
Citation: Latif, S.; Choi, S.-H.;

Gyawali, A.; Hyeon, S.J.; Kang, Y.-S.;

Ryu, H. Antioxidant and

Neuroprotective Effects of Paeonol

against Oxidative Stress and Altered

Carrier-Mediated Transport System

on NSC-34 Cell Lines. Antioxidants

2022, 11, 1392. https://doi.org/

10.3390/antiox11071392

Academic Editors: Domenico Nuzzo,

Pasquale Picone, Valentina Di Liberto

and Andrea Pinto

Received: 3 June 2022

Accepted: 14 July 2022

Published: 18 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

antioxidants

Article

Antioxidant and Neuroprotective Effects of Paeonol against
Oxidative Stress and Altered Carrier-Mediated Transport
System on NSC-34 Cell Lines
Sana Latif 1, Seung-Hye Choi 2 , Asmita Gyawali 1, Seung Jae Hyeon 2, Young-Sook Kang 1,* and Hoon Ryu 2,*

1 Research Institute of Pharmaceutical Sciences and College of Pharmacy, Sookmyung Women’s University,
Seoul 04310, Korea; its.sanairfan@gmail.com (S.L.); gyawaliashu35@gmail.com (A.G.)

2 Brain Science Institute, Korea Institute of Science and Technology, Seoul 02792, Korea;
shchoi323@kist.re.kr (S.-H.C.); sjhyeon@kist.re.kr (S.J.H.)

* Correspondence: yskang@sm.ac.kr (Y.-S.K.); hoonryu@kist.re.kr (H.R.); Tel.: +82-2-710-9562 (Y.-S.K.);
+82-2-958-6855 (H.R.); Fax: +82-2-710-9871 (Y.-S.K.); +82-2-958-7034 (H.R.)

Abstract: Paeonol is a naturally occurring phenolic agent that attenuates neurotoxicity in neurode-
generative diseases. We aimed to investigate the antioxidant and protective effects of paeonol and
determine its transport mechanism in wild-type (WT; NSC-34/hSOD1WT) and mutant-type (MT;
NSC-34/hSOD1G93A) motor neuron-like amyotrophic lateral sclerosis (ALS) cell lines. Cytotoxicity
induced by glutamate, lipopolysaccharides, and H2O2 reduced viability of cell; however, the addition
of paeonol improved cell viability against neurotoxicity. The [3H]paeonol uptake was increased in the
presence of H2O2 in both cell lines. Paeonol recovered ALS model cell lines by reducing mitochon-
drial oxidative stress induced by glutamate. The transport of paeonol was time-, concentration-, and
pH-dependent in both NSC-34 cell lines. Kinetic parameters showed two transport sites with altered
affinity and capacity in the MT cell line compared to the WT cell line. [3H]Paeonol uptake increased
in the MT cell line transfected with organic anion transporter1 (Oat1)/Slc22a6 small interfering
RNA compared to that in the control. Plasma membrane monoamine transporter (Pmat) was also
involved in the uptake of paeonol by ALS model cell lines. Overall, paeonol exhibits neuroprotective
activity via a carrier-mediated transport system and may be a beneficial therapy for preventing motor
neuronal damage under ALS-like conditions.

Keywords: paeonol; neuroprotection; reduction-oxidation reactions; carrier-mediated transport system;
organic anion transporter 1 (Oat1); plasma membrane monoamine transporter (Pmat); amyotrophic
lateral sclerosis (ALS); NSC-34 cell lines

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal progressive neurodegenerative disease
which results in damaging the motor neurons in the brain and spinal cord [1]. Damage to
motor neurons leads to atrophy of muscle, diminished strength, and death of the affected
patients. About 90% of ALS cases are spontaneous, while 10% are associated with mutations
in genes of a dominant trait [2]. Prominently, the superoxide dismutase 1 (SOD1) Cu+2/Zn+2

gene mutation is specifically linked to ALS [3]. The pathophysiology of ALS involves
the loss of motor neuron function, mitochondrial abnormalities in surviving neurons,
aggregates of neurofilaments, and activation of glial cells [4–6]. Oxidative stress leads to
prominent neuropathological changes in ALS patient’s spinal cord and animal models [1,2].
Superoxide anion causes oxidation of DNA, lipid, and protein. Two superoxide anions are
catalyzed by SOD1, an antioxidant enzyme, and turn into hydrogen peroxide and oxygen.
Because motor neurons are particularly prone to oxidative stress in ALS, prevention of
oxidative stress by antioxidants may facilitate a pro-survival pathway and protect motor
neurons [3–5]. Only two drugs, riluzole and edaravone, have been approved for the
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treatment of ALS by the United States Federal Drug Administration; however, there is
an urgent need to discover new therapeutic agents that can help treat and alleviate the
symptoms of ALS [7,8].

Paeonol, chemically known as 2-hydroxy-4-methoxyacetophenone, is a traditional
Chinese medicine, and a phenolic component isolated from Moutan Cortex or root bark
of genus Paeonia suffruticosa Andrew. Products derived from the natural sources possess
unique diversity in their structure and chemical properties, therefore serving as novel
therapeutic agent [9]. Paeonol exhibits various biological and pharmacological activities,
including acting as an anti-inflammatory agent against neuroinflammation, colitis, and
arthritis [10]. In addition to the treatment of diabetic encephalopathy, it serves as an anti-
diabetic agent, and as an antiarrhythmic and immunity enhancer agent [11]. In diabetes,
paeonol has been shown to inhibit the vascular endothelial growth factor [12] and therefore
exhibits a potential role in the treatment of diabetic retinopathy [13]. Paeonol has shown
promise in treating Alzheimer’s [14] and Parkinson’s diseases, depression, aging, and
cerebral ischemic injury [15].

Paeonol has a neuroprotective function and plays an anti-inflammatory role by block-
ing the release of pro-inflammatory cytokines [16] and preventing the hippocampal death
of neurons induced by lipopolysaccharides (LPS). In a study on N-methyl-D-aspartate
receptors, paeonol was shown to provide protection to neurons of the rat hippocampus
against injury induced by the withdrawal of oxygen and glucose [17]. Our previous re-
search showed the altered transport of various amino acids, for instance, citrulline, lysine,
tryptophan, and acidic drugs, including 4-phenylbutyric acid and valproic acid [18], as
well as the energy-metabolizing compound carnitine in an ALS model cell line [19–23].
Since paeonol had a neuroprotective effect on activated microglial cells and hippocampal
neurons, we assumed that studying the transport of paeonol in NSC-34 cell lines would
bring new insights into its role in ALS. NSC-34 is a hybrid cell line (ALS model) with muta-
tion in SOD1G93A gene and has been used as an in vitro model for the study of mechanism
of degeneration of motor neurons and potential drug therapy [24]. Neuroinflammation
produced by reactive oxygen species (ROS), inflammatory cytokine dysregulation, and
abnormalities in gene expression are all interrelated mechanisms of ALS pathology [25].
The maintenance of cellular homeostasis via oxidation–reduction reactions is important be-
cause oxidative stress damages cellular biomolecules, including nucleic acids and building
blocks proteins [26]. Mitochondrial dysfunction is considered the prominent mechanism of
motor neuron death in ALS, resulting in defective mitochondrial transport functions in the
axons of motor neurons [27]. Previous research showed that ALS patients’ mitochondria
have defective calcium homeostasis, resulting in the elevated production of ROS, which are
ultimately associated with tyrosine nitration and alteration of carbonylated proteins [28].

Researchers have studied the chemical properties of paeonol showing a low molecular
weight of 166.17 g/mol and melting point of 52 ◦C. Further, the pKa value of paeonol
is 9.78 and log P is 1.98 [29]. Paeonol has poor bioavailability and solubility; thus, it
cannot be easily transported across cell membranes and it is difficult to understand its
transport mechanism in various disease conditions [29]. Previous studies on the uptake
of paeonol in the blood–brain barrier (BBB) [30], inner blood–retinal barrier (iBRB), and
conditionally immortalized rat retinal capillary endothelial cells (TR-iBRB) [13] have shown
the expression of several carrier-mediated transporters, such as the organic cation/carnitine
transporter (OCTN1-2) family, organic cationic transporter (OCT) family, and plasma
membrane monoamine transporter (PMAT) family [30]. In addition to zwitterions, organic
anion transporter (OAT) families also belong to solute carrier family 22 (SLC22). OAT1/Oat1
mRNA was found to be considerably less abundant in rat, mouse, and human brains [31],
but it has been discovered in the choroid plexus of mice [32].

The aim of the current study is to investigate the protective role of paeonol in ALS
model cell lines against neurotoxicity induced by inflammatory cytokines and glutamate-
induced mitochondrial oxidative stress and examine the transport characteristics and
transporters involved in paeonol uptake in NSC-34 cells.
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2. Materials and Methods
2.1. Radioisotope Compound and Chemical Reagents

The radiolabeled labeling agent [3H]paeonol (7.2 Ci/mmol) was procured from
PerkinElmer (Boston, MA, USA). Other unlabeled reagent-grade chemicals, including
paeonol, carnitine, cimetidine, 1-methyl-4-phenylpyridinium ion (MPP+), quinidine, ver-
apamil, edaravone, clonidine, tramadol, acetyl-L-carnitine (ALC), tetraethyl ammonium
(TEA), para-amminohippuric acid (PAH), and glutamic acid, were obtained from Sigma
Aldrich (St. Louis, MO, USA). Lipopolysaccharide (LPS) was acquired from List Biological
Laboratories (Campbell, CA, USA).

2.2. NSC-34 Cell Culture

ALS model cell lines were obtained from Prof. Hoon Ryu (KIST, Seoul, Korea) and
classified into wild-type (WT, NSC-34/ hSOD1WT) cell line and mutant-type (MT, NSC-
34/hSOD1G93A) cell line [33]. Motor neuron-like hybrid cell lines, known as NSC-34 cells,
were transfected with the pCL-neo expression vector according to the previous study [34].
For the experiments, WT cells at passage #6–20 and MT cells at passage #5–19 were cultured
and sub-cultured on collagen coated culture dishes type 1 and were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen, San Diego, CA, USA), which was supplemented
with 10% fetal bovine serum (HyClone), 100 U/mL penicillin, and 100 µg/mL strepto-
mycin (Invitrogen). An incubator with humidified atmosphere with 5% CO2/95% air and
temperature 37 ◦C was used to incubate the cells according to the procedure, as described
in the previous study [15].

2.3. Cell Viability Assay

To assess the survival rate of the cells after exposure to inflammatory cytokines and
oxidative stressor, the MTT [3-(4, 5-dimethyldiazol-2-yl)-2, 5-diphenyltetrazoliumbromide]
assay was conducted. ALS model cell lines were treated with glutamate (2 mM) and
LPS (20 ng/mL) and H2O2 (300 µM), either alone or in combination with pretreatment
of paeonol (100 µM) and incubated for 24 h. After the designated time, MTT (5 mg/mL)
solution was added to each well, and the well plate was wrapped in the foil in the dark
and incubated at 37 ◦C for 3 h. The formazan precipitation of MTT solution turned into
the purple solution. The well plate was washed with phosphate-buffered saline (PBS)
and dimethylsulfoxide was added. The absorbance was measured using an Infinite F200
PRO microplate reader (Tecan Trading AG, Männedorf, Switzerland) at a wavelength of
550 nM [23]. For the analysis of data, we compared the absorbance value in MT with the
absorbance value in WT control treated with glutamate, H2O2, and LPS in the presence or
absence of paeonol pretreatment.

2.4. Measurement of Mitochondrial Membrane Potential (ψ) and Oxidative Stress, and
Immunocytochemistry

MitoTracker (Thermo Scientific, Waltham, MA, USA) staining (CMS-ROS) was per-
formed to measure the mitochondrial membrane potential in the motor neuron cell line of
ALS [35]. The cells were stained with MitoTracker-Red (0.1 µM) for 30 min prior to fixation
and subjected to DAPI staining. The intensity of mitochondrial membrane potential was
analyzed using NIH ImageJ software. MitoSox (Thermo Scientific, Waltham, MA, USA)
staining was performed to measure the level of mitochondrial superoxide in the NSC-34
cell line. The cells were stained with MitoSox (2.5 µM) for 30 min prior to fixation and
subjected to DAPI staining. The intensity of mitochondrial oxidative stress was analyzed
using the NIH ImageJ software.

On the other hand, active caspase-3 (Cas-3) immunoreactivity was determined in the
motor neuron cell line of ALS. Fixed cells were incubated for 30 min in a blocking solution
(2% donkey/goat serum, 0.3% Triton-X100 in 0.1 M PBS) and were further incubated with
anti-cleaved caspase-3 rabbit antibody (1:200; Cell Signaling, Danvers, MA, USA) at 4 ◦C
for 24 h. After washing 3 times with PBS solution, the slides were incubated with goat
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anti-rebbit-488 (1:200; Abcam, Cambridge, MA, USA) at RT for 2 h. Photo-images were
taken by using an Olympus epifluorescence microscopy (Olympus, Tokyo, Japan). The
semi-quantitative analysis of immunoreactivity was performed by the ImageJ program.

2.5. In Vitro Uptake Study of [3H]paeonol in Motor Neuron like Cell Line

The [3H]paeonol uptake study was performed using a previously reported method [36].
Prior to the uptake, monolayer of confluent NSC-34 cells was washed thrice with extra-
cellular fluid (ECF) buffer and adjusted to pH 7.4 and at 37 ◦C. Uptake was carried out
by adding 200 µL of radiolabeled compound [3H]paeonol (347 nM) to each well with or
without the addition of the inhibitor at 37 ◦C for 5 min [22]. Ice-chilled ECF buffer (4 ◦C)
was used to terminate the uptake of isotope, and then the cells for solubilization were
treated with 750 µL of 1 N sodium hydroxide plus PBS [19]. For protein assay, DC Protein
assay kit (Bio-Rad, Hercules, CA, USA) was used. An aliquot was extracted from 1 N
NaOH plus PBS using bovine serum albumin as a standard. A liquid scintillation counter
(LSC) (LS6500; Beckman, Fullerton, CA, USA) was used for measuring the radioactivity of
the compound by mixing 500 µL of the solution with 5 mL of Ultima gold [37].

2.6. Estimation of Kinetic Parameters of [3H]paeonol Uptake in ALS Model Cell Lines

For kinetic analysis of [3H]paeonol in NSC-34 cell lines, the Michaelis–Menten constant
(Km) and the maximum uptake rate (Vmax) were estimated using Equation (1):

V = [Vmax1 · C/(Km1 + C) + Vmax2 · C/(Km2 + C)] + Kd · C, (1)

where V is the initial uptake rate of [3H]paeonol at 5 min and C is the concentration of
unlabeled paeonol.

2.7. Small Interfering RNA (siRNA) Transfection Study in NSC-34 Cell Lines

In transection experiments with siRNA for Octn1/Slc22a4 and Octn2/Slc22a5, mul-
tidrug and toxic compound extrusion (MATE/Slc47a1), Pmat/Slc29a4, Oct2/Slc22a2, sodium-
coupled monocarboxylate transporter 1, 2 (SMCT1/Slc5a8, and SMCT2/Slc5a12), Oat1/Slc22a6,
and negative control (non-targeting pool) were transfected using Lipofectamine® 2000 (Invit-
rogen) as a vehicle in ALS model cell lines for 24 h at a concertation of 200 nM. After the des-
ignated period, an uptake study was conducted according to a method described earlier [23].

2.8. Quantitative Reverse Transcription-Polymerase Chain Reaction

Isolation of RNA was performed using a Trizol-based RNA isolation kit (Hybrid-R)
(Gene All, Seoul, Korea). cDNA was synthesized using the Superscript III First-Strand
Synthesis System (Takara, Maebashi, Japan). Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) analysis was done using a StepOnePlus Sequence Detection
System (Bio-Rad) with SYBR Green PCR Core reagents (Bio-Rad). All experiments were
performed in triplicate, each being repeated at least three times. The relative amount of
target mRNAs was normalized to GAPDH levels in parallel. Information of the qPCR
primers sequence is provided in Supplementary Table S1.

2.9. ALS Mouse and Immunohistochemistry

Male ALS transgenic mSOD1 (G93A) mice (the H1 high-expresser strain) were pur-
chased (Jackson Laboratories, Bar Harbor, ME, USA) and bred with females with a similar
background (B6/SJLF1). The experiments mainly used postmortem spinal cord tissue
sections from WT and ALS mice. The animal study protocol of this study was approved by
the institutional animal care and use committee (IACUC) of the Korea Institute of Science
and Technology (approval no. KIST-2021-05-062).

To determine OAT1 (SLC22A6) immunoreactivity, 120–150 days old WT littermate (N = 5)
and ALS transgenic mSOD1 (G93A) mice (n = 5) were perfused using 4% paraformaldehyde.
Their spinal cords were processed for cryo-sectioning. Serial sections with 30 µm thick-
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ness of were performed using a cryostat. Lumbar spinal cord sections were selected for
immunostaining to determine OAT1 level. First, the spinal cord sections were incubated in
a blocking solution (2% donkey/goat serum, 0.3% Triton-X100 in 0.1 M PBS) for 1 h and
were further incubated with OAT1 (SLC22A6) (1:200 dilution) (#ab135924) antibody in a
blocking solution at 4 ◦C for overnight. After washing 3 times with PBS, the slides were
processed for the amplification of immunoreactivity signal by a Vector ABC Kit (Vector Lab-
oratories, Inc., Burlingame, CA, USA). The OAT1 (SLC22A6) signals were developed using
3, 3′-diaminobenzidine (DAB) chromogen (Thermo Fisher Scientific, Meridian Rockford,
IL, USA). Images were taken by an epifluorescence optical microscope (Olympus, Tokyo,
Japan). The semi-quantitative analysis of immunoreactivity was undergone using the NIH
ImageJ program.

2.10. Statistical Analysis

Data were analyzed by the one-way ANOVA and Dunnett’s tests, as appropriate (post
hoc test). Each data point is represented as the mean ± standard error of the mean (SEM).
All statistical analyses were performed using Sigma Plot (12 version, Systat Software Inc.,
Richmond, CA, USA), and p-value < 0.05 indicates statistical significance.

3. Results
3.1. Cytotoxicity Induced by Pro-Inflammatory Cytokines and Neuroprotective Effect of Paeonol in
ALS Model Cell Line

ALS pathophysiology exhibits that there is excess release of glutamate in the synaptic
cleft, and astrocytes and microglia are unable to uptake the glutamate, resulting in excessive
Ca2+ ion intake into the neuron [38]. There are several drugs that act on the various
mechanisms to balance this release of glutamate. For instance, in ALS neurons, taurine
shows the neuroprotective effect against glutamate-induced neurotoxicity [39]. Several
other compounds, including riluzole, exhibit a protective role against glutamate-induced
neurotoxicity [1]. Valproic acid also ameliorates the neurotoxicity induced by glutamate in
NSC-34 motor neuron-like cells [4]. Together, to determine the neuroprotective effect of
paeonol, we conducted glutamate- and inflammatory cytokine-induced cytotoxicity assay.
ALS model cell lines were exposed to glutamate, inflammatory cytokines such as LPS, and
the stress-inducing agent H2O2 for 24 h. Cell viability was markedly decreased in both
cell lines; however, the co-addition of paeonol to glutamate, H2O2, and LPS significantly
increased cell viability and restored it to normal levels in WT and MT cell lines (Figure 1A,B).
The results indicate the neuroprotective effect of paeonol against glutamate and LPS
neurotoxicity and its antioxidant effect against H2O2 in ALS model cell lines. The results
from the MTT assay also showed similar results, and in both cell lines, treatment with
only paeonol showed no substantial difference in the uptake of [3H]paeonol from the
control (Figure 1C). This result indicates the non-toxic activity of paeonol in ALS model
cell lines. Otherwise, post-treatment of paeonol was protective against H2O2-induced
cell death (Supplementary Figure S1) but it was not protective against LPS or glutamate
(data not shown).
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Figure 1. Effect of paeonol against the neuroinflammatory states in ALS model cell lines. Images of 
NSC-34 cell lines using EVOS XL Core Cell Imaging System (100×) in WT (A) and MT (B) cell lines. 
Cell viability using MTT assay in WT and MT (C) after 24 h treatment with glutamate (2 mM), H2O2 
(300 µM), and LPS (20 ng/mL) with or without pretreatment with paeonol (100 µM). Each column 
represents the mean ± SEM (n = 3–4). * p< 0.05, and *** p < 0.001, significant different versus WT 
control; # p < 0.05 and ## p <0.01, significant different versus MT; $ p< 0.05 and $$ p < 0.01, significant 
difference vs. glutamate; † p< 0.05 and †† p < 0.01, significant difference vs. H2O2; ¥ p< 0.05, significant 
difference vs. LPS. 

Figure 1. Effect of paeonol against the neuroinflammatory states in ALS model cell lines. Im-
ages of NSC-34 cell lines using EVOS XL Core Cell Imaging System (100×) in WT (A) and
MT (B) cell lines. Cell viability using MTT assay in WT and MT (C) after 24 h treatment
with glutamate (2 mM), H2O2 (300 µM), and LPS (20 ng/mL) with or without pretreatment
with paeonol (100 µM). Each column represents the mean ± SEM (n = 3–4). * p < 0.05, and
*** p < 0.001, significant different versus WT control; # p < 0.05 and ## p <0.01, significant differ-
ent versus MT; $ p < 0.05 and $$ p < 0.01, significant difference vs. glutamate; † p < 0.05 and
†† p < 0.01, significant difference vs. H2O2; ¥ p < 0.05, significant difference vs. LPS.

In our study, we assessed the uptake of paeonol after treating ALS model cell lines with
H2O2. In both cell lines, the uptake of paeonol markedly increased; however, the addition
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of cold paeonol to these treated cells further increased the uptake of [3H]paeonol in both
cell lines (Figure 2). Glutamate in the disease model cell line also showed a similar pattern.
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pretreated for 24 h with paeonol and then with 2.5 µM MitoSox staining for 30 min (Figure 
4A). MitoSox intensity was significantly increased in the presence of glutamate, whereas 
the addition of paeonol to glutamate resulted in a significant decrease in mitochondrial 
oxidative stress (Figure 4B,C). In order to determine whether paeonol can rescue motor 
neuronal damage against glutamate-induced cytotoxicity, we detected immunoreactivity 
of cleaved caspase-3, a well-known cell death marker, in WT and MT ALS cell lines. As 
expected, paeonol significantly reduced cleaved caspase-3 levels that were elevated by 
glutamate in both WT and MT ALS cell lines (Figure 4D,E). 

Figure 2. Treatment of H2O2 and glutamate and restoration effect of paeonol on the uptake of
[3H]paeonol. [3H]Paeonol uptake in WT and MT cell lines pretreated with H2O2 (300 µM) either
alone or in the presence of 100 µM of paeonol. MT cell line exposed to glutamate in the presence
or absence of paeonol. [3H]Paeonol uptake was performed 24 h after pretreatment of cell lines at
pH 7.4 and 37 ◦C. Each value represents the mean ± SEM (n = 3–4). * p < 0.05 and ** p < 0.01,
significant difference vs. WT control; # p < 0.05 and ### p < 0.001, significant difference versus MT
(vehicle); †† p < 0.01 and ††† p < 0.001, significant difference vs. H2O2; $$$ p < 0.001, significant
difference vs. glutamate.

3.2. Paeonol Preventing Glutamate-Induced Decrease of Mitochondria Membrane Potential (ψ) and
Elevation of Mitochondrial Oxidative Stress in ALS Cell Line Model

Both motor neuron like cell lines were treated with paeonol for 24 h, and then motor
neuron cell lines were treated with 0.1 µM MitoTracker staining for 30 min (Figure 3A).
Figure 3 indicates that glutamate alone decreased mitochondrial membrane potential (ψ),
whereas pretreatment with paeonol recovered the glutamate-induced loss in mitochondrial
membrane potential in both cell lines (Figure 3B,C). ALS model cell lines were also pre-
treated for 24 h with paeonol and then with 2.5 µM MitoSox staining for 30 min (Figure 4A).
MitoSox intensity was significantly increased in the presence of glutamate, whereas the
addition of paeonol to glutamate resulted in a significant decrease in mitochondrial oxida-
tive stress (Figure 4B,C). In order to determine whether paeonol can rescue motor neuronal
damage against glutamate-induced cytotoxicity, we detected immunoreactivity of cleaved
caspase-3, a well-known cell death marker, in WT and MT ALS cell lines. As expected,
paeonol significantly reduced cleaved caspase-3 levels that were elevated by glutamate in
both WT and MT ALS cell lines (Figure 4D,E).
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and MitoTracker staining. (B) Photo-images show that paeonol recovers glutamate-induced de-
crease of mitochondria membrane potential in WT and MT cell lines. Motor neurons were stained 
with MitoTracker-Red for 30 min prior to fixation and subjected to DAPI staining. (C) Paeonol sig-
nificantly recovered glutamate-induced decrease of mitochondrial membrane potential. Cell count, 
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Figure 3. Paeonol prevents glutamate-induced decrease of mitochondrial membrane potential (ψ)
in a cell line model of ALS. (A) A scheme presenting paeonol pre-treatment, glutamate treatment
and MitoTracker staining. (B) Photo-images show that paeonol recovers glutamate-induced decrease
of mitochondria membrane potential in WT and MT cell lines. Motor neurons were stained with
MitoTracker-Red for 30 min prior to fixation and subjected to DAPI staining. (C) Paeonol significantly
recovered glutamate-induced decrease of mitochondrial membrane potential. Cell count, n = 20
per each group. The graph data represent the mean ± SEM. * p < 0.05, and *** p < 0.001, significant
different versus WT control; ## p < 0.01, significant different versus MT (vehicle); $$ p < 0.01, significant
difference vs. glutamate. Scale bars (white): 10 µm.
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difference at versus WT control; # p < 0.05, and ### p < 0.001, versus MT (vehicle), $$ p < 0.01 and $$$ p 
< 0.001, significantly difference vs. glutamate. Scale bars (white): 10 μm. 

3.3. Characteristics of [3H]paeonol Uptake by ALS Model Cell Lines 
Kinetic assessment was performed to characterize [3H]paeonol transport in NSC-34 

cell lines. Initially, at pH 7.4 and temperature at 37 °C, the uptake of paeonol increased 

Figure 4. Paeonol prevents glutamate-induced elevation of mitochondrial oxidative stress in a cell
line model of ALS. (A) A scheme presenting paeonol pre-treatment, glutamate treatment, and MitoSox
staining. (B) Photo-images show that paeonol decreased glutamate-induced mitochondrial oxidative
stress in WT and MT ALS cell lines. Motor neurons were stained with MitoSox for 30 min prior to
fixation and subjected to DAPI staining. (C) Paeonol significantly reduced mitochondrial oxidative
stress by glutamate. Cell count, n = 20 per each group. (D) Photo-images show that paeonol reduced
glutamate-induced cleaved caspase-3, a cell death marker, in WT and MT ALS cell lines. (E) Paeonol
significantly reduced cleaved caspase-3 by glutamate. Cell count, n = 30 per each group. The graph
data represent the mean ± SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001, significant difference at
versus WT control; # p < 0.05, and ### p < 0.001, versus MT (vehicle), $$ p < 0.01 and $$$ p < 0.001,
significantly difference vs. glutamate. Scale bars (white): 10 µm.



Antioxidants 2022, 11, 1392 10 of 20

3.3. Characteristics of [3H]paeonol Uptake by ALS Model Cell Lines

Kinetic assessment was performed to characterize [3H]paeonol transport in NSC-34
cell lines. Initially, at pH 7.4 and temperature at 37 ◦C, the uptake of paeonol increased
linearly until 5 min, showing time dependency in both the cell lines (Figure 5A). To assess
the response of extracellular pH to paeonol uptake, pH was adjusted to physiological (7.4)
and basic (8.4) levels. Figure 5B shows the uptake of paeonol divaricated with a change
in pH from 7.4 to 8.4, and the uptake of paeonol increased with increasing pH in both cell
lines, showing the pH dependency of paeonol in ALS model cell lines.
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Figure 5. Characteristics of [3H]paeonol uptake are altered in NSC-34 cell lines. (A) [3H]Paeonol time
course was observed for 0–60 min at pH 7.4 at 37 ◦C using ECF buffer solution in both WT and MT
cell lines. (B) pH-dependent uptake was carried out for 5 min at pH 7.4 and 8.4 in both cell lines.
Each value represents the mean ± SEM (n = 3–4). Significantly different at * p < 0.05, ** p < 0.01,
*** p < 0.001. versus WT control; ## p < 0.01, ### p < 0.001, versus MT (vehicle).

3.4. Analysis of Kinetic Parameters of [3H]paeonol Uptake by NSC-34 Cell Lines

Kinetic parameters of paeonol in WT and MT cell lines were established using the
Michaelis–Menten equation, and uptake was measured using the concentration of unla-
beled paeonol ranging from 0 to 1 mM. The results revealed the increase in the uptake of
paeonol with increasing concentration, thus showing concentration dependency of paeonol
in ALS cell lines (Figure 6A). [3H]Paeonol uptake was lower in the MT cell line than that
in the WT cell line. The estimated Michealis–Menton constants were 0.011 ± 0.009 and
0.098 ± 0.006 for high-affinity sites (Km1) and 0.821 ± 0.344 and 5.35 ± 1.52 (mM) for low-
affinity sites (Km2) in WT and MT cell lines, respectively. Similarly, the maximum uptake
rates (Vmax1) for high-affinity sites were 0.183± 0.019 and 0.161± 0.009 and for low-affinity
sites (Vmax2) they were 1.82 ± 0.56 and 7.19 ± 1.50 (nmol/mg protein/min) in WT and MT
cell lines, respectively (Table 1). These results suggest that at high-affinity sites, the MT cell
line has higher affinity and lower capacity than the WT cell line, whereas at low-affinity
sites, the MT cell line shows lower affinity and higher capacity. The Eadie–Scatchard
inset graphs (Figure 6B,C) indicate that two carried mediated transport systems involved
in the uptake of paeonol in ALS model cell lines. The results suggest that transport of
paeonol is concentration-dependent and involves a carrier mediated transport system in
both cell lines.

Table 1. Kinetics of [3H]paeonol uptake transporters in ALS model cell lines.

Parameters WT MT

Km1 (mM) 0.011 ± 0.009 0.098 ± 0.006
Km2 (mM) 0.821 ± 0.344 5.35 ± 1.52 *
Vmax1 (nmol/mg protein/min) 0.183 ± 0.019 0.161 ± 0.009
Vmax2 (nmol/mg protein/min) 1.82 ± 0.56 7.19 ± 1.50 **

Km1 and Km2 are the transport affinities, and Vmax1 and Vmax2 are the maximum transport velocities at high- and
low-affinity sites, respectively. * p < 0.05, ** p < 0.01, represent significance levels of difference from the respective
WT. Each value is represented as the mean ± SEM.
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Figure 6. [3H]Paeonol concentration-dependent uptake in ALS model cell lines. (A) Uptake was
carried out under physiological pH 7.4 and temperature 37 ◦C either in the absence or presence of
cold paeonol at concentrations ranging from 0 to 1 mM for 5 min (B) in WT and (C) MT cell lines.
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3.5. Effects of Pharmacological Drugs on the Paeonol Transport in ALS Model Cell Lines

To determine the effects of various compounds on the transport of paeonol in NSC-34
cell lines, we performed an uptake inhibition study using 1 mM of numerous drugs (Table 2).
The uptake of [3H]paeonol was inhibited up to 65% by the cold paeonol; other compounds,
including diphenhydramine, OCTN1 inhibitors such carnitine, cimetidine, and MPP+ showed
significant inhibition in both cell lines. Quinidine, an antiarrhythmic Ca+ channel blocker
and verapamil, known to be neuroprotective in ALS also showed marked inhibition. FDA-
approved drug, edaravone which is used for the treatment of ALS, and clonidine, tramadol,
and ALC also showed significant inhibition of [3H]paeonol uptake in both cell lines. However,
TEA and PAH showed no significant inhibition in the WT control cell line, but the uptake of
both TEA and PAH significantly increased in the MT cell line.

Table 2. Effects of various compounds on uptake of [3H]paeonol in ALS model cell lines.

Pharmacological
Compounds

Conc. (mM)
[3H]Paeonol Uptake (% of Control)

WT (hSOD1WT) MT (hSODG93A)

Control 100 ± 3 100 ± 3
+Paeonol 1 36.8 ± 0.8 *** 35.4 ± 1.3 ***
+Edaravone 1 62.1 ± 7.0 *** 67.9 ± 5.4 ***
+Ibuprofen 1 – 78 ± 7 *
+L-Carnitine 1 82.7 ± 3.6 ** 73.9 ± 2.3 ***
+MPP+ 1 63.3 ± 6.3 *** 73.8 ± 2.7 **
+Quinidine 1 63.9 ± 8.4 * 73.4 ± 4.8 *
+Verapamil 1 75.2 ± 4.5 * 73.1 ± 7.5 **
+Diphenhydramine 1 77.5 ± 6.0 ** 75.3 ± 5.3 **
+Clonidine 1 72.6 ± 6.0 * 83.7 ± 2.6 **
+Tramadol 1 82.9 ± 4.5 * 80.5 ± 6.7 ***
+Cimetidine 1 86.6 ± 2.3 * 87.3 ± 4.2 *
+ALC 1 73.4 ± 10.5 * 82.0 ± 6.4 **
+TEA 1 90.7 ± 1.8 146 ± 6.6 **
+PAH 1 102 ± 10 116 ± 5 *

[3H]Paeonol uptake in the absence (control) or presence of 1 mM inhibitor solutions was performed at 37 ◦C
and pH 7.4 for 5 min. Each value represents the mean ± SEM (n = 3–4). * p < 0.05, ** p <0.01, and *** p < 0.001
indicate significant differences with respect to each control. MPP+, 1-methyl-4-phenylpyridiniumion; ALC,
acetyl-L-carnitine; TEA, tetraethyl ammonium; PAH, para-aminohippuric acid.
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3.6. Knockdown by siRNA Transfection and mRNA Expression of Pmat, Octn1, and Oat1 in Cell
and Animal Models of ALS

In order to investigate the involvement of transporters for the transport of paeonol
in ALS model cell lines, we performed a siRNA transfection study. Gene knockdown will
help in determining the specific transporter involved for the paeonol transport in ALS
model cell lines. Various pools of targeted siRNAs were examined. Octn1, Octn2, SMCT1,
and SMCT2 were expressed in NSC-34 cell lines and in the iBRB cell lines. Therefore, we
chose to investigate siRNA transfection study Octn2, MATE, Oct2, SMCT1, and SMCT2,
which showed no significant differences in the [3H]paeonol uptake in NSC-34 cell lines
(Table 3). However, Octn1 significantly decreased the uptake of [3H]paeonol in MT cell
lines. Pmat siRNA resulted in gene knockdown, with a significant decrease in the uptake of
[3H]paeonol in both cell lines. Oat1, an antiporter transporter, showed a marked increase
of up to 200% in the uptake of paeonol only in the disease cell line model of ALS, but did
not affect the WT control cell line (Table 3). For the further confirmation of these results the
mRNA expression level were performed, which revealed significant downregulation of
Pmat genes in the MT cell line compared to that in the WT cell line. Octn1 mRNA expression
was considerably decreased in the disease model cell line compared to that in the control.
The expression of Oat1 mRNA was significantly higher in the MT cell line in comparison to
the WT cell line (Figure 7A); therefore, Oat1 genes were upregulated in the disease model
cell line. In concurrence with the cell line model of ALS, the immunoreactivity of OAT1
in motor neurons of mSOD1(G93A) ALS mice was markedly increased (Figure 7B). The
densitometry analysis showed that OAT1 intensity was significantly increase in motor
neurons of mSOD1(G93A) ALS mouse spinal cord (Figure 7C).

Table 3. Effect of gene knockdown by siRNA transfection on the [3H]paeonol uptake in ALS model
cell lines.

siRNA [3H]Paeonol Uptake (% of Control)

WT MT

Control 100 ± 4 100 ± 4
Octn1 105 ± 2 85.1± 10.4 ***,###

Octn2 104 ± 6 102 ± 3
MATE 94.9 ± 5.0 93.4 ± 4.8
Pmat 80.4 ± 8.5 * 77.5 ± 10.1 *
Oct2 102 ± 4 107 ± 5
SMCT1 100 ± 5 101 ± 1
SMCT2 104 ± 9 103 ± 6
Oat1 101 ± 2 193 ± 3 ***,###

ALS model cell lines transfected using lipofectamine with 200 nM control, Octn1, Octn2, MATE, Pmat, Oct2,
SMCT1, SMCT2, and Oat1 siRNA’s for 24 h. [3H]Paeonol uptake was carried out at pH 7.4 for 5 min at 37 ◦C.
* p < 0.05 and *** p < 0.001 denotes significant difference from each control, ### p < 0.001 significant difference from
WT. Each value obtained is represented as the mean ± SEM (n = 3–4).

These results prompted us to further analyze the uptake of Oat1 substrate and trans-
porter inhibitors, including PAH as an Oat1 substrate, and probenecid and furosemide,
which are Oat1 inhibitors (Figure 7D). Paeonol was taken as a positive control. The uptake
of Oat inhibitors and substrates was increased significantly in the MT cell line, further
confirming the outcome of the siRNA transfection and mRNA results. Hence, there might
be some dysregulation or post-translational modification of the Oat1 transporter in the
disease model cell line, and knockdown of Oat1 results in the efflux of the substrate in the
cells, causing the increased [3H]paeonol uptake in the MT cell lines.
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the [3H]paeonol uptake in disease model cell lines (Table 2). Therefore, to further evaluate 
the efficacy of the drugs, we determined the IC50 value of edaravone at 0.05–10 mM and 
ibuprofen at 0.05–5 mM in the MT cell line. Edaravone, an antioxidant and neuroprotec-
tive agent, exhibited inhibition in a concentration-dependent manner with the value of 
IC50 3.77 mM, and ibuprofen, an anti-inflammatory drug, also showed concentration de-
pendency inhibition with the value of IC50 1.15 mM (Figure 8). 

Figure 7. Pmat and Octn1 genes are downregulated, whereas Oat1 gene is upregulated in a cell
line model of ALS. (A) qRT-PCR analysis confirmed that Pmat and Octn1 mRNAs are significantly
reduced, whereas Oat1 mRNA is significantly increased in MT cell line compared to the control WT
cell line. Target mRNA levels were normalized to GAPDH. The data represent the mean ± S.E.M of
three separate experiments. * p < 0.05 and ** p < 0.01, significant difference vs. control (WT). (B) OAT1
immunoreactivity was decreased in the motor-neuron of G93A ALS transgenic mice compared
to wild-type (WT). The nuclei were counterstained with hematoxylin. Scale bars (black): 20 µm.
Arrowheads (black) indicate the OAT1 immunoreactivity in motor neurons. (C) The intensity of OAT1
was significantly increased in motor-neuron of G93A ALS transgenic mouse (each case, N = 5; cell
counting, n = 10 (10 cells/case)). ** p < 0.01, significant difference vs. control (WT). (D) Effects of Oat1
substrate/inhibitors on the uptake of paeonol. [3H]Paeonol uptake was carried out in the presence or
absence of 1 mM paeonol (positive control) and 1 mM of furosemide, PAH, and probenecid. Oat1
siRNA transfection was carried out at 200 nM concentration in disease model (MT) cell line. Each
point represents the mean ± SEM (n = 3–4). * p < 0.05, ** p < 0.01, and *** p < 0.001, significant
difference vs. MT.

3.7. Determination of Minimal Inhibitory Concentration (IC50) of Drugs in Disease Model Cell Lines

We examined the interactions of drugs owing to their potential inhibitory effects on
the [3H]paeonol uptake in disease model cell lines (Table 2). Therefore, to further evaluate
the efficacy of the drugs, we determined the IC50 value of edaravone at 0.05–10 mM and
ibuprofen at 0.05–5 mM in the MT cell line. Edaravone, an antioxidant and neuropro-
tective agent, exhibited inhibition in a concentration-dependent manner with the value
of IC50 3.77 mM, and ibuprofen, an anti-inflammatory drug, also showed concentration
dependency inhibition with the value of IC50 1.15 mM (Figure 8).
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Figure 8. Effect of edaravone and ibuprofen in a dose–response manner (IC50) on the [3H]paeonol
uptake in the ALS disease model cell line. The uptake was carried in the presence of edaravone
and ibuprofen using varying concentration range 0–10 mM and at pH 7.4. All the data points are
represented as mean ± SEM (n = 3).

4. Discussion

Paeonol improves the condition of hippocampal neurons damaged by oxygen–glucose
deprivation, plays a neuroprotective role in diabetic rats, and mitigates cognition deficits [40].
However, the effects of paeonol on ALS have not yet been studied, and we hypothesized
that paeonol treatment may exert neuroprotective and antioxidant effects on NSC-34 cell
lines against oxidative stress. In addition, we also investigated the transport characteristics
of paeonol in ALS model cell lines.

4.1. Paeonol Restores Motor Neuronal Viability against Multiple Stresses

In the pathogenesis of ALS, neuro-inflammation plays an important role [2]. Therefore,
in this study, we examined cell viability after treating cells with pro-inflammatory cytokine
mediators, including glutamate, LPS, and H2O2. The results showed a remarkable decrease
in the viability of cells in both cell lines treated with inflammatory cytokines. The addition
of paeonol resulted in compensatory effects. Our current results are in line with the
previous studies for determining neuroprotective effects of carnitine and taurine in NSC-34
cell lines [23,41]. L-carnitine, acetyl L-carnitine, and taurine supplementation prevents
glutamate-induced neurotoxicity. It has been shown that paeonol exhibits neuroprotective
effects against neurotoxicity induced by glutamate, owing to the inhibition of signaling
pathways of apoptosis and p-ERK pathway upregulation in rat PC12 cells [42]. Paeonol
also showed neuroprotective effects in diabetic encephalopathy by decreasing the caspase
3 expression and neuronal apoptosis in the cerebral cortex and hippocampus [40]. It has
been studied previously that paeonol lessens the inflammation in microglia activated with
LPS [43]. In addition, an earlier study has shown that paeonol exerts cellular protection
by reducing the ROS production and improving the activity of SOD and upregulation of
expression of Bcl-2 [44]. Research has shown that paeonol also repressed the death of cells
induced by glutamate in rat pheochromocytoma (PC12) cells [42]. Pretreatment of paeonol
in PIG1 cells showed the restored viability of the cell and reduced the oxidative stress by
improving the SOD, glutathione peroxidase, and catalase [45].

4.2. Paeonol Modulates Mitochondria Function in ALS Cell Line

In ALS, oxidative stress has been considered as the major cause of death of neuronal
cell due to the antioxidant enzyme SOD1 mutations, resulting in familial ALS [46]. Mito-
chondrial dysfunction have an important role in motor neurons [47]. The role of paeonol
as an anti-inflammatory agent has been shown previously by reducing the production of
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ROS and slowing ATP-mediated raise in the migratory activity of cells. These actions of
paeonol are linked to the regulation of glycogen synthase kinase 3 α/β and phosphorylated
adenosine monophosphate-activated protein kinase-α [48]. In this study, we measured
mitochondrial membrane potential using MitoTracker staining in motor neuron-like ALS
model cell lines and showed that glutamate decrease the mitochondrial membrane potential
in both cell lines. Glutamate also increased mitochondrial oxidative stress, as measured
by MitoSox. Paeonol showed a compensatory effect by increasing mitochondrial mem-
brane potential and decreasing glutamate-induced mitochondrial stress. Previous studies
on cultured motor neurons from ALS transgenic animals suggest that the neurotoxicity
induced by glutamate receptors is associated with reactive oxygen species production and
mitochondrial Ca+2 overload [49]. Paeonol affects PC12 cells via lessening the mitochon-
drial glutamate-induced injury by normalizing the cytochrome c release and mitochondrial
membrane potential [42].

4.3. Paeonol Uptake Is Differentially Regulated between WT and MT ALS Cell Line

In the uptake study, after pretreatment with the oxidizing agent H2O2, the uptake
of [3H]paeonol increased in ALS model cell lines compared to that in the untreated cells,
and the addition of cold paeonol resulted in a further increase in the uptake of paeonol
in both cell line. Furthermore, glutamate significantly increased the uptake of paeonol in
the MT cell line. In the NSC-34 cell lines, the paeonol transport was time-dependent and
increased linearly with time up to 5 min. The uptake rate of [3H]paeonol was lower in
the MT cell line in comparison to that in the WT cell lines. Our results showed the pH-
dependent uptake of [3H]paeonol in NSC-34 cell lines. The uptake of paeonol significantly
increased in an alkaline pH 8.4 as compared to the control pH of 7.4 in both cell lines. The
results obtained are similar to the previous study of paeonol in TR-iBRB cell lines [23].
The concentration-dependent characteristics are regulated by a carrier-mediated transport
system. The Eadie–Hofstee plot suggests the two saturable transport processes. The
obtained results were similar to the previous study involving the PBA transport in motor
neurons like cell lines [22]. The Km and Vmax values showed that the MT cell line at a
high affinity site showed higher affinity and lower capacity compared to the WT cell line.
The difference in the uptake of paeonol is caused by the relatively lower expression of
transporters, mutation, or either deletion or resistance in carrier transporters, which occur
in the disease model MT cell line rather than in the control WT cell line [23].

Next, we evaluated the effect of various drugs and substrates/inhibitors of trans-
porters on the [3H]paeonol uptake. OCT/OCTN transporter function modulators, includ-
ing MPP+, verapamil, and quinidine [50], inhibited the paeonol uptake significantly in
both cell lines. In an earlier study, verapamil has shown to block the calcium ions and
markedly lessen the aggregation of SOD1 [51]. MPP+ was mainly transported by dopamine
transporters to dopaminergic neurons [52]. DPH, an antihistamine drug, was transported
in a pH-dependent manner in Caco-2 cells [53]. In another study, diphenhydramine (DPH)
was shown to inhibit serotonin uptake in human hepatocyte OCT-1 HEK293 cells [54].
In our study, significant uptake inhibition was observed in both cell lines. Similarly, the
tertiary amine drug clonidine, which is transported by the H+ antiporter in the blood–brain
barrier [55], markedly inhibited the transport of paeonol in NSC-34 cell lines. Addition-
ally, OCTN transporter substrates, L-carnitine, and OCTN2 substrates [50] inhibited the
uptake of paeonol in NSC-34 cell lines. Cimetidine, a substrate of P-glycoprotein [56], also
inhibited [3H]paeonol uptake in both cell lines. Edaravone, a free radical scavenger, exerts
neuroprotective effects by blocking lipid peroxidation [57]. In our study, 2 mM edaravone
significantly inhibited both cell lines. TEA and PAH did not show any significant effects in
the WT cell line. However, there was a significant increase in the paeonol uptake in the
presence of TEA and PAH in the disease model MT cell line.

The altered transport characteristics of paeonol prompted us to further investigate
the transporters responsible for the paeonol transport in ALS model cell lines. An earlier
study on carnitine concluded the expression of Octn1 and Octn2 mRNA in ALS model cell
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lines [23]. Another research showed that OCTN1 has distinct characteristics as a cation/H
+ antiporter in the organic ion family of transporters [58]. Therefore, we studied the Octn1
siRNA transfection uptake of paeonol in an ALS cell line. Our results indicated significant
change in paeonol transport in MT cell line. MATE, an cationic antiporter abundant at the
membrane brush border, mediates tubular renal secretion of cationic drugs in collaboration
with basolateral OCT2 [59]. In our study, siRNA transfection with both MATE and Oct2
showed no significant difference from the control siRNA, suggesting that both are not
involved in the transport of paeonol in ALS model cell lines. Furthermore, we evaluated
Pmat. It is profoundly expressed in the brain and transports xenobiotic cations and various
biogenic amines [60]. In our study, Pmat showed a significant decrease in uptake in both
cell lines. Therefore, we hypothesized that paeonol transport in ALS model cell lines is
mediated by Pmat.

Next, we examined SMCT1 and SMCT2 siRNA transfection study, and the results
indicated no marked effect on the paeonol uptake. The expression of SMCT1, which is
a sodium-dependent transporter, has been previously found in NSC-34 cell lines [22].
Polyspecific transporter, Oat1, is required in the renal clearance of various endogenous
compounds, toxins, and drugs [61]. The Oat1 siRNA knockdown study showed a marked
increase in the uptake of paeonol only in the MT cell line, whereas no significant change
in the transport was observed in the WT cell line. Previous studies have shown several
reasons for the variations in Oats and organic anion transporting polypeptides (OATPs),
including post-translational modifications, cellular trafficking, and other degradation
mechanisms [62]. Therefore, we hypothesized that there might be some alteration or
mutation in the diseased MT cell line that results in the elevated uptake of [3H]paeonol.
Alterations in Oat and OATP functions or levels have been reported in liver disease and
cancer [63]. These alterations might act as disease-modifying factors in patients and
therefore can affect the pharmacokinetic profiles of drugs [63]. A previous study has
reported that protein kinase C activation results in Oat1 retrieval by endocytosis from the
plasma membrane [64]. Another study reported that protein kinase A activation caused an
increase in the Oat1 mediated transport activity [65]. We compared our siRNA results with
the mRNA expression of Pmat, Octn1, and Oat1 in the ALS cell lines model, and the results
showed downregulation of Pmat and Octn1 and upregulation of the Oat1 gene in the MT cell
line. These findings are similar to our siRNA transfection analysis results, which revealed
a significant decrease in the uptake of paeonol with Pmat siRNA transfection and Oat1
siRNA showed the marked elevation in the paeonol uptake in MT cell line. Furthermore,
Octn1 mRNA expression was significantly lower in MT ALS cell line than in the WT cell
lines. The siRNA transfection study showed significant change in the uptake of paeonol in
MT ALS cell line.

We also examined the substrates and inhibitors of the Oat1 transporter to show the
pattern they follow for the paeonol uptake in ALS model cell lines. PAH, a hydrophilic
low-molecular-weight organic anion, significantly increased the uptake of [3H]paeonol.
Previous kinetic analysis suggested that Oat1 contributes to the uptake of PAH in rat renal
slices [66]. In addition, probenecid, an Oat1 inhibitor, has previously been investigated in
rats and clinically in humans for renal excretion of drugs [67]. The current study showed
that in the presence of probenecid there was a pronounced increase in the [3H]paeonol
uptake in the MT cell line. Moreover, furosemide, a diuretic drug, has demonstrated a
modulating effect on the expression of the Oat1 transporter [68] and considerably increased
the uptake in the MT cell line as compared to the WT cell line. Earlier research has shown the
Oat1 and Oat3 expression in the brain, and Oat family members, are reported as probenecid
and PAH transporters. Oat3 facilitates the transport of indoxyl sulfate from the brain to the
blood and plays a role in the efflux of drug metabolites and neurotransmitters [69]. Another
study reported the involvement of the Oat family in the 17 β-estradiol-D-17 β-glucuronide
efflux transport in BBB [70].

To improve the clinical applicability of drugs in the disease state, we evaluated the
inhibitory concentrations of the drugs. Ibuprofen and edaravone concentrations of 1.15 and
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3.77 mM, respectively, were required to inhibit by half [3H]paeonol uptake in the disease
model cell line model. Ibuprofen, an anti-inflammatory drug, has an IC50 value of 1 mM in
glioma cells [71], and edaravone, a novel antioxidant, reduces oxidative stress and acts as
an antioxidant [72].

5. Conclusions

In the current study, we investigated the neuroprotective and antioxidant activities
of paeonol against neurotoxicity induced by inflammatory cytokines in ALS cell lines.
Paeonol pretreatment was found to reduce mitochondrial oxidative stress. The OCTN1,
OAT1, and Pmat transporter showed altered behavior in the MT cell line. The transport
characteristics of paeonol differed between the ALS cell lines. Our data indicate that Pmat
may be responsible for the uptake of paeonol in the WT and MT ALS cell line. The findings
imply that paeonol may serve as a potential neuroprotective and stress-reducing agent for
the curative therapy of ALS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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of paeonol is protective against H2O2-induced cell death in motor neuron cell line (NSC-34).

Author Contributions: Conceptualization, S.L. and Y.-S.K.; methodology, S.L., S.J.H. and S.-H.C.;
data collection and curation, S.L., A.G., S.J.H. and S.-H.C.; writing, review, and editing of original
draft preparation, S.L. and Y.-S.K.; supervision, Y.-S.K. and H.R.; project administration, Y.-S.K.;
funding acquisition, Y.-S.K. and H.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIT) (Grant Number 2019R1F1A1044048 to YSK, 2020M3E5D9079744
and 2022R1A2C3013138 to HR), and K-Lab Grants from Korea Institute of Science and Technology
(2E31504 and 2E31505) from the Korea Institute of Science and Technology of South Korea.

Institutional Review Board Statement: Ethics approval and consent to participate: The Korea
Institute of Science and Technology (IACUC approval no. KIST-2021-05-062).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data obtained from this study are included in the article.

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

References
1. Lee, J.; Ryu, H.; Keum, G.; Yoon, Y.J.; Kowall, N.W.; Ryu, H. Therapeutic Targeting of Epigenetic Components in Amyotrophic

Lateral Sclerosis (ALS). Curr. Med. Chem. 2014, 21, 3576–3582. [CrossRef] [PubMed]
2. Tortarolo, M.; Lo Coco, D.; Veglianese, P.; Vallarola, A.; Giordana, M.T.; Marcon, G.; Beghi, E.; Poloni, M.; Strong, M.J.; Iyer, A.M.; et al.

Amyotrophic Lateral Sclerosis, a Multisystem Pathology: Insights into the Role of TNF α. Mediators Inflamm. 2017, 2017, 2985051 .
[CrossRef] [PubMed]

3. Gurney, M.E.; Pu, H.; Chiu, A.Y.; Dal Canto, M.C.; Polchow, C.Y.; Alexander, D.D.; Caliendo, J.; Hentati, A.; Kwon, Y.W.; Deng, H.X.;
et al. Motor neuron degeneration in mice that express a human Cu, Zn superoxide dismutase mutation. Science 1994, 264, 1772–1775.
[CrossRef]

4. Lee, J.; Kannagi, M.; Ferrante, R.J.; Kowall, N.W.; Ryu, H. Activation of Ets-2 by oxidative stress induces Bcl-xL expression and
accounts for glial survival in amyotrophic lateral sclerosis. FASEB J. 2009, 23, 1739–1749. [CrossRef] [PubMed]

5. Lee, J.; Ryu, H.; Kowall, N.W. Differential regulation of neuronal and inducible nitric oxide synthase (NOS) in the spinal cord of
mutant SOD1 (G93A) ALS mice. Biochem. Biophys. Res. Commun. 2009, 387, 202–206. [CrossRef]

6. Ryu, H.; Smith, K.; Camelo, S.I.; Carreras, I.; Lee, J.; Iglesias, A.H.; Dangond, F.; Cormier, K.A.; Cudkowicz, M.E.; Brown, R.H.;
et al. Sodium phenylbutyrate prolongs survival and regulates expression of anti-apoptotic genes in transgenic amyotrophic
lateral sclerosis mice. J. Neurochem. 2005, 93, 1087–1098. [CrossRef]

7. Xu, X.; Shen, D.; Gao, Y.; Zhou, Q.; Ni, Y.; Meng, H.; Shi, H.; Le, W.; Chen, S.; Chen, S. A perspective on therapies for amyotrophic
lateral sclerosis: Can disease progression be curbed? Transl. Neurodegener. 2021, 10, 1–18. [CrossRef]

8. Jaiswal, M.K. Riluzole and edaravone: A tale of two amyotrophic lateral sclerosis drugs. Med. Res. Rev. 2019, 39, 733–748.
[CrossRef]

https://www.mdpi.com/article/10.3390/antiox11071392/s1
https://www.mdpi.com/article/10.3390/antiox11071392/s1
http://doi.org/10.2174/0929867321666140706131825
http://www.ncbi.nlm.nih.gov/pubmed/25005187
http://doi.org/10.1155/2017/2985051
http://www.ncbi.nlm.nih.gov/pubmed/29081600
http://doi.org/10.1126/science.8209258
http://doi.org/10.1096/fj.08-121046
http://www.ncbi.nlm.nih.gov/pubmed/19179380
http://doi.org/10.1016/j.bbrc.2009.07.007
http://doi.org/10.1111/j.1471-4159.2005.03077.x
http://doi.org/10.1186/s40035-021-00250-5
http://doi.org/10.1002/med.21528


Antioxidants 2022, 11, 1392 18 of 20

9. Zhang, X.; Zhai, Y.; Yuan, J.; Hu, Y. New insights into Paeoniaceae used as medicinal plants in China. Sci. Rep. 2019, 9, 18469.
[CrossRef]

10. Wu, M.; Yu, Z.; Li, X.; Zhang, X.; Wang, S.; Yang, S.; Hu, L.; Liu, L. Paeonol for the treatment of atherosclerotic cardiovascular
disease: A pharmacological and cechanistic overview. Front. Cardiovasc. Med. 2021, 8, 690116. [CrossRef]

11. Zhang, M.; Li, Y.; Zhu, T. The theoretical investigation on properties of paeonol and its isomers. Mol. Phys. 2021, 119, e1925363.
[CrossRef]

12. Zhou, H.M.; Sun, Q.X.; Cheng, Y. Paeonol enhances the sensitivity of human ovarian cancer cells to radiotherapy-induced
apoptosis due to downregulation of the phosphatidylinositol-3-kinase/Akt/phosphatase and tensin homolog pathway and
inhibition of vascular endothelial growth factor. Exp. Ther. Med. 2017, 14, 3213–3220. [CrossRef] [PubMed]

13. Gyawali, A.; Kim, M.H.; Kang, Y.S. A novel organic cation transporter involved in paeonol transport across the inner blood-retinal
barrier and changes in uptake in high glucose conditions. Exp. Eye Res. 2021, 202, 108387. [CrossRef] [PubMed]

14. Palmer, A.M. Neuroprotective therapeutics for Alzheimers disease: Progress and prospects. Trends Pharmacol. Sci. 2011, 32, 141–147.
[CrossRef]

15. Zhang, L.; Li, D.; Liu, L. Paeonol: Pharmacological effects and mechanisms of action. Int. Immunopharmacol. 2019, 72, 413–421.
[CrossRef]

16. Nam, K.N.; Woo, B.C.; Moon, S.K.; Park, S.U.; Park, J.Y.; Hwang, J.W.; Bae, H.S.; Ko, C.N.; Lee, E.H. Paeonol attenuates
inflammation-mediated neurotoxicity and microglial activation. Neural Regen. Res. 2013, 8, 1637–1643. [CrossRef]

17. Shi, X.; Chen, Y.H.; Liu, H.; Qu, H.D. Therapeutic effects of paeonol on methyl-4-phenyl-1,2,3,6-tetrahydropyridine/probenecid-
induced Parkinson’s disease in mice. Mol. Med. Rep. 2016, 14, 2397–2404. [CrossRef]

18. Gyawali, A.; Latif, S.; Choi, S.-H.; Hyeon, S.J.; Ryu, H.; Kang, Y.-S. Monocarboxylate transporter functions and neuroprotective
effects of valproic acid in experimental models of amyotrophic lateral sclerosis. J. Biomed. Sci. 2022, 29, 2. [CrossRef]

19. Gyawali, A.; Gautam, S.; Hyeon, S.J.; Ryu, H.; Kang, Y.S. L-Citrulline level and transporter activity are altered in experimental
models of amyotrophic lateral sclerosis. Mol. Neurobiol. 2021, 58, 647–657. [CrossRef]

20. Latif, S.; Kang, Y. Change in cationic amino acid transport system and effect of lysine pretreatment on inflammatory state in
amyotrophic lateral sclerosis cell model. Biomol. Ther. 2021, 29, 498–505. [CrossRef]

21. Gyawali, A.; Kang, Y.S. Pretreatment effect of inflammatory stimuli and characteristics of tryptophan transport on brain capillary
endothelial (Tr-BBB) and motor neuron like (NSC-34) cell lines. Biomedicines 2021, 9, 9. [CrossRef] [PubMed]

22. Gyawali, A.; Kang, Y.S. Transport alteration of 4-phenyl butyric acid mediated by a sodium- and proton-coupled monocarboxylic
acid transporter system in ALS model cell lines (NSC-34) under inflammatory states. J. Pharm. Sci. 2021, 110, 1374–1384.
[CrossRef] [PubMed]

23. Gyawali, A.; Hyeon, S.J.; Ryu, H.; Kang, Y.S. The alteration of l-carnitine transport and pretreatment effect under glutamate
cytotoxicity on motor neuron-like NSC-34 lines. Pharmaceutics 2021, 13, 551. [CrossRef] [PubMed]

24. Tovar-Y-Romo, L.B.; Santa-Cruz, L.D.; Tapia, R. Experimental models for the study of neurodegeneration in amyotrophic lateral
sclerosis. Mol. Neurodegener. 2009, 4, 31. [CrossRef]

25. Himaya, S.W.A.; Ryu, B.M.; Qian, Z.J.; Kim, S.K. Paeonol from Hippocampus kuda Bleeler suppressed the neuro-inflammatory
responses in vitro via NF-κB and MAPK signaling pathways. Toxicol. Vitr. 2012, 26, 878–887. [CrossRef]

26. Hosaka, T.; Tsuji, H.; Tamaoka, A. Biomolecular modifications linked to oxidative stress in amyotrophic lateral sclerosis:
Determining promising biomarkers related to oxidative stress. Processes 2021, 9, 1667. [CrossRef]

27. Sasaki, S.; Horie, Y.; Iwata, M. Mitochondrial alterations in dorsal root ganglion cells in sporadic amyotrophic lateral sclerosis.
Acta Neuropathol. 2007, 114, 633–639. [CrossRef]

28. Dunlop, R.A.; Rodgers, K.J.; Dean, R.T. Recent developments in the intracellular degradation of oxidized proteins. Free Radic. Biol.
Med. 2002, 33, 894–906. [CrossRef]

29. Adki, K.M.; Kulkarni, Y.A. Chemistry, pharmacokinetics, pharmacology and recent novel drug delivery systems of paeonol. Life
Sci. 2020, 250, 117544. [CrossRef]

30. Gyawali, A.; Krol, S.; Kang, Y.S. Involvement of a novel organic cation transporter in paeonol transport across the blood-brain
barrier. Biomol. Ther. 2019, 27, 290–301. [CrossRef]

31. Burckhardt, G. Drug transport by Organic Anion Transporters (OATs). Pharmacol. Ther. 2012, 136, 106–130. [CrossRef]
32. Sweet, D.H.; Miller, D.S.; Pritchard, J.B.; Fujiwara, Y.; Beier, D.R.; Nigam, S.K. Impaired organic anion transport in kidney and

choroid plexus of organic anion transporter 3 (Oat3 (Slc22a8)) knockout mice. J. Biol. Chem. 2002, 277, 26934–26943. [CrossRef]
33. Lee, J.; Ryu, H.; Kowall, N.W. Motor neuronal protection by l-arginine prolongs survival of mutant SOD1 (G93A) ALS mice.

Biochem. Biophys. Res. Commun. 2009, 384, 524–529. [CrossRef] [PubMed]
34. Cashman, N.R.; Durham, H.D.; Blusztajn, J.K.; Oda, K.; Tabira, T.; Shaw, I.T.; Dahrouge, S.; Antel, J.P. Neuroblastoma × spinal

cord (NSC) hybrid cell lines resemble developing motor neurons. Dev. Dyn. 1992, 194, 209–221. [CrossRef] [PubMed]
35. Hyeon, S.J.; Park, J.; Yoo, J.; Kim, S.H.; Hwang, Y.J.; Kim, S.C.; Liu, T.; Shim, H.S.; Kim, Y.; Cho, Y.; et al. Dysfunction of X-linked

inhibitor of apoptosis protein (XIAP) triggers neuropathological processes via altered p53 activity in Huntington’s disease. Prog.
Neurobiol. 2021, 204, 102110. [CrossRef] [PubMed]

36. Lee, N.Y.; Kim, Y.; Ryu, H.; Kang, Y.S. The alteration of serine transporter activity in a cell line model of amyotrophic lateral
sclerosis (ALS). Biochem. Biophys. Res. Commun. 2017, 483, 135–141. [CrossRef]

http://doi.org/10.1038/s41598-019-54863-y
http://doi.org/10.3389/fcvm.2021.690116
http://doi.org/10.1080/00268976.2021.1925363
http://doi.org/10.3892/etm.2017.4877
http://www.ncbi.nlm.nih.gov/pubmed/28912871
http://doi.org/10.1016/j.exer.2020.108387
http://www.ncbi.nlm.nih.gov/pubmed/33301773
http://doi.org/10.1016/j.tips.2010.12.007
http://doi.org/10.1016/j.intimp.2019.04.033
http://doi.org/10.3969/j.issn.1673-5374.2013.18.001
http://doi.org/10.3892/mmr.2016.5573
http://doi.org/10.1186/s12929-022-00785-3
http://doi.org/10.1007/s12035-020-02143-6
http://doi.org/10.4062/biomolther.2021.037
http://doi.org/10.3390/biomedicines9010009
http://www.ncbi.nlm.nih.gov/pubmed/33374302
http://doi.org/10.1016/j.xphs.2020.10.030
http://www.ncbi.nlm.nih.gov/pubmed/33098824
http://doi.org/10.3390/pharmaceutics13040551
http://www.ncbi.nlm.nih.gov/pubmed/33919926
http://doi.org/10.1186/1750-1326-4-31
http://doi.org/10.1016/j.tiv.2012.04.022
http://doi.org/10.3390/pr9091667
http://doi.org/10.1007/s00401-007-0299-1
http://doi.org/10.1016/S0891-5849(02)00958-9
http://doi.org/10.1016/j.lfs.2020.117544
http://doi.org/10.4062/biomolther.2019.007
http://doi.org/10.1016/j.pharmthera.2012.07.010
http://doi.org/10.1074/jbc.M203803200
http://doi.org/10.1016/j.bbrc.2009.05.015
http://www.ncbi.nlm.nih.gov/pubmed/19427829
http://doi.org/10.1002/aja.1001940306
http://www.ncbi.nlm.nih.gov/pubmed/1467557
http://doi.org/10.1016/j.pneurobio.2021.102110
http://www.ncbi.nlm.nih.gov/pubmed/34166773
http://doi.org/10.1016/j.bbrc.2016.12.178


Antioxidants 2022, 11, 1392 19 of 20

37. Lee, N.Y.; Choi, H.M.; Kang, Y.S. Choline Transport via Choline Transporter-like Protein 1 in Conditionally Immortalized Rat
Syncytiotrophoblast Cell Lines TR-TBT. Placenta 2009, 30, 368–374. [CrossRef]

38. Van Den Bosch, L.; Van Damme, P.; Bogaert, E.; Robberecht, W. The role of excitotoxicity in the pathogenesis of amyotrophic
lateral sclerosis. Biochim. Biophys. Acta-Mol. Basis Dis. 2006, 1762, 1068–1082. [CrossRef]

39. Pandya, R.S.; Zhu, H.; Li, W.; Bowser, R.; Friedlander, R.M.; Wang, X. Therapeutic neuroprotective agents for amyotrophic lateral
sclerosis. Cell. Mol. Life Sci. 2013, 70, 4729–4745. [CrossRef]

40. Liu, J.; Feng, L.; Ma, D.; Zhang, M.; Gu, J.; Wang, S.; Fu, Q.; Song, Y.; Lan, Z.; Qu, R.; et al. Neuroprotective effect of paeonol on
cognition deficits of diabetic encephalopathy in streptozotocin-induced diabetic rat. Neurosci. Lett. 2013, 549, 63–68. [CrossRef]

41. Lee, N.Y.; Kang, Y.S. Taurine protects glutamate neurotoxicity in motor neuron cells. Adv. Exp. Med. Biol. 2017, 975, 887–895.
[CrossRef] [PubMed]

42. Wang, X.; Zhu, G.; Yang, S.; Wang, X.; Cheng, H.; Wang, F.; Li, X.; Li, Q. Paeonol prevents excitotoxicity in rat pheochromocytoma
PC12 cells via downregulation of ERK activation and inhibition of apoptosis. Planta Med. 2011, 77, 1695–1701. [CrossRef]

43. Tseng, Y.T.; Hsu, Y.Y.; Shih, Y.T.; Lo, Y.C. Paeonol attenuates microglia-mediated inflammation and oxidative stress-induced
neurotoxicity in rat primary microglia and cortical neurons. Shock 2012, 37, 312–318. [CrossRef] [PubMed]

44. Mattson, M.P.; Culmsee, C.; Zai, F.Y. Apoptotic and antiapoptotic mechanisms in stroke. Cell Tissue Res. 2000, 301, 173–187.
[CrossRef] [PubMed]

45. Guo, S.; Zhang, Q. Paeonol protects melanocytes against hydrogen peroxide-induced oxidative stress through activation of Nrf2
signaling pathway. Drug Dev. Res. 2021, 82, 861–869. [CrossRef]

46. Barber, S.C.; Shaw, P.J. Oxidative stress in ALS: Key role in motor neuron injury and therapeutic target. Free Radic. Biol. Med. 2010,
48, 629–641. [CrossRef]

47. Muyderman, H.; Chen, T. Mitochondrial dysfunction in amyotrophic lateral sclerosis-A valid pharmacological target? Br. J.
Pharmacol. 2014, 171, 2191–2205. [CrossRef]

48. Lin, C.; Lin, H.Y.; Chen, J.H.; Tseng, W.P.; Ko, P.Y.; Liu, Y.S.; Yeh, W.L.; Lu, D.Y. Effects of paeonol on anti-neuroinflammatory
responses in microglial cells. Int. J. Mol. Sci. 2015, 16, 8844–8860. [CrossRef]

49. Carriedo, S.G.; Sensi, S.L.; Yin, H.Z.; Weiss, J.H. AMPA exposures induce mitochondrial Ca2+ overload and ROS generation in
spinal motor neurons in vitro. J. Neurosci. 2000, 20, 240–250. [CrossRef]

50. Salomon, J.J.; Gausterer, J.C.; Selo, M.A.; Hosoya, K.I.; Huwer, H.; Schneider-Daum, N.; Lehr, C.M.; Ehrhardt, C. OCTN2-mediated
acetyl-l-carnitine transport in human pulmonary epithelial cells in vitro. Pharmaceutics 2019, 11, 396. [CrossRef]

51. Zhang, X.; Chen, S.; Lu, K.; Wang, F.; Deng, J.; Xu, Z.; Wang, X.; Zhou, Q.; Le, W.; Zhao, Y. Verapamil ameliorates motor neuron
degeneration and improves lifespan in the SOD1G93A mouse model of als by enhancing autophagic flux. Aging Dis. 2019, 10, 1159–1173.
[CrossRef] [PubMed]

52. Huang, Y.Y.; Chen, J.F.; Chen, Y.; Zhuang, Y.H.; Sun, M.; Behnisch, T. The neurotoxin 1-methyl-4-phenylpyridinium (MPP+)
alters hippocampal excitatory synaptic transmission by modulation of the GABAergic system. Front. Cell. Neurosci. 2015, 9, 299.
[CrossRef] [PubMed]

53. Mizuuchi, H.; Katsura, T.; Ashida, K.; Hashimoto, Y.; Inui, K.I. Diphenhydramine transport by pH-dependent tertiary amine
transport system in Caco-2 cells. Am. J. Physiol.-Gastrointest. Liver Physiol. 2000, 278, 563–569. [CrossRef]

54. Boxberger, K.H.; Hagenbuch, B.; Lampe, J.N. Common drugs inhibit human organic cation transporter 1 (oct1)-mediated
neurotransmitter uptake. Drug Metab. Dispos. 2014, 42, 990–995. [CrossRef] [PubMed]

55. André, P.; Debray, M.; Scherrmann, J.M.; Cisternino, S. Clonidine transport at the mouse blood-brain barrier by a new H antiporter
that interacts with addictive drugs. J. Cereb. Blood Flow Metab. 2009, 29, 1293–1304. [CrossRef] [PubMed]

56. Kim, S.-H.; Jung, S.-J.; Um, S.-Y.; Na, M.-A.; Choi, M.-J.; Chung, M.-W.; Oh, H.-Y. Effect of Cimetidine on the Transport of
Quinolone Antibiotics in Caco-2 Cell monolayers. Biomol. Ther. 2007, 15, 102–107. [CrossRef]

57. Mizuno, N.; Takahashi, T.; Iwase, Y.; Kusuhara, H.; Niwa, T.; Sugiyama, Y. Human organic anion transporters 1 (hOAT1/SLC22A6)
and 3 (hOAT3/SLC22A8) transport edaravone (MCI-186; 3-methyl-1-phenyl-2-pyrazolin-5-one) and its sulfate conjugate. Drug
Metab. Dispos. 2007, 35, 1429–1434. [CrossRef]

58. Wu, X.; George, R.L.; Huang, W.; Wang, H.; Conway, S.J.; Leibach, F.H.; Ganapathy, V. Structural and functional characteristics
and tissue distribution pattern of rat OCTN1, an organic cation transporter, cloned from placenta. Biochim. Biophys. Acta-Biomembr.
2000, 1466, 315–327. [CrossRef]

59. Yonezawa, A.; Inui, K.I. Importance of the multidrug and toxin extrusion MATE/SLC47A family to pharmacokinetics, pharmaco-
dynamics/toxicodynamics and pharmacogenomics. Br. J. Pharmacol. 2011, 164, 1817–1825. [CrossRef]

60. Wang, J. The plasma membrane monoamine transporter (PMAT): Structure, function, and role in organic cation disposition. Clin.
Pharmacol. Ther. 2016, 100, 489–499. [CrossRef]

61. Ashrafian, H.; Bogle, R.G. The organic anion transporter family: From physiology to ontogeny and the clinic. J. Intensive Care Soc.
2004, 5, 108–111. [CrossRef]

62. Lee, W.; Ha, J.M.; Sugiyama, Y. Post-translational regulation of the major drug transporters in the families of organic anion
transporters and organic anion-transporting polypeptides. J. Biol. Chem. 2020, 295, 17349–17364. [CrossRef] [PubMed]

63. Evers, R.; Piquette-Miller, M.; Polli, J.W.; Russel, F.G.M.; Sprowl, J.A.; Tohyama, K.; Ware, J.A.; de Wildt, S.N.; Xie, W.; Brouwer,
K.L.R. Disease-associated changes in drug transporters may impact the pharmacokinetics and/or toxicity of drugs: A white
paper from the international transporter consortium. Clin. Pharmacol. Ther. 2018, 104, 900–915. [CrossRef] [PubMed]

http://doi.org/10.1016/j.placenta.2009.01.011
http://doi.org/10.1016/j.bbadis.2006.05.002
http://doi.org/10.1007/s00018-013-1415-0
http://doi.org/10.1016/j.neulet.2013.06.002
http://doi.org/10.1007/978-94-024-1079-2_70
http://www.ncbi.nlm.nih.gov/pubmed/28849508
http://doi.org/10.1055/s-0030-1271033
http://doi.org/10.1097/SHK.0b013e31823fe939
http://www.ncbi.nlm.nih.gov/pubmed/22089194
http://doi.org/10.1007/s004419900154
http://www.ncbi.nlm.nih.gov/pubmed/10928290
http://doi.org/10.1002/ddr.21793
http://doi.org/10.1016/j.freeradbiomed.2009.11.018
http://doi.org/10.1111/bph.12476
http://doi.org/10.3390/ijms16048844
http://doi.org/10.1523/JNEUROSCI.20-01-00240.2000
http://doi.org/10.3390/pharmaceutics11080396
http://doi.org/10.14336/AD.2019.0228
http://www.ncbi.nlm.nih.gov/pubmed/31788329
http://doi.org/10.3389/fncel.2015.00299
http://www.ncbi.nlm.nih.gov/pubmed/26300734
http://doi.org/10.1152/ajpgi.2000.278.4.G563
http://doi.org/10.1124/dmd.113.055095
http://www.ncbi.nlm.nih.gov/pubmed/24688079
http://doi.org/10.1038/jcbfm.2009.54
http://www.ncbi.nlm.nih.gov/pubmed/19458607
http://doi.org/10.4062/biomolther.2007.15.2.102
http://doi.org/10.1124/dmd.106.013912
http://doi.org/10.1016/S0005-2736(00)00189-9
http://doi.org/10.1111/j.1476-5381.2011.01394.x
http://doi.org/10.1002/cpt.442
http://doi.org/10.1177/175114370400500315
http://doi.org/10.1074/jbc.REV120.009132
http://www.ncbi.nlm.nih.gov/pubmed/33051208
http://doi.org/10.1002/cpt.1115
http://www.ncbi.nlm.nih.gov/pubmed/29756222


Antioxidants 2022, 11, 1392 20 of 20

64. Wolff, N.A.; Thies, K.; Kuhnke, N.; Reid, G.; Friedrich, B.; Lang, F.; Burckhardt, G. Protein kinase C activation downregulates
human organic anion transporter 1-mediated transport through carrier internalization. J. Am. Soc. Nephrol. 2003, 14, 1959–1968.
[CrossRef] [PubMed]

65. Sauvant, C.; Holzinger, H.; Gekle, M. Short-term regulation of basolateral organic anion uptake in proximal tubular opossum
kidney cells: Prostaglandin E2 acts via receptor-mediated activation of protein kinase A. J. Am. Soc. Nephrol. 2003, 14, 3017–3026.
[CrossRef]

66. Nozaki, Y.; Kusuhara, H.; Kondo, T.; Hasegawa, M.; Shiroyanagi, Y.; Nakazawa, H.; Okano, T.; Sugiyama, Y. Characterization of the
uptake of organic anion transporter (OAT) 1 and OAT3 substrates by human kidney slices. J. Pharmacol. Exp. Ther. 2007, 321, 362–369.
[CrossRef]

67. Hagos, F.T.; Daood, M.J.; Ocque, J.A.; Nolin, T.D.; Bayir, H.; Poloyac, S.M.; Kochanek, P.M.; Clark, R.S.B.; Empey, P.E. Probenecid, an
organic anion transporter 1 and 3 inhibitor, increases plasma and brain exposure of N-acetylcysteine. Physiol. Behav. 2017, 176, 139–148.
[CrossRef]

68. Severin, M.J.; Hazelhoff, M.H.; Bulacio, R.P.; Mamprin, M.E.; Brandoni, A.; Torres, A.M. Impact of the induced organic anion
transporter 1 (Oat1) renal expression by furosemide on the pharmacokinetics of organic anions. Nephrology 2017, 22, 642–648.
[CrossRef]

69. Ohtsuki, S.; Asaba, H.; Takanaga, H.; Deguchi, T.; Hosoya, K.I.; Otagiri, M.; Terasaki, T. Role of blood-brain barrier organic anion
transporter 3 (OAT3) in the efflux of indoxyl sulfate, a uremic toxin: Its involvement in neurotransmitter metabolite clearance
from the brain. J. Neurochem. 2002, 83, 57–66. [CrossRef]

70. Sugiyama, D.; Kusuhara, H.; Shitara, Y.; Abe, T.; Meier, P.J.; Sekine, T.; Endou, H.; Suzuki, H.; Sugiyama, Y. Characterization of
the efflux transport of 17β-estradiol-D-17β-glucuronide from the brain across the blood-brain barrier. J. Pharmacol. Exp. Ther.
2001, 298, 316–322.

71. Leidgens, V.; Seliger, C.; Jachnik, B.; Welz, T.; Leukel, P.; Vollmann-Zwerenz, A.; Bogdahn, U.; Kreutz, M.; Grauer, O.M.; Hau, P.
Ibuprofen and diclofenac restrict migration and proliferation of human glioma cells by distinct molecular mechanisms. PLoS
ONE 2015, 10, e0140613. [CrossRef] [PubMed]

72. Watanabe, T.; Tahara, M.; Todo, S. The novel antioxidant edaravone: From bench to bedside. Cardiovasc. Ther. 2008, 26, 101–114.
[CrossRef] [PubMed]

http://doi.org/10.1097/01.ASN.0000079040.55124.25
http://www.ncbi.nlm.nih.gov/pubmed/12874449
http://doi.org/10.1097/01.ASN.0000099376.87890.71
http://doi.org/10.1124/jpet.106.113076
http://doi.org/10.1080/00498254.2016.1187777
http://doi.org/10.1111/nep.12838
http://doi.org/10.1046/j.1471-4159.2002.01108.x
http://doi.org/10.1371/journal.pone.0140613
http://www.ncbi.nlm.nih.gov/pubmed/26485029
http://doi.org/10.1111/j.1527-3466.2008.00041.x
http://www.ncbi.nlm.nih.gov/pubmed/18485133

	Introduction 
	Materials and Methods 
	Radioisotope Compound and Chemical Reagents 
	NSC-34 Cell Culture 
	Cell Viability Assay 
	Measurement of Mitochondrial Membrane Potential () and Oxidative Stress, and Immunocytochemistry 
	In Vitro Uptake Study of [3H]paeonol in Motor Neuron like Cell Line 
	Estimation of Kinetic Parameters of [3H]paeonol Uptake in ALS Model Cell Lines 
	Small Interfering RNA (siRNA) Transfection Study in NSC-34 Cell Lines 
	Quantitative Reverse Transcription-Polymerase Chain Reaction 
	ALS Mouse and Immunohistochemistry 
	Statistical Analysis 

	Results 
	Cytotoxicity Induced by Pro-Inflammatory Cytokines and Neuroprotective Effect of Paeonol in ALS Model Cell Line 
	Paeonol Preventing Glutamate-Induced Decrease of Mitochondria Membrane Potential () and Elevation of Mitochondrial Oxidative Stress in ALS Cell Line Model 
	Characteristics of [3H]paeonol Uptake by ALS Model Cell Lines 
	Analysis of Kinetic Parameters of [3H]paeonol Uptake by NSC-34 Cell Lines 
	Effects of Pharmacological Drugs on the Paeonol Transport in ALS Model Cell Lines 
	Knockdown by siRNA Transfection and mRNA Expression of Pmat, Octn1, and Oat1 in Cell and Animal Models of ALS 
	Determination of Minimal Inhibitory Concentration (IC50) of Drugs in Disease Model Cell Lines 

	Discussion 
	Paeonol Restores Motor Neuronal Viability against Multiple Stresses 
	Paeonol Modulates Mitochondria Function in ALS Cell Line 
	Paeonol Uptake Is Differentially Regulated between WT and MT ALS Cell Line 

	Conclusions 
	References

