidase type 4
prevents oxidative stress and neurodegeneration.
PLoS Biol. 2010;8:e1000479.

[28] Savage CD, Lopez-Castejon G, Denes A, et al.
NLRP3-inflammasome activating DAMPs stimulate
an inflammatory response in glia in the absence of
priming which contributes to brain inflammation
after injury. Front Immunol. 2012;3:288.

[29] Gustin A, Kirchmeyer M, Koncina E, et al. NLRP3
inflammasome is expressed and functional in mouse
brain microglia but not in astrocytes. PLoS One.
2015;10:e0130624.

[30] Gao L, Dong Q, Song Z, et al. NLRP3 inflamma-
some: a promising target in ischemic stroke.
Inflamm Res. 2017;66:17–24.

[31] Liu HD, Li W, Chen ZR, et al. Expression of the
NLRP3 inflammasome in cerebral cortex after

traumatic brain injury in a rat model. Neurochem
Res. 2013;38:2072–2083.

[32] Man SM, Kanneganti TD. Regulation of inflamma-
some activation. Immunol Rev. 2015;265:6–21.

[33] Chen Z, Liu Y, Sun B, et al. Polyhydroxylated metallo-
fullerenols stimulate IL-1β secretion of macrophage
through TLRs/MyD88/NF-κB pathway and NLRP₃
inflammasome activation. Small. 2014;10:2362–2372.

[34] Abais JM, Xia M, Zhang Y, et al. Redox regulation of
NLRP3 inflammasomes: ROS as trigger or effector?
Antioxid Redox Signal. 2015;22:1111–1129.

[35] Qi F, Li A, Zhao L, et al. Cinobufacini, an aqueous
extract from Bufo bufo gargarizans Cantor, induces
apoptosis through a mitochondria-mediated path-
way in human hepatocellular carcinoma cells.
J Ethnopharmacol. 2010;128:654–661.

[36] Susin SA, Zamzami N, Kroemer G. Mitochondria as
regulators of apoptosis: doubt no more. Biochim
Biophys Acta. 1998;1366:151–165.

[37] Weng Y, Lin J, Liu H, et al. AMPK activation by
Tanshinone IIA protects neuronal cells from
oxygen-glucose deprivation. Oncotarget.
2017;9:4511–4521.

[38] Luo H, Yang A, Schulte BA, et al. Resveratrol
induces premature senescence in lung cancer cells
via ROS-mediated DNA damage. PLoS One. 2013;8:
e60065.

[39] Pacher P, Szabo C. Role of the peroxynitrite-poly
(ADP-ribose) polymerase pathway in human
disease. Am J Pathol. 2008;173:2–13.

[40] Jagtap P, Szabo C. Poly (ADP-ribose) polymerase
and the therapeutic effects of its inhibitors. Nat Rev
Drug Discov. 2005;4:421–440.

PLUMBAGIN ATTENUATED NEUROINJURY VIA NLRP3 IN VITRO 9


	Abstract
	Materials and methods
	Reagents and antibodies
	Cell culture
	Oxygen–glucose deprivation/reoxygenation (OGDR) injury
	Cell viability assays
	Mitochondrial membrane potential assay
	Measurement of intracellular ROS
	Neuronal apoptosis
	Western blot analysis
	Statistical analysis

	Results
	Plumbagin protected SH-SY5Y cells against OGDR-stimulated cytotoxicity
	Plumbagin attenuated OGDR-induced mitochondrial dysfunction and elevation of ROS production
	Plumbagin prevented OGDR-induced apoptosis of human neuronal cells
	Plumbagin reduced the inflammatory cytokines and lipid peroxide in OGDR-treated SH-SY5Y cells
	Plumbagin inhibited the NF-κB signaling pathway
	Plumbagin inhibited the NOX4/NLRP3 signaling pathway

	Discussion
	Authors’ contributions
	Disclosure statement
	Funding
	ORCID
	References



