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Abstract: Background: Microglial cells are immune cells that operate within the central nervous sys-
tem. Abnormally activated microglia cause neuroinflammation, which is linked with neurodegenera-
tive disease. Previous research has revealed that Rumex crispus root extract exerts anti-inflammatory
effects. However, it is not known whether Rumex crispus leaf extract (RLE) has anti-inflammatory
effects on murine microglial cells, such as BV-2 cells. This study proposed to investigate the impact of
RLE on inducing inflammation by LPS in BV-2 cells. Methods: LPS was used to induce inflamma-
tion in BV-2 cells, and then cell survival, changes in the levels of inflammation-related factors and
pro-inflammatory cytokines, and NF-κB and MAPKs signaling pathway activity were evaluated in
the presence or absence of RLE. Results: RLE treatment resulted in a reduction in nitric oxide (NO)
production triggered by LPS without causing cytotoxic effects. In addition, both protein and mRNA
expression levels of iNOS and COX-2, which were upregulated by LPS, were significantly decreased
by RLE. Also, RLE effectively reduced the transcriptional expression and further suppressed the
increased production of inflammatory cytokines by LPS stimulation. Additionally, RLE effectively
suppressed the inflammatory response of BV-2 cells stimulated by LPS via interference with NF-κB
and MAPK signaling pathways. Conclusions: Taken together, our results confirm the effective
suppression of the inflammatory response induced by LPS in BV-2 cells by RLE. Consequently,
we suggest that RLE holds promise as a preventive agent against diseases triggered by microglial
inflammatory responses.
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1. Introduction

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), and multiple sclerosis (MS) are typically characterized by the progressive loss of neu-
rons, leading to functional impairment of the nervous system. These conditions commonly
involve neuroinflammation mediated by microglia [1]. Microglia cells are resident immune
cells of the central nervous system (CNS) and are known to maintain tissue homeostasis
and contribute to brain development. When stimulation or infection occurs, microglia
are activated and mediate neuroinflammation by secreting inflammatory factors includ-
ing nitric oxide (NO) and pro-inflammatory cytokines such as interleukin-6 (IL-6), tumor
necrosis factor-α (TNF-α), and interleukin-1β (IL-1β). Abnormal activation of microglia
cells can cause chronic inflammation, which leads to neuron loss [2,3]. Reducing excessive
activation of microglial cells is expected to reduce the resulting neuroinflammation and is
expected to be helpful in preventing and treating neurodegenerative diseases.
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Medicinal plants have been recognized as a natural source for various treatments.
Extensive scientific research has been conducted on numerous botanical specimens, uncov-
ering beneficial compounds with medicinal applications. In recent years, the application
of compounds for the purpose of making medicines from plants has increased. In partic-
ular, many studies are being conducted about natural products with anti-inflammatory
properties in microglia [4–6]. Rumex crispus (RC) is a perennial plant of the Polygonaceae
family, distributed worldwide, and is known to grow in humid environments through-
out Korea. Previous studies have shown that RC root extract exhibits antioxidant and
anti-inflammatory effects in vitro [7]. It is also known to have antioxidant effects on other
organs of RC extract, including fruit [8,9]. Additionally, various natural compounds with
bioactivity were isolated from RC roots. First, chrysophanol, parietin, and nepodin with
antifungal activity were identified in RC roots [10]. Second, emodin, chrysophanol, and
physcion in RC roots were confirmed to prevent bone loss by inhibiting osteoclastogenesis
and inducing osteoblast mineralization [11]. Lastly, cinnamtannin and procyanidin have
been shown to increase osteoblast differentiation [12] and have xanthine oxidase-, amylase-,
and glucosidase-inhibitory activities [13]. However, the anti-inflammatory effect of RC leaf
in microglia remains unknown.

Activation of microglia plays an important role in host defense, but excessive activation
is toxic in neurons. Lipopolysaccharide (LPS), known as an endotoxin from Gram-negative
bacteria, is known to abnormally activate microglia, which can cause chronic, uncontrolled
neurotoxicity in neurons even after the stimulus has disappeared [14]. We questioned
whether RL plays a role in neuroinflammatory responses. First, RL was extracted using
ethanol to obtain Rumex crispus leaf extract (RLE). The efficacy of RLE was verified by
subjecting BV-2 cells, mouse microglial cells induced with neuroinflammation by LPS, to
RLE treatment. This stimulation activated the nuclear factor kappa B subunit 1 (NF-κB) and
mitogen-activated protein kinase (MAPK) pathways, leading to heightened production of
inflammatory agents and pro-inflammatory cytokines [15]. The activation of LPS receptors
promotes the activation of MAPK family proteins and the phosphorylation of NF-κB
inhibitor alpha (IκBα). Phosphorylation of IκBα leads to the activation of NF-κB, which
functions as a transcription factor [16]. Therefore, by regulating microglial activity, it is
anticipated that inflammation can be controlled, offering a potential therapeutic approach
for diseases associated with neuroinflammation. Here, we estimated the anti-inflammatory
potential of RLE, a natural extract that alleviates the inflammatory response in BV-2, and
identified the signaling network involved.

2. Materials and Methods
2.1. RLE Preparation

RC was obtained from Gwangju, South Korea. The harvested leaves were cleaned
with tap water and drained to remove excess water. Then, 30 g of dried RL leaves were
extracted using 270 mL of 70% EtOH in a sonicator (Mujigae, Seoul, Republic of Korea) at a
temperature of 60 ◦C ± 5 ◦C for 3 h. Subsequently, the extract was filtered by Whatman
filter paper and PVDF syringe filter (0.22 µm, Millipore, Burlington, MA, USA). After
filtration, the solvent was evaporated completely using a dry-oven. The RLE, from which
all residual solvent had been evaporated, was then dissolved in DMSO (Duchefa, Haarlem,
The Netherlands).

2.2. Cell Culture

BV-2 murine microglial cells (BV-2 cells, as a generous gift from Dr. Jun Sik Lee) were
cultured in DMEM (Dulbecco Modified Eagle Medium) (Welgene, Gyeongsan-si, Republic
of Korea) with 10% FBS (fetal bovine serum) (Corning Costar, Cambridge, MA, USA) and
0.1% gentamicin (Gibco, Waltham, MA, USA). Myco-plasma contamination was tested
by the e-Myco™ plus Mycoplasma PCR Detection Kit (iN-tRON Biotechnology, Seoul,
Republic of Korea) and authenticated through short tandem repeat (STR) analysis using
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the AmpFlSTR Identifiler kit (Applied Biosystems, Waltham, MA, USA) at the Korean
Collection for Type Cultures (KCTC, Seoul, Republic of Korea).

2.3. Cytotoxicity

Cytotoxicity was assessed using a WST-8 assay kit (Biomax Ltd., Guri-si, Republic
of Korea). BV-2 cells were cultured in a 96-well plate (2 × 104 cells/well). BV-2 cells
were pretreated with RLE (25–200 µg/mL) for 2 h, then treated with or without LPS
(200 ng/mL) (Sigma Aldrich, St. Louis, MO, USA) for 24 h. LPS was used suspended in
DPBS (Dulbecco’s Buffered Saline) (Welgene, Daegu, Republic of Korea). Subsequently,
the cells were exposed to a 5 µL solution of WST-8 and incubated in the same condition
for 90 min. After incubation, it was measured by UV spectrophotometer (450 nm) (Tecan,
Männedorf, Switzerland).

2.4. NO Production Assays

Cells were treated with RLE and LPS in the same manner as cytotoxicity. The NO
concentration in the culture medium was measured using Griess reagent (Sigma Aldrich,
USA). Griess reagent dissolved in distilled water was mixed with the culture medium at a
concentration of 0.04 g/mL and measured with a UV spectrophotometer (Tecan, Männedorf,
Switzerland) at a wavelength of 540 nm.

2.5. Quantitative PCR (qPCR) Analysis

The cells were pre-treated with RLE for 2 h and incubated with LPS for 6 h. Starvation
was performed to eliminate the influence of other substances apart from RLE. The RNAiso
Plus (TaKaRa, Kusatsu, Japan) was using for RNA extraction, and DNA Master Mix
(ToYoBo, Osaka, Japan) was used for cDNA synthesis. Quantitative PCR was performed
with TOPreal™ SYBR Green qPCR PreMIX (Enzynomics, Daejeon, Republic of Korea). The
mRNA expression levels of target genes were analyzed to the Ct (Cycle threshold) value of
GAPDH. The fold-change value of the LPS and RLE groups compared to the control group
was used to quantify each inflammatory factor. The sequences of primers used in qPCR are
as follows: iNOS, 5′- ATG ACT CCC AGC ACA AAG GG -3′ (forward) and 5′- ACG TAG
ACC TTG GGT TTG CC -3′ (reverse); COX-2, 5′- TGG GTG TGA AGG GAA ATA AGG -3′

(forward) and 5′- CAT CAT ATT TGA GCC TTG GGG -3′ (reverse); IL-1β, 5′- CCC AAA
AGA TGA AGG GCT GC -3′ (forward) and 5′- AAG GTC CAC GGG AAA GAC AC -3′

(reverse); IL-6, 5′- CCT TCC TAC CCC AAT TTC CA -3′ (forward) and 5′- CGC ACT AGG
TTT GCC GAG TA -3′ (reverse); TNF-α, 5′- GGC CTC TCT ACC TTG TTG CC -3′ (forward)
and 5′- TAG GCG ATT ACA GTC ACG GC -3′ (reverse); and GAPDH, 5′- TGC ACC ACC
AAC TGC TTA G -3′ (forward) and 5′- GGA TGC AGG GAT GAT GTT C -3′ (reverse).

2.6. Western Blotting

BV-2 cell lysates were prepared by lysing the cells with RIPA buffer (Biosesang, Yongin-
si, Republic of Korea) including protease and phosphatase inhibitor cocktails (Gendepot,
Katy, TX, USA). The lysate samples were then subjected to SDS-PAGE using an 8–12% gel,
and the resolved proteins were transferred onto PVDF membranes (Millipore, Burlington,
MA, USA). The membrane was blocked with 5% skim milk solution for 1 h. Skim milk was
used and dissolved in PBS-T buffer containing 10% PBS (Dongin Biotech, Seoul, Republic
of Korea) and 0.05% Tween20 (Sigma Aldrich, USA). Afterward, after washing with PBS-T
solution three times for 10 min, the membrane was incubated with primary antibody at
4 ◦C for 16 h, and then secondary attachment was performed for 90 min at RT. A washing
process with PBS-T solution was performed before and after each antibody attachment. The
Western blot data were visualized using an ECL substrate (Bio-Rad, Hercules, CA, USA).
Quantification of the Western blot data was performed using Image J (ver. 1.45) and the
values were normalized to GAPDH, which served as a positive control.

Antibodies used in the study included anti-IκBα, anti-NF-κB, anti-NOS2 (iNOS),
anti-COX-2, anti-JNK, anti-ERK1/2, anti-p38, anti-pp38, anti-phospho IκBα, anti-phospho
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NF-κB, anti-phospho JNK, anti-phospho ERK (SCBT, Dallas, TX, USA), and GAPDH
(Bioworld Technology, Nanjing, China). The dilutions used for the antibodies were as
follows: GAPDH at 1:5000, and all other antibodies at 1:1000.

2.7. ELISA

Protein levels of TNF-α and IL-6 were confirmed by an ELISA kit (Abbkine, Wuhan,
China). BV-2 cells were pre-treated with RLE for 1 h after undergoing starvation conditions.
Subsequently, the cells were incubated with LPS for 24 h. After incubation, only the culture
medium was separated and obtained. Additionally, the concentrations of TNF-α and IL-6
were analyzed according to the ELISA kit manufacturer’s protocol.

2.8. Statistical Analysis

Prism5 software (ver. 8.0.2) was utilized for the data analysis. Statistical analysis was
performed using one-way ANOVA, and Student’s t test was used to compare the means
between the two groups, with significance value at * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, #### p < 0.0001. Data are expressed as mean ± SEM.

3. Results
3.1. Effect of RLE on Cell Viability and NO Production in BV-2 Cells

Before the NO production test, we performed cell survival assays to determine whether
RLE on its own is cytotoxic in BV-2 cells. BV-2 cells were pretreated with various con-
centrations (25–200 µg/mL) of RLE before being stimulated by LPS. Cell viability was
evaluated using WST-8 analysis, and the results showed that compared to the untreated
control group, the group treated with LPS alone, the group treated with RLE alone, and the
combination group treated with both together had no effect on cell viability (Figure 1A).
Afterwards, we sought to confirm the production of NO, an inflammatory mediator, in-
duced by LPS. As a result of RLE pretreatment and LPS stimulation under the same
conditions as the cell survival analysis, compared to the control group, NO increased to
a high level in the LPS-only-treated group. Afterwards, when the RLE treatment group
was compared to the LPS treatment group, it was confirmed that the increased NO level
significantly decreased as the amount of RLE treatment increased (RLE 25 µg/mL treat:
p < 0.05, 50 µg/mL treat: p < 0.001, 100 and 200 µg/mL treat: p < 0.0001). Additionally, the
RLE treatment group alone did not show significant changes in NO production compared
to the control group (Figure 1B). These results indicate that RLE effectively inhibits the
production of NO induced by LPS stimulation in BV-2 cells without cytotoxicity.

3.2. Effects of RLE on the Expression Levels of COX-2 and iNOS in Response to LPS Stimulation
in BV-2 Cells

We confirmed that RLE reduced NO production without inducing cytotoxicity. iNOS
is a key enzyme in NO production [17], and COX-2 converts arachidonic acid to PGE2
(prostaglandin E2) [18]. Through previous experiments, we confirmed that RLE effectively
reduced NO production (Figure 1B), and PGE2 is known to be related to the inflammatory
response [19]. Therefore, we sought to determine whether RLE affects the levels of iNOS
and COX-2, which play a major role in the production of NO and the inflammatory
mediator PGE2, in BV-2 cells stimulated by LPS. We pretreated BV-2 cells with RLE 200,
100 µg/mL, which significantly reduced NO (p < 0.0001) in previous experiments, for
2 h, stimulated them with LPS for 6 h, and then harvested them. The transcript levels of
iNOS and COX-2 were measured by qRT-PCR (Figure 2A). To confirm the expression of the
protein, it was pretreated with RLE 200 and 100 µg/mL and then treated with LPS, and the
treatment time was 45 min each. Protein expression levels were confirmed through Western
blot (Figure 2B). It shows that the levels of iNOS and COX-2, which increased with LPS
treatment alone at both the transcription and translation levels, are appreciably reduced
when RLE is pre-treated. These results suggest the possibility of anti-inflammatory capacity
by interfering with the production of inflammatory mediators.
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compared with the LPS control group.
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Figure 2. RLE suppresses LPS-induced iNOS and COX-2 expression. (A) BV-2 cells were pre-treated
with RLE for 1 h under starvation and incubated for 6 h with LPS. mRNA expression levels of
iNOS and COX-2 were assessed by qRT-PCR. (B) BV-2 cells were pre-treated with RLE for 45 min
under starvation and incubated for 45 min with LPS. Each protein expression level was evaluated by
Western blot analysis. Data are expressed as the mean ± SEM (n = 3). To ensure the significance of the
data, one-way ANOVA was performed and Tukey’s post hoc test was performed. The significance
is as follows: #### p< 0.0001 compared with the control group; ** p < 0.01 and *** p < 0.001, and
**** p < 0.0001 compared with the LPS control group.

3.3. Effects of RLE on the Expression and Release of Pro-Inflammatory Cytokines in BV-2 Cells
Stimulated by LPS

Inflammatory responses are mainly controlled by cytokines. The main role of cytokines
is to transmit the occurrence of infection or irritation to the surrounding area. Excessive
pro-inflammatory responses can lead to chronic inflammation, so these responses must
be regulated to an appropriate level. Pro-inflammatory cytokines such as IL-1β, IL-6,
and TNF-α are major factors released by stimulated microglia [20]. We investigated the
effect of RLE on the expression levels of IL-1β, IL-6, and TNF-α in LPS-stimulated BV-2
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cells (Figure 3A,B). The mRNA expression levels of cytokines were confirmed by qPCR
(Figure 3A). Compared with the control group, the mRNA expression levels of all three
pro-inflammatory cytokines, TNF-α, IL-6, and IL-1β, were significantly increased in the
LPS-only treatment group (p < 0.0001). And when comparing the RLE-pre-treated group
with the LPS-only-treated group, RLE pre-treatment decreased the increased mRNA levels
of cytokines in a dose-dependent manner. Additionally, we measured the release of pro-
inflammatory cytokines. BV-2 cells were pretreated with 100 and 200 µg/mL of RLE for
1 h, followed by incubation with LPS for 24 h. The levels of pro-inflammatory cytokines
released into the cell culture medium were quantified using an ELISA kit (Figure 3B).
Compared to the LPS-only stimulation group, RLE effectively reduced the release of IL-6
and decreased the secretion of TNF-α. Thus, RLE effectively inhibits both the expression
and synthesis of cytokines that promote inflammation in LPS-stimulated BV-2 cells.
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secreted into the medium were detected by ELISA assay kits. Data are expressed as the mean ± SEM
(n = 3). To ensure the significance of the data, one-way ANOVA was performed and Tukey’s post hoc
test was performed. The significance is as follows: #### p < 0.0001 compared with the control group;
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with the LPS control group.

3.4. RLE Regulates NF-κB and MAPK Signaling Pathways Activated by LPS Stimulation

Inflammatory cytokine transcription is induced by NF-κB activation during the in-
flammatory response [21]. Additionally, proteins involved in the MAPK pathways, such as
extracellular signal-regulated kinases (ERK), p38, and c-Jun NH-2terminal kinases (JNK),
are activated upon microglial activation [22]. It is known that LPS stimulation of BV-2 cells
induces NF-κB and MAPK signaling pathways [3]. We aimed to investigate the potential of
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RLE as an anti-inflammatory component in LPS-stimulated BV-2 cells. Western blotting
analysis revealed a significant upregulation of IκBα and NF-κB P65 phosphorylation upon
LPS activation, which was effectively inhibited by RLE (Figure 4A). This indicates that RLE
successfully suppresses the activation of the NF-κB signaling pathway induced by LPS.
Similarly, LPS excitation resulted in increased phosphorylation of p38, JNK, and ERK in the
MAPK pathway. Pre-treatment with RLE showed a concentration-dependent decrease in
the phosphorylation level of p38. However, the phosphorylation levels of JNK and ERK
did not decrease as noticeably as p38, suggesting that the regulation of p38 is specifically
associated with RLE treatment (Figure 4B).
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Figure 4. RLE inhibits the activation of NF-κB and MAPK signaling pathways, thereby inhibiting the
inflammatory response induced by LPS stimulation. (A,B) BV-2 cells were pre-treated with RLE for
45 min under starvation and incubated for 45 min with LPS. (A) Expression of phospho- IκBα, IκBα,
phosphor- NF-κB p65, and NF-κB p65 was assessed by Western blot analysis. (B) The expression
levels of phospho- p38, p38, phosphor- JNK, JNK, phosphor- ERK, and ERK were assessed by Western
blot analysis.

4. Discussion

Microglia, tissue macrophages residing in the CNS, serve as key mediators of in-
flammation [23]. Upon activation by various stimuli, the expression of microglial surface
receptors is altered, leading to the secretion of diverse mediators of inflammation and
the promotion of an inflammatory state [24]. Neuroinflammation is implicated in several
diseases, including AD and PD [25]. Therefore, controlling inflammation-associated sub-
stances in activated microglial cells is considered a promising approach for preventing
neurodegenerative diseases. In particular, anti-neuroinflammation research using natu-
ral products such as phenolic [26–30] and alkaloidal [31–33] phytochemicals is actively
underway. As mentioned earlier, various compounds in RC roots are known to have anti-
inflammatory [7], antioxidant [8,9], antifungal [10], and bone development [11] activities.
Additionally, previous studies have shown that quercetin in RC leaves induces osteoblast
differentiation. Quercetin is a representative type of flavonoid derived from plants and has
been extensively studied for a long time. It has various bioactivities, including anti-obesity,
hypolipidemic, blood pressure-decreasing, and anti-diabetic activities [34]. In particular,
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recent studies have shown high anti-inflammation effects, and various studies are being
conducted [35–38]. There are previous studies showing that RC root extract has a modulat-
ing effect on the inflammatory response [7]. However, it was unclear whether RLE plays a
role in the inflammatory response in murine microglial BV-2 cells. Hence, our objective
was to verify the potential anti-inflammatory activity of RLE in BV-2 cells.

LPS is known to trigger an exaggerated activation response in microglial cells [14,39].
We confirmed the anti-inflammatory activity of RLE on inflammation in LPS-activated
microglia cells. RLE treatment demonstrated a significant reduction in the inflammatory
response induced by LPS, with the magnitude of the reduction being dose-dependent,
and no cytotoxicity was observed. Moreover, RLE effectively attenuated the LPS-induced
increase in NO production. NO is synthesized within the central nervous system (CNS)
through the enzymatic conversion of the amino acid l-arginine by nitric oxide synthase
(NOS). Among the three isoforms of NOS, iNOS is expressed in glial cells and macrophages.
NO exhibits both anti-inflammatory and pro-inflammatory properties and is known to
mediate certain effects of pro-inflammatory cytokines [40,41]. COX-2 is responsible for
synthesizing PGE2, a major mediator of inflammation, from arachidonic acid. COX-2
metabolites have been implicated in pain and inflammation, and the upregulation of COX-2
is induced by cytokines such as IL-1 and TNF-α [42]. Through qRT-PCR analysis, we
confirmed that RLE reduced the LPS-induced upregulation of COX-2 and iNOS at the
transcriptional level, and this reduction was further validated by Western blotting, which
demonstrated the effective suppression of translation levels. Cytokines play a crucial role
in regulating inflammatory responses through complex networks.

Cytokines play a crucial role as important mediators that regulate inflammatory re-
sponses through complex networks, and they are classified into pro-inflammatory and
anti-inflammatory types [43]. Pro-inflammatory cytokines actively promote inflammatory
responses and stimulate immune cells. These cytokines are known to play an important role
in promoting the expression of iNOS and COX-2 [44,45]. In qRT-PCR analysis, treatment
with RLE demonstrated a concentration-dependent decrease in the mRNA expression levels
of LPS-induced cytokines. Furthermore, in ELISA, the cumulative secretion of cytokines
showed reduced secretion compared to the group treated with LPS alone when treated
with RLE. LPS stimulation is known to induce inflammation by activating the MAPK
and NF-κB pathways in microglial cells. These pathways exert regulatory control over
the pro-inflammatory cytokines that are activated in response to LPS stimulation [16]. In
general circumstances, NF-κB is located in the cytoplasm along with IκBa. However, IκBa
is phosphorylated and degraded by various stimuli, and as a result, NF-κB is separated
and moved to the nucleus, and there is an increased expression of cytokines and other
inflammatory mediators [46,47]. We confirmed that RLE could reduce the phosphoryla-
tion levels of IκBα and NF-κB induced by LPS. Western blot results demonstrated that
RLE reduced IκBα degradation and NF-κB p65 phosphorylation levels. Furthermore,
in testing the inhibitory impact of RLE on the inflammatory state induced by LPS treat-
ment, it was observed that LPS stimulation significantly phosphorylated p38, and JNK
and pre-treatment with RLE alleviate the level of p38 phosphorylation in a concentration-
dependent manner.

Considering the results, we demonstrated the anti-inflammatory properties of RLE.
Using BV-2 cells activated by treatment with LPS, we investigated the effects of RLE in
various inflammatory pathways. Oure results demonstrated that RLE effectively downreg-
ulated the NF-κB and p38 MAPK pathways. Additionally, RLE significantly decreased the
expression of inflammation-related enzymes and pro-inflammatory cytokines. Moreover,
RLE demonstrated the ability to reduce NO levels without causing any cytotoxic effects.
Overall, our findings confirm that RLE exhibits anti-inflammatory effects in LPS-induced
BV-2 cells.
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MS multiple sclerosis
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TNF-α tumor necrosis factor-α
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RLE Rumex crispus leaf extract
LPS lipopolysaccharide
NF-κB nuclear factor kappa B subunit 1
MAPK mitogen-activated protein kinase
IκBα NF-κB inhibitor alpha
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