~ International Journal of
Molecular Sciences

Article

Nordalbergin Exerts Anti-Neuroinflammatory Effects by
Attenuating MAPK Signaling Pathway, NLRP3 Inflammasome
Activation and ROS Production in LPS-Stimulated

BV2 Microglia

Jung Lo 12, Hsin-En Wu 3

, Ching-Chih Liu 34, Kun-Che Chang 3%, Po-Yen Lee 37(0, Po-Len Liu 309,

Shu-Pin Huang 19191100 Pei-Chang Wu 12, Tzu-Chieh Lin 12, Yu-Hung Lai 313, Yo-Chen Chang 313,

Yuan-Ru Chen 3, Sheng-I Lee 3, Yu-Kai Huang 3'4(0, Shu-Chi Wang 1516

check for
updates

Citation: Lo, J.; Wu, H.-E,; Liu, C.-C;
Chang, K.-C,; Lee, P-Y,; Liu, P-L.;
Huang, S.-P.; Wu, P.-C,; Lin, T.-C.; Lai,
Y.-H.; et al. Nordalbergin Exerts
Anti-Neuroinflammatory Effects by
Attenuating MAPK Signaling
Pathway, NLRP3 Inflammasome
Activation and ROS Production in
LPS-Stimulated BV2 Microglia. Int. |.
Mol. Sci. 2023, 24, 7300. https://
doi.org/10.3390/ijms24087300

Academic Editors: Vincenzo Mollace,
Stefania Bulotta, Jessica Maiuolo,

Bruno Imbimbo and Rosaria Arcone

Received: 24 February 2023
Revised: 2 April 2023
Accepted: 11 April 2023
Published: 14 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Chia-Yang Li 3/16.17,*

Graduate Institute of Clinical Medicine, College of Medicine, Kaohsiung Medical University,

Kaohsiung 80708, Taiwan

Department of Ophthalmology, Kaohsiung Chang Gung Memorial Hospital and Chang Gung University
College of Medicine, Kaohsiung 83301, Taiwan

Graduate Institute of Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung 80708, Taiwan
4 Department of Ophthalmology, Chi Mei Medical Center, Tainan 71004, Taiwan

Department of Ophthalmology, Louis J. Fox Center for Vision Restoration,

University of Pittsburgh School of Medicine, Pittsburgh, PA 15213, USA

Department of Neurobiology, Center of Neuroscience, University of Pittsburgh School of Medicine,
Pittsburgh, PA 15213, USA

Department of Ophthalmology, Kaohsiung Medical University Hospital, Kaohsiung Medical University,
Kaohsiung 80708, Taiwan

Department of Respiratory Therapy, College of Medicine, Kaohsiung Medical University,

Kaohsiung 80708, Taiwan

Department of Urology, Kaohsiung Medical University Hospital, Kaohsiung Medical University,
Kaohsiung 80708, Taiwan

Department of Urology, School of Medicine, College of Medicine, Kaohsiung Medical University,
Kaohsiung 80708, Taiwan

Ph.D. Program in Environmental and Occupational Medicine, College of Medicine,

10

11

Kaohsiung Medical University, Kaohsiung 80708, Taiwan

Division of Cardiology, Department of Internal Medicine, Kaohsiung Medical University,

Kaohsiung 80708, Taiwan

Department of Ophthalmology, School of Medicine, College of Medicine, Kaohsiung Medical University,
Kaohsiung 80708, Taiwan

Department of Neurosurgery, Kaohsiung Medical University Hospital, Kaohsiung 80708, Taiwan

12
13

14

15 Department of Medical Laboratory Science and Biotechnology, Kaohsiung Medical University,

Kaohsiung 80708, Taiwan

Department of Medical Research, Kaohsiung Medical University Hospital, Kaohsiung 80756, Taiwan
Department of Biological Science and Technology, National Pingtung University of Science and Technology,
Pingtung 91201, Taiwan

Correspondence: shuchiwang@kmu.edu.tw (S.-C.W.); chiayangli@kmu.edu.tw (C.-Y.L.)

16
17

Abstract: Microglia-associated neuroinflammation is recognized as a critical factor in the patho-
genesis of neurodegenerative diseases; however, there is no effective treatment for the blockage of
neurodegenerative disease progression. In this study, the effect of nordalbergin, a coumarin isolated
from the wood bark of Dalbergia sissoo, on lipopolysaccharide (LPS)-induced inflammatory responses
was investigated using murine microglial BV2 cells. Cell viability was assessed using the MTT assay,
whereas nitric oxide (NO) production was analyzed using the Griess reagent. Secretion of interleukin-
6 (IL-6), tumor necrosis factor-oc (TNF-«) and interleukin-1(3 (IL-1(3) was detected by the ELISA. The
expression of inducible NO synthase (iNOS), cyclooxygenase (COX)-2, mitogen-activated protein
kinases (MAPKSs) and NLRP3 inflammasome-related proteins was assessed by Western blot. The
production of mitochondrial reactive oxygen species (ROS) and intracellular ROS was detected using
flow cytometry. Our experimental results indicated that nordalbergin <20 uM suppressed NO, IL-6,
TNF-« and IL-1$3 production; decreased iNOS and COX-2 expression; inhibited MAPKSs activation;
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attenuated NLRP3 inflammasome activation; and reduced both intracellular and mitochondrial ROS
production by LPS-stimulated BV2 cells in a dose-dependent manner. These results demonstrate that
nordalbergin exhibits anti-inflammatory and anti-oxidative activities through inhibiting MAPK sig-
naling pathway, NLRP3 inflammasome activation and ROS production, suggesting that nordalbergin
might have the potential to inhibit neurodegenerative disease progression.

Keywords: neurodegenerative disease; neuroinflammation; nordalbergin; microglia; MAPK signaling
pathways; NLRP3 inflammasome

1. Introduction

Neurodegenerative diseases, a range of diseases affecting the central nervous system
(CNS) leading to the progressive loss of neural structures and neurological functions, are
among the most common causes of disability and morbidity globally [1,2]. As one of
the major threats to human health, neurodegenerative diseases, including Alzheimer’s
disease (AD), Parkinson’s disease and amyotrophic lateral sclerosis result in a wide range
of incurable symptoms, such as motor dysfunction, memory impairment, cognitive defects
and psycho-behavioral changes while causing a large unmet medical need [1,3]. AD
dementia is the most common form of neurodegenerative disease and is estimated to
account for 60-70% of the approximately 50 million dementia patients worldwide [3].
However, only two classes of drugs, including inhibitors of the enzyme cholinesterase and
antagonists of N-methyl d-aspartate, are currently approved to treat symptoms but not to
cure or prevent AD [4].

Neurodegenerative diseases are characterized by a dysregulated neuroglial microenvi-
ronment. Several cellular and molecular mechanisms are thought to be involved, including
inflammatory responses, mitochondrial dysfunctions, increases in oxidative stress, altered
cell signaling, neuronal apoptosis and abnormal deposition of proteinaceous materials [2,5].
Neuroinflammation refers to an inflammatory response in the CNS and is considered a
hallmark of neurodegenerative diseases, with the activation of microglia being the key
element of neuroinflammation [6]. Microglia are intrinsic immune cells located in the CNS,
and the activation of microglia functions as an innate immune defense that is essential
for protecting the brain from various pathological insults [7]. During neuroinflammation,
microglia recognize injurious stimuli (e.g., lipopolysaccharide, LPS) via Toll-like receptor-4
and consequently trigger the activation of mitogen-activated protein kinases (MAPKs), in-
cluding C-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and p38
MAPK [6]. However, excessive, uncontrolled and sustained microglial activation—with
losing homeostatic functions and producing increased pro-inflammatory cytokines, in-
cluding tumor necrosis factor-oc (TNF-) and interleukin (IL)-6—is detrimental, and can
eliminate synaptic structure of neurons, worsen neurodegenerative processes and lead
to neurological dysfunction [1,2,6,7]. In addition, inflammasomes are multimeric protein
complexes typically consisting of a sensor Nod-like receptor (NLR) molecule, the adaptor
protein apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1 [8].
Among several inflammasome types, the NLRP3 inflammasome is a well-characterized
protein complex in neurodegenerative diseases, especially in AD [9]. The NLRP3 inflamma-
some activation results in the secretion of caspase-1-mediated IL-13 and IL-18 by microglial
cells, and is associated with the development and exacerbation of AD [10]; accordingly,
the modulation of this microglia activation is considered a critical therapeutic strategy to
attenuate neuroinflammation [6,7].

Recent studies focusing on the development of novel therapies for neurodegenerative
diseases such as AD have proposed several therapeutic strategies, including chaperones,
disease-modifying therapeutics and natural compounds [4]. Coumarins are abundantly
found in many plants and are classified into several categories based on the chemical
structural diversity in this family of compounds [11,12]. Coumarin derivatives possess
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a wide variety of biological properties, including anti-oxidant, anti-angiogenic and anti-
bacterial activities, and some have been used clinically as anticoagulants (warfarin, anti-
vitamin K compounds) and as a photosensitizer (methoxsalen) along with ultraviolet
light in the treatment of psoriasis [11,13]. Nordalbergin, a bioactive coumarin compound
isolated from the wood bark of Dalbergia sissoo, has been reported to exhibit potent activity
in inducing the terminal differentiation of human promyelocytic leukemia HL-60 cells
toward mature monocytes/macrophages [14]. Since MAPKSs cascades are one of the major
signaling pathways involved in numerous cellular processes, such as cell survival, cell
proliferation, inflammation and cell differentiation, the inhibitory effects of some coumarins
on MAPKs signaling pathways have been shown in previous studies [15,16], although the
biological activities of nordalbergin remain unclear.

In this study, we investigated the anti-inflammatory effects and underlying molecular
mechanisms of nordalbergin in LPS-stimulated BV2 cells. Firstly, we examined the effects
of nordalbergin on the production of pro-inflammatory cytokines (TNF-oc and IL-6) and a
neurotoxic mediator, nitric oxide (NO), by LPS-stimulated BV2 cells. Secondly, the effects
of nordalbergin on the activation of the MAPKSs signaling pathway were determined.
Thirdly, the effects of nordalbergin on the secretion of IL-1 and NLRP3 inflammasome
activation were examined via LPS/adenosine triphosphate (ATP)-stimulated BV2 cells.
Finally, the effects of nordalbergin on the production of intracellular reactive oxygen species
(ROS) and mitochondrial ROS by LPS-stimulated BV2 cells were examined. Experimental
results showed that nordalbergin repressed the secretion of NO, IL-6, TNF-« and IL-1f3;
suppressed the expression of inducible NO synthase (iNOS) and cyclooxygenase (COX-2);
attenuated the activation of the MAPKs signaling pathway and the NLRP3 inflammasome;
and reduced both intracellular and mitochondrial ROS production by LPS-stimulated
BV2 cells.

2. Results
2.1. Nordalbergin Decreases the Secretion of NO and the Expression of iNOS and COX-2 by
LPS-Stimulated BV2 Cells

NO is a primary mediator in modulating inflammatory responses, and is produced
with the involvement of inflammation-related enzymes such as iNOS [17]. To examine
whether nordalbergin affects the production of NO by LPS-stimulated microglia, BV2 cells
were pretreated with nordalbergin for 30 min and then primed with LPS for 24 h. The
production of NO was assessed using the Griess reagent assay. The experimental results
demonstrated that nordalbergin inhibited NO production by LPS-stimulated BV2 cells, and
a high concentration of nordalbergin (20 pM) significantly suppressed the production of NO
(p < 0.001) (Figure 1a). To avoid the toxic effect of nordalbergin, the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to examine the viability
of cells after treatments with nordalbergin and LPS. According to the results, the LPS
group had only slightly decreased cell viability, while nordalbergin did not affect cell
survival at the concentrations of nordalbergin <20 uM (Figure 1b); therefore, the following
experiments were performed using nordalbergin <20 uM. To further examine whether
nordalbergin affects the expression of iNOS and COX-2 by LPS-stimulated BV2 cells, cells
were pretreated with nordalbergin for 30 min and then primed with LPS for 24 h. The
expression of iINOS and COX-2 was measured using Western blot. As shown in Figure 1d—f,
nordalbergin significantly attenuated iNOS and COX-2 expressions by LPS-stimulated
BV2 cells.

2.2. Nordalbergin Suppresses LPS-Induced Pro-Inflammatory Cytokine Production by Murine
Microglial BV2 Cells

Both IL-6 and TNF-« are critical pro-inflammatory cytokines in response to LPS, and
are considered to be involved in the patho-mechanisms of neurodegenerative diseases [18].
To determine the effects of nordalbergin on IL-6 and TNF-a secretion by LPS-stimulated BV2
cells, cells were pretreated with nordalbergin for 30 min and then primed with LPS for 24 h.
The production of IL-6 and TNF-« was examined using the enzyme-linked immunosorbent
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assay (ELISA). As shown in Figure 2a,b, >10 uM nordalbergin significantly reduced the
levels of IL-6 and TNF-« secreted by LPS-stimulated BV2 cells.
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Figure 1. Effect of nordalbergin on the NO production, iNOS and COX-2 expression, and cell viability
by LPS-stimulated BV2 cells. (a) The chemical structure of nordalbergin (M.W. 254.24). BV2 cells were
pretreated with nordalbergin (0-20 uM) for 30 min and then primed with LPS for 24 h. (b) Production
of NO was analyzed using Griess reagent assay. (c) Cell viability was detected using MTT assay.
(d) iNOS and COX-2 expressions were measured by Western blot, while (3-actin expression was used
as a loading control. Quantitative results are shown in (e,f). Data are shown as mean + standard
deviation (SD) of three independent replicates (* p < 0.05, ** p < 0.01, *** p < 0.01).

2.3. Nordalbergin Decreases the Phosphorylation of ERK, JNK and p38 MAPK by LPS-Stimulated
Microglial BV2 Cells

MAPKs (ERK, JNK and p38 MAPK) play crucial roles in the modulation of inflam-
matory responses through regulating the production of pro-inflammatory mediators and
cytokines by phosphorylating various proteins including transcription factors [19]. To
examine the effects of nordalbergin on the MAPKs signaling pathway activation, BV2 cells
were pretreated with nordalbergin for 30 min and primed with LPS for 2 h. MAPKs-related
protein expressions were detected by Western blot. The experimental results showed that
nordalbergin significantly reduced the phosphorylation of ERK, JNK and p38 MAPK by
LPS-stimulated BV2 cells, indicating that nordalbergin significantly attenuated the activa-
tion of ERK, JNK and p38 MAPK signaling pathways under LPS stimulation (Figure 3a-d).
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Figure 2. Effect of nordalbergin on the production of IL-6 and TNF-a by LPS-stimulated BV2 cells.
Cells were pretreated with nordalbergin (0-20 uM) for 30 min and then primed with LPS for 24 h.
Production of (a) IL-6 and (b) TNF-o was detected using ELISA. Data are shown as mean + SD

(n=3;*p <0.05,**p<0.01).
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Figure 3. Effect of nordalbergin on the activation of MAPKSs signaling pathways by LPS-stimulated
BV2 cells. Cells were pretreated with nordalbergin (0-20 pM) for 30 min and then primed with
LPS for 2 h. (a) Phospho-ERK, ERK, phospho-JNK, JNK, phospho-p38 and p38 expressions were
determined using Western blot, while 3-actin expression was used as a loading control. Quantitative
results are shown in (b—d). Data are shown as mean + SD (n = 3; * p < 0.05, ** p < 0.01).
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2.4. Nordalbergin Inhibits the Secretion of IL-1P and Represses the Activation of NLRP3
Inflammasome in LPS-Stimulated BV2 Cells

NLRP3 inflammasome plays a central role in the pathogenesis of many inflammatory
disorders, including AD, by secreting high quantities of the pro-inflammatory cytokines
such as IL-1p [8]. To examine the effect of nordalbergin on IL-1f secretion and NLRP3
inflammasome activation, BV2 cells were pretreated with nordalbergin for 30 min and
primed with LPS for 5 h following treatment of 5 mM ATP. Cell supernatant was collected
and the production of IL-1f3 analyzed by the ELISA, whereas the cells were lysed and the
expression of NLRP3 inflammasome-associated proteins were determined using Western
blot. As shown in Figure 4a, nordalbergin significantly inhibited LPS/ATP-induced IL-1f3
secretion by BV2 cells. Moreover, nordalbergin also suppressed the expression of NLRP3
and decreased the cleavage of both caspase-1 and IL-1p3 by LPS/ATP-stimulated BV2 cells
(Figure 4b—f).
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Figure 4. Effect of nordalbergin on the secretion of IL-1p and the activation of NLRP3 inflammasome
by LPS-stimulated BV2 cells. Cells were pretreated with different concentrations of nordalbergin for
30 min and primed with LPS for 5 h following treatment of 5 mM ATP. (a) The secretion of IL-13 was
analyzed by ELISA. (b) Expressions of NLRP3, ASC, cleaved-IL-1p3, pro-IL-1f3, cleaved-caspase-1 and
pro-caspase-1 were examined by Western blot, with that of 3-actin used as a loading control. The
quantified results are shown in (¢c—f). N.D. means not detected. Data are presented as mean £ SD
(n=3-6;*p <0.05 *p <0.01, *** p < 0.0001).
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2.5. Nordalbergin Decreases Both Intracellular and Mitochondrial ROS Production by
LPS-Stimulated BV2 Cells

We investigated the antioxidant potential of nordalbergin by detecting the levels of
intracellular and mitochondrial ROS by HyDCFDA and MitoSOX red staining, respectively.
BV2 cells were pretreated with nordalbergin for 30 min and primed with LPS for 24 h.
Then, cells were stained with 1 uM HyDCFDA or 5 uM MitoSOX red and measured using
flow cytometry. The experimental results illustrated that both 10 and 20 uM nordalbergin
significantly reduced the production of intracellular ROS by LPS-stimulated BV2 cells
(Figure 5a,b). Moreover, nordalbergin also reduced the levels of mitochondrial ROS by
LPS-stimulated BV2 cells (Figure 5¢,d).
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Figure 5. Effect of nordalbergin on the production of both intracellular and mitochondrial ROS by
LPS-stimulated d BV2 cells. Cells were pretreated with various concentrations of nordalbergin for
30 min and then treated with LPS for 24 h. (a) Cells were stained with 1 uM H,DCFDA and the levels
of intracellular ROS analyzed using flow cytometry. (b) The quantitative results of intracellular ROS.
(c) Cells were stained with 5 pM MitoSOX red and levels of mitochondrial ROS analyzed using flow
cytometry. (d) The quantitative results of mitochondrial ROS. Data are presented as mean + SD
(n=6-8;*p <0.05,** p <0.01, ** p <0.001, **** p < 0.0001).
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3. Discussion

Neurodegenerative diseases are prevalent in aging adults worldwide and cause serious
health problems by progressive but incurable morbidity, including memory, cognitive and
motor impairments [3,4,20]. Recently, alleviating excessive neuroinflammation through
modulating microglial activation has become one of the new therapeutic strategies in
the treatment of neurodegenerative diseases [6,7]. In the present study, we have first
demonstrated that nordalbergin effectively suppressed the inflammatory responses in
LPS-stimulated murine microglial BV2 cells by decreasing the secretion of inflammatory
mediators and cytokines, while further suppressing the production of intracellular and
mitochondrial ROS. Collectively, nordalbergin might possess the potential to exert anti-
inflammatory and anti-oxidative effects and inhibit neuroinflammation through MAPK
signaling pathways and NLRP3 inflammasome activation.

Natural and synthetic coumarins have been reported in a growing number of studies
as therapeutic agents with a wide range of pharmacological activities including antibacte-
rial [21], anticoagulant [12], antioxidant [22], antiangiogenic [23] and anticancer effects [24];
some coumarin derivatives are commercially available drugs [11,13]. A review article of
studies on coumarins conducted in the last two decades concluded that coumarins are po-
tent anti-inflammatory agents [11]. A previous experimental study demonstrated the effects
of coumarin derivatives on various anti-inflammatory signaling pathways, such as Toll-like
receptors, Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT),
inflammasomes, MAPK, NF-«B and transforming growth factor-3 /small mothers against
decapentaplegic (TGF-3/SMAD) pathways [11]. As a coumarin compound, nordalbergin
has not been well-investigated and only one study has reported that nordalbergin regu-
lates the differentiation of human promyelocytic leukemia cells (HL-60) toward mature
monocyte/macrophage [14]. In this study, we have first demonstrated that nordalbergin
has both anti-inflammatory and antioxidant activities on the inhibition of inflammatory
responses and ROS production in LPS-stimulated microglial cells through attenuating
MAPK signaling pathways and NLRP3 inflammasome activation, suggesting its beneficial
effect in attenuating neuroinflammation.

Neurodegenerative diseases are difficult to treat because of their heterogeneous na-
ture and complex pathological mechanisms, and neuroinflammation has been considered
as a critical cellular and molecular characteristic [6,7]. Under a pathological challenge,
activated microglia initiate a series of biochemical cascades as inflammatory responses,
resulting in increased levels of pro-inflammatory and cytotoxic mediators and the subse-
quent breakdown of the extracellular matrix, cellular integrity, blood-brain barrier (BBB)
and neuronal cell degeneration [6]. Among the associated inflammatory molecules, iNOS
is one of the primary regulators of the inflammatory response, which expresses in glial
cells, macrophages and neutrophils, and is produced after induction by inflammatory
cytokines or endotoxins [25,26]. iINOS is responsible for the biosynthesis of NO and exhibits
neurotoxicity on neurodegenerative diseases when generating higher concentrations of
NO [25].

Moreover, the local release of pro-inflammatory cytokines, including TNF-o and IL-6,
especially by myeloid cells, would cause the recruitment of leukocytes across the BBB,
increasing inflammatory responses and consequently leading to neuroinflammation [27].
TNF-« and IL-6 have been found to be involved in the pathogenesis of neurodegenera-
tive diseases, and TNF-o inhibitors are thought to have therapeutic potential in AD by
improving cognitive performance [28,29]. In the present study, our results showed that
nordalbergin inhibited the production of NO; decreased the expression of iNOS; and sup-
pressed the production of pro-inflammatory cytokines (TNF-« and IL-6) in LPS-stimulated
murine microglial cells, suggesting that nordalbergin might have potential in alleviating
neuroinflammation by attenuating neurotoxic effects and inflammatory effects.

The MAPK family and its associated downstream transcription factor, nuclear factor-
kB (NF-kB), regulate several cellular processes, such as cell proliferation, differentiation,
migration and apoptosis [30,31]. Among the MAPK subfamilies, ERK is generally activated
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by growth factors and mitogens, while JNK and p38 MAPK are activated by cellular
stresses and inflammatory cytokines [30]. In addition, JNK, p38 MAPK and NF-«B have
been shown to be involved in age-related oxidative stress and chronic inflammation [32].
A previous study has shown that the myeloid cell-specific deletion of JNKs decreases the
expression of macrophage-specific genes involved in the proinflammatory phenotype of
LPS-stimulated bone-marrow-derived macrophages, suggesting a potential role in the
treatment of inflammatory diseases by inhibiting JNK [31]. In the present study, our
experimental results indicated that nordalbergin suppressed the phosphorylation of ERK,
JNK and p38, indicating that nordalbergin effectively inhibited pro-inflammatory cytokines
and mediators through inhibiting MAPKs signaling pathways in LPS-stimulated microglia.

Immune cells recognize the damage-associated molecular patterns (DAMPs) through
receptors called pattern recognition receptors (PRRs). For the neurodegenerative diseases,
the recognition of DAMPs via amyloid beta (Af3) in AD, alpha-synuclein in PD, the mutant
superoxide dismutase-1 (SOD-1) gene or transactive response DNA binding protein 43
(TDP-43) in amyotrophic lateral sclerosis (ALS) by PRRs leads to the activation of the
resident brain immune cells such as microglia, resulting in neuroinflammation and neu-
rodegenerative disease development and progression [33]. A recent study indicated that
Ap activates NLRP3 inflammasome via Toll-like receptor-4 in mouse microglia, resulting
in the release of mature IL-1f [34]; additionally, aggregated A{3 also results in increasing
phagocytosis and cytokine production and the promotion of neuroinflammation, conse-
quently causing synapse loss and neurodegeneration [35]. The IL-1f3 pathway has been
demonstrated as being essential for the synthesis of proinflammatory and neurotoxic factors
in microglia, and the inflammasome, caspase-1 and IL-1f3 are critical for the recruitment of
microglia to exogenous Af in the brain [36]. Targeting NLRP3 inflammasome activation
has therefore been considered as a potential therapeutic target for the attenuation of AD
progression [9,37]. Our experimental results indicated that nordalbergin inhibited NLRP3
inflammasome activation through suppressing the cleavage of caspase-1 and IL-1f3 and
decreasing the secretion of IL-13, suggesting that nordalbergin has the potential to atten-
uate NLRP3 inflammasome-induced neuroinflammation and impede neurodegenerative
disease development and progression.

Oxidative stress that is generated from the unregulated production of ROS is thought
to play an important role in neurodegenerative diseases [2]. When ROS is overproduced, it
can cause oxidative deterioration by shifting the cellular redox balance toward an oxidative
state, leading to cellular dysfunction and death [2]. Oxidative stress can exacerbate the
progression of neurodegenerative diseases because of oxidative damage and its interaction
with mitochondria [2,38], where the increase of ROS and intracellular CaZ* would cause
excessive Ca?* influx into mitochondria, leading to mitochondrial dysfunction and subse-
quent neuronal loss [39]. Accordingly, it has been proposed that antioxidants might have
the ability to alleviate the symptoms of neurodegenerative diseases by modulating oxida-
tive stress in the biological environment [2]. Several antioxidants including superoxide
dismutase, catalase, vitamin E and ascorbic acid have been investigated for their effects in
attenuating neurotoxicity and promoting neuroprotection in neurodegenerative diseases [2].
Our experiments revealed that nordalbergin effectively suppressed the production of both
intracellular and mitochondrial ROS in LPS-stimulated microglial cells, suggesting that
nordalbergin might act as an effective antioxidant against oxidative stress.

4. Materials and Methods
4.1. Cell Culture

Murine BV2 microglial cells were purchased from the Food Industry Research and De-
velopment Institute (Hsinchu, Taiwan) and cultured in RPMI-1640 medium supplemented
with 10% FBS, penicillin (100 U/mL) and streptomycin (100 U/mL) (Corning Inc., Corning,
NY, USA) at 37 °C and passaged every 2-3 days to maintain growth.
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4.2. NO Assay

The Griess assay was used to measure the level of accumulated nitrite (NO,7), a
metabolite of NO, in the culture supernatant using the Griess reagent. A total of 2.5 x 10*
BV2 cells were seeded in 96-well plates and incubated overnight. Cells were then pretreated
with different doses (0, 5, 10, 15 and 20 uM) of nordalbergin (purity > 98%, ChemFaces
Wuhan, Hubei, China) for 30 min followed by LPS (from E. coli 0111: B4, Sigma Aldrich (St.
Louis, MO, USA) treatment (0 or 1 ng/mL) for 24 h. Cell culture supernatant was collected
and the production of NO was determined using the Griess reagent (Sigma Aldrich, St.
Louis, MO, USA).

4.3. MTT Assay for Cell Viability

A total of 2.5 x 10* BV2 cells were seeded in 96-well plates and incubated overnight.
Cells were then pretreated with nordalbergin (0-20 uM) for 30 min, followed by 1 ug/mL
LPS treatment for 24 h. Cell viability was analyzed by the MTT assay (Sigma, St. Louis,
MO, USA).

4.4. ELISA

A total of 5 x 10* BV2 cells were seeded in 96-well plates and incubated overnight.
Afterward, cells were pretreated with nordalbergin (0-20 uM) for 30 min, and then treated
with 1 pg/mL LPS for 24 h. The cell culture supernatant was harvested and analyzed
to determine the cytokine expression of IL-6 and TNF-« by the ELISA (Thermo Fisher
Scientific Inc., Waltham, MA, USA). For the measurement of IL-1p3, cells were seeded
in 96-well plates (5 x 10* cells/well) and incubated overnight. After pretreatment with
nordalbergin (0-20 uM) for 30 min, cells were treated with 1 ug/mL LPS for 47.5 h, followed
by the treatment of ATP (5 mM) for 30 min. The supernatant was collected and analyzed
using the ELISA (Thermo Fisher Scientific Inc., Waltham, MA, USA).

4.5. Western Blot Analysis

Total protein was obtained after cells were lysed by RIPA lysis buffer containing
protease inhibitors and phosphatase inhibitors (Sigma Aldrich, St. Louis, MO, USA).
Afterward, cell debris were removed by centrifugation at 4 °C, and the supernatants were
quick-frozen. The BCA assay was then conducted to measure the concentration of protein
lysates (Thermo Scientific Inc., Waltham, MA, USA). Subsequently, equal amounts of
protein were separated via sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA).
Membranes were then blocked using 5% skim milk or 0.1% bovine serum albumin (BSA)
and then incubated with primary antibodies at 4 °C overnight. Afterward, membranes
were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000)
for 1 h at room temperature. Subsequently, membranes were washed three times with TBST
or PBST, and chemiluminescent detection was performed to visualize the specific protein
bands using a Bio-Rad ChemiDoc XRS* system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

4.6. Flow Cytometry

A total of 5 x 10° BV2 cells were seeded in 12-well plates and allowed to adhere
overnight. Afterward, cells were pretreated with nordalbergin (0-20 uM) for 30 min
following treatment of 1 pug/mL LPS for 24 h. For the detection of intracellular ROS,
cells were stained with 1 uM H,DCFDA for 30 min using the HDCFDA kit (Invitrogen,
Carlsbad, CA, USA), and then detected at 492-527 nm by flow cytometry (Beckman Coulter,
Elkin, NC, USA). For mitochondrial ROS detection, cells were stained with the MitoSOX kit
and then detected at 510-580 nm by flow cytometry (Beckman Coulter, Elkin, NC, USA).
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4.7. Statistical Analysis

GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) was used in all the
statistical analyses. Data was analyzed by One-Way ANOVA followed by Tukey post-hoc
tests. p < 0.05 was regarded as being statistically significant.

5. Conclusions

In summary, the present study is the first to demonstrate that nordalbergin suppresses
the secretion of inflammatory mediators and cytokines and decreases the production of
both intracellular and mitochondrial ROS through attenuating MAPK signaling pathways
and NLRP3 inflammasome activation in LPS-stimulated microglial cells (Figure 6). These
results suggest that nordalbergin exhibits anti-inflammatory and anti-oxidative effects,
indicating its potential for managing neuroinflammation.
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Figure 6. Nordalbergin exhibits anti-inflammatory and anti-oxidant properties in LPS-stimulated
microglial BV2 cells. Our results demonstrated that nordalbergin decreases the secretion of NO,
TNF-c, IL-13 and IL-6; represses the expression of iNOS and COX-2; suppresses the activation of
MAPKSs signaling pathways; attenuates the activation of NLRP3 inflammasome; and reduces the
production of both intracellular and mitochondrial ROS by LPS-stimulated microglial BV2 cells.
These results suggest that nordalbergin exerts anti-neuroinflammatory effects by attenuating MAPK
signaling pathways, NLRP3 inflammasome activation and ROS production in LPS-stimulated BV2
microglia. The purple broken line means inhibition.



Int. . Mol. Sci. 2023, 24, 7300 12 0f13

Author Contributions: Conceptualization, J.L., K.-C.C., S.-C.W. and C.-Y.L.; methodology, J.L.,
S.-C.W. and C.-Y.L,; validation, J.L., H-EW., C.-C.L., T-C.L. and Y.-R.C; formal analysis, J.L.,
H-EW, C-CL,P-YL,P-LL. S.-PH., P-CW, T-C.L.,,Y.-H.L., Y.-C.C,, Y.-R.C,, S.-I.L. and Y.-K.H.;
investigation, J.L., K.-C.C., S.-C.W. and C.-Y.L.; resources, S.-C.W. and C.-Y.L.; data curation, J.L.,
S.-C.W. and C.-Y.L.; writing—original draft preparation, J.L.; writing—review and editing, K.-C.C.,
S.-C.W. and C.-Y.L,; funding acquisition, S.-C.W. and C.-Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by grants from the Ministry of Science and Technology, Taiwan,
R.O.C. (grant No. MOST 109-2320-B-037-007-MY3, MOST111-2314-B-037-071-MY3 and MOST111-
2314-B-037-113), the National Science and Technology Council, Taiwan, R.O.C. (grant No. NSTC
111-2218-E-037-001), Kaohsiung Medical University (Grant No. NHRIKMU-111-1002 and KMU-
DK(A)111003), NIH Core Grant P30-EY008098, Eye and Ear Foundation of Pittsburgh, and an
unrestricted grant from Research to Prevent Blindness, New York, NY, USA.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the Center for Research Resources and Devel-
opment of Kaohsiung Medical University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gitler, A.D.; Dhillon, P; Shorter, ]. Neurodegenerative disease: Models, mechanisms, and a new hope. Dis. Model. Mech. 2017, 10,
499-502. [CrossRef]

2. Teleanu, D.M,; Niculescu, A.G.; Lungu, LL; Radu, C.I; Vladacenco, O.; Roza, E.; Costachescu, B.; Grumezescu, A.M.; Teleanu, R.I.
An overview of oxidative stress, neuroinflammation, and neurodegenerative diseases. Int. . Mol. Sci. 2022, 23, 5938. [CrossRef]
[PubMed]

3. Chin, J.H,; Vora, N. The global burden of neurologic diseases. Neurology 2014, 83, 349-351. [CrossRef] [PubMed]

4. Breijyeh, Z.; Karaman, R. Comprehensive review on Alzheimer’s disease: Causes and treatment. Molecules 2020, 25, 5789.
[CrossRef] [PubMed]

5. Anderson, FL.; Biggs, K.E.; Rankin, B.E.; Havrda, M.C. NLRP3 inflammasome in neurodegenerative disease. Transl. Res. 2023,
252,21-33. [CrossRef] [PubMed]

6. Leng, F.; Edison, P. Neuroinflammation and microglial activation in Alzheimer disease: Where do we go from here? Nat. Rev.
Neurol. 2021, 17, 157-172. [CrossRef]

7. Kwon, HS.; Koh, S.-H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef]

8.  Piancone, F; La Rosa, F; Marventano, I.; Saresella, M.; Clerici, M. The role of the inflammasome in neurodegenerative diseases.
Molecules 2021, 26, 953. [CrossRef]

9. Feng, YS,; Tan, ZX.; Wu, L.Y;; Dong, E; Zhang, F. The involvement of NLRP3 inflammasome in the treatment of Alzheimer’s
disease. Ageing Res. Rev. 2020, 64, 101192. [CrossRef]

10. Lopez-Rodriguez, A.B.; Hennessy, E.; Murray, C.L.; Nazmi, A.; Delaney, H.].; Healy, D.; Fagan, S.G.; Rooney, M.; Stewart, E.;
Lewis, A.; et al. Acute systemic inflammation exacerbates neuroinflammation in Alzheimer’s disease: IL-1beta drives amplified
responses in primed astrocytes and neuronal network dysfunction. Alzheimer’s Dement. 2021, 17, 1735-1755. [CrossRef]

11.  Rostom, B.; Karaky, R.; Kassab, I.; Sylla-Iyarreta Veitia, M. Coumarins derivatives and inflammation: Review of their effects on
the inflammatory signaling pathways. Eur. J. Pharmacol. 2022, 922, 174867. [CrossRef] [PubMed]

12.  Borges, F; Roleira, F.; Milhazes, N.; Santana, L.; Uriarte, E. Simple coumarins and analogues in medicinal chemistry: Occurrence,
synthesis and biological activity. Curr. Med. Chem. 2005, 12, 887-916. [CrossRef] [PubMed]

13.  Vongthongsri, R.; Konschitzky, R.; Seeber, A.; Treitl, C.; Honigsmann, H.; Tanew, A. Randomized, double-blind comparison of 1
mg/L versus 5 mg/L methoxsalen bath-PUVA therapy for chronic plaque-type psoriasis. J. Am. Acad. Dermatol. 2006, 55, 627-631.
[CrossRef]

14. Kawaii, S.; Tomono, Y.; Katase, E.; Ogawa, K.; Yano, M. Effect of coumarins on HL-60 cell differentiation. Anticancer Res. 2000, 20,
2505-2512. [PubMed]

15. Wu, L,; Li, X,;; Wu, H,; Long, W,; Jiang, X.; Shen, T.; Qiang, Q.; Si, C.; Wang, X,; Jiang, Y.; et al. 5-Methoxyl aesculetin abrogates
lipopolysaccharide-induced inflammation by suppressing MAPK and AP-1 pathways in RAW 264.7 cells. Int. ]. Mol. Sci. 2016,
17, 315. [CrossRef]

16. Khan, A.; Khan, S.; Ali, H.; Shah, K.U.; Ali, H.; Shehzad, O.; Onder, A.; Kim, Y.S. Anomalin attenuates LPS-induced acute lungs

injury through inhibition of AP-1 signaling. Int. Immunopharmacol. 2019, 73, 451-460. [CrossRef]


https://doi.org/10.1242/dmm.030205
https://doi.org/10.3390/ijms23115938
https://www.ncbi.nlm.nih.gov/pubmed/35682615
https://doi.org/10.1212/WNL.0000000000000610
https://www.ncbi.nlm.nih.gov/pubmed/25049303
https://doi.org/10.3390/molecules25245789
https://www.ncbi.nlm.nih.gov/pubmed/33302541
https://doi.org/10.1016/j.trsl.2022.08.006
https://www.ncbi.nlm.nih.gov/pubmed/35952982
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1186/s40035-020-00221-2
https://doi.org/10.3390/molecules26040953
https://doi.org/10.1016/j.arr.2020.101192
https://doi.org/10.1002/alz.12341
https://doi.org/10.1016/j.ejphar.2022.174867
https://www.ncbi.nlm.nih.gov/pubmed/35248553
https://doi.org/10.2174/0929867053507315
https://www.ncbi.nlm.nih.gov/pubmed/15853704
https://doi.org/10.1016/j.jaad.2006.05.024
https://www.ncbi.nlm.nih.gov/pubmed/10953319
https://doi.org/10.3390/ijms17030315
https://doi.org/10.1016/j.intimp.2019.05.032

Int. . Mol. Sci. 2023, 24, 7300 13 0f 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Krol, M.; Kepinska, M. Human nitric oxide synthase-its functions, polymorphisms, and inhibitors in the context of inflammation,
diabetes and cardiovascular diseases. Int. J. Mol. Sci. 2020, 22, 56. [CrossRef]

Tanaka, M.; Toldji, J.; Vécsei, L. Exploring the etiological links behind neurodegenerative diseases: Inflammatory cytokines and
bioactive kynurenines. Int. J. Mol. Sci. 2020, 21, 2431. [CrossRef]

Kim, E.K.; Choi, E.J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta 2010, 1802,
396-405. [CrossRef]

Erkkinen, M.G.; Kim, M.O.; Geschwind, M.D. Clinical neurology and epidemiology of the major neurodegenerative diseases.
Cold Spring Harb. Perspect. Biol. 2018, 10, a033118. [CrossRef]

Feng, D.; Zhang, A.; Yang, Y.; Yang, P. Coumarin-containing hybrids and their antibacterial activities. Arch. Pharm. 2020,
353, €1900380. [CrossRef] [PubMed]

Medina, EG.; Marrero, ].G.; Macias-Alonso, M.; Gonzélez, M.C.; Cérdova-Guerrero, I.; Teissier Garcia, A.G.; Osegueda-Robles, S.
Coumarin heterocyclic derivatives: Chemical synthesis and biological activity. Nat. Prod. Rep. 2015, 32, 1472-1507. [CrossRef]
[PubMed]

Majnooni, M.B.; Fakhri, S.; Smeriglio, A.; Trombetta, D.; Croley, C.R.; Bhattacharyya, P.; Sobarzo-Sanchez, E.; Farzaei, M.H.;
Bishayee, A. Antiangiogenic effects of coumarins against cancer: From chemistry to medicine. Molecules 2019, 24, 4278. [CrossRef]
[PubMed]

Yerer, M.B.; Dayan, S.; Han, M.L; Sharma, A.; Tuli, H.S.; Sak, K. Nanoformulations of coumarins and the hybrid molecules of
coumarins with potential anticancer effects. Anticancer Agents Med. Chem. 2020, 20, 1797-1816. [CrossRef]

Panthi, S.; Manandhar, S.; Gautam, K. Hydrogen sulfide, nitric oxide, and neurodegenerative disorders. Transl. Neurodegener.
2018, 7, 3. [CrossRef]

Huang, M.Y,; Tu, C.E; Wang, S.C.; Hung, Y.L.; Su, C.C.; Fang, S.H.; Chen, C.S,; Liu, PL.; Cheng, W.C.; Huang, Y.W.,; et al.
Corylin inhibits LPS-induced inflammatory response and attenuates the activation of NLRP3 inflammasome in microglia. BMIC
Complement. Altern. Med. 2018, 18, 221. [CrossRef]

Consonni, A.; Morara, S.; Codazzi, F.; Grohovaz, F.; Zacchetti, D. Inhibition of lipopolysaccharide-induced microglia activation by
calcitonin gene related peptide and adrenomedullin. Mol. Cell. Neurosci. 2011, 48, 151-160. [CrossRef]

Quintanilla, R.A.; Orellana, D.I.; Gonzalez-Billault, C.; Maccioni, R.B. Interleukin-6 induces Alzheimer-type phosphorylation of
tau protein by deregulating the cdk5/p35 pathway. Exp. Cell Res. 2004, 295, 245-257. [CrossRef]

Torres-Acosta, N.; O'Keefe, ].H.; O’Keefe, E.L.; Isaacson, R.; Small, G. Therapeutic potential of TNF-« inhibition for Alzheimer’s
disease prevention. J. Alzheimer’s Dis. 2020, 78, 619-626. [CrossRef]

Keshet, Y.; Seger, R. The MAP kinase signaling cascades: A system of hundreds of components regulates a diverse array of
physiological functions. Methods Mol. Biol. 2010, 661, 3-38. [CrossRef]

Arthur, ].S.; Ley, S.C. Mitogen-activated protein kinases in innate immunity. Nat. Rev. Immunol. 2013, 13, 679-692. [CrossRef]
[PubMed]

Papaconstantinou, J. The role of signaling pathways of inflammation and oxidative stress in development of senescence and
aging phenotypes in cardiovascular disease. Cells 2019, 8, 1383. [CrossRef] [PubMed]

Jose, S.; Groves, N.J.; Roper, K.E.; Gordon, R. Mechanisms of NLRP3 activation and pathology during neurodegeneration. Int. J.
Biochem. Cell Biol. 2022, 151, 106273. [CrossRef] [PubMed]

Liu, Y; Dai, Y.; Li, Q.; Chen, C.; Chen, H.; Song, Y.; Hua, F.; Zhang, Z. Beta-amyloid activates NLRP3 inflammasome via TLR4 in
mouse microglia. Neurosci. Lett. 2020, 736, 135279. [CrossRef]

Yang, J.; Wise, L.; Fukuchi, K.I. TLR4 cross-talk with NLRP3 inflammasome and complement signaling pathways in Alzheimer’s
disease. Front. Immunol. 2020, 11, 724. [CrossRef]

Halle, A.; Hornung, V.; Petzold, G.C.; Stewart, C.R.; Monks, B.G.; Reinheckel, T.; Fitzgerald, K.A.; Latz, E.; Moore, K.J.; Golenbock,
D.T. The NALP3 inflammasome is involved in the innate immune response to amyloid-beta. Nat. Immunol. 2008, 9, 857-865.
[CrossRef]

Milner, M.T.; Maddugoda, M.; Gotz, J.; Burgener, S.S.; Schroder, K. The NLRP3 inflammasome triggers sterile neuroinflammation
and Alzheimer’s disease. Curr. Opin. Immunol. 2021, 68, 116-124. [CrossRef]

Solleiro-Villavicencio, H.; Rivas-Arancibia, S. Effect of chronic oxidative stress on neuroinflammatory response mediated by
CD4(+)T cells in neurodegenerative diseases. Front. Cell. Neurosci. 2018, 12, 114. [CrossRef]

Walia, V.; Kaushik, D.; Mittal, V.; Kumar, K.; Verma, R.; Parashar, J.; Akter, R.; Rahman, M.H.; Bhatia, S.; Al-Harrasi, A.; et al.
Delineation of neuroprotective effects and possible benefits of antioxidants therapy for the treatment of Alzheimer’s diseases by
targeting mitochondrial-derived reactive oxygen species: Bench to bedside. Mol. Neurobiol. 2022, 59, 657-680. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms22010056
https://doi.org/10.3390/ijms21072431
https://doi.org/10.1016/j.bbadis.2009.12.009
https://doi.org/10.1101/cshperspect.a033118
https://doi.org/10.1002/ardp.201900380
https://www.ncbi.nlm.nih.gov/pubmed/32253782
https://doi.org/10.1039/C4NP00162A
https://www.ncbi.nlm.nih.gov/pubmed/26151411
https://doi.org/10.3390/molecules24234278
https://www.ncbi.nlm.nih.gov/pubmed/31771270
https://doi.org/10.2174/1871520620666200310094646
https://doi.org/10.1186/s40035-018-0108-x
https://doi.org/10.1186/s12906-018-2287-5
https://doi.org/10.1016/j.mcn.2011.07.006
https://doi.org/10.1016/j.yexcr.2004.01.002
https://doi.org/10.3233/JAD-200711
https://doi.org/10.1007/978-1-60761-795-2_1
https://doi.org/10.1038/nri3495
https://www.ncbi.nlm.nih.gov/pubmed/23954936
https://doi.org/10.3390/cells8111383
https://www.ncbi.nlm.nih.gov/pubmed/31689891
https://doi.org/10.1016/j.biocel.2022.106273
https://www.ncbi.nlm.nih.gov/pubmed/35926782
https://doi.org/10.1016/j.neulet.2020.135279
https://doi.org/10.3389/fimmu.2020.00724
https://doi.org/10.1038/ni.1636
https://doi.org/10.1016/j.coi.2020.10.011
https://doi.org/10.3389/fncel.2018.00114
https://doi.org/10.1007/s12035-021-02617-1

	Introduction 
	Results 
	Nordalbergin Decreases the Secretion of NO and the Expression of iNOS and COX-2 by LPS-Stimulated BV2 Cells 
	Nordalbergin Suppresses LPS-Induced Pro-Inflammatory Cytokine Production by Murine Microglial BV2 Cells 
	Nordalbergin Decreases the Phosphorylation of ERK, JNK and p38 MAPK by LPS-Stimulated Microglial BV2 Cells 
	Nordalbergin Inhibits the Secretion of IL-1 and Represses the Activation of NLRP3 Inflammasome in LPS-Stimulated BV2 Cells 
	Nordalbergin Decreases Both Intracellular and Mitochondrial ROS Production by LPS-Stimulated BV2 Cells 

	Discussion 
	Materials and Methods 
	Cell Culture 
	NO Assay 
	MTT Assay for Cell Viability 
	ELISA 
	Western Blot Analysis 
	Flow Cytometry 
	Statistical Analysis 

	Conclusions 
	References

