Please cite this article in press as: Latif and Kang, Change in Cationic Amino Acid Transport System and Effect of Lysine Pretreatment on Inflammatory State in Amyotrophic Lateral Sclerosis Cell Model, Biomol. Ther. (2021), https://doi.org/10.4062/biomolther.2021.037

Original Article

Biomol Ther, 1-8 (2021)

Change in Cationic Amino Acid Transport System and Effect of
Lysine Pretreatment on Inflammatory State in Amyotrophic
Lateral Sclerosis Cell Model
Sana Latif and Young-Sook Kang*
College of Pharmacy and Drug Information Research Institute, Sookmyung Women’s University, Seoul 04310, Republic of Korea

Abstract
Amyotrophic lateral sclerosis (ALS) is a lethal neurological disorder characterized by the deterioration of motor neurons. The aim
of this study was to investigate alteration of cationic amino acid transporter (CAT-1) activity in the transport of lysine and the pretreatment effect of lysine on pro-inflammatory states in an amyotrophic lateral sclerosis cell line. The mRNA expression of cationic
amino acid transporter 1 was lower in NSC-34/hSOD1G93A (MT) than the control cell line (WT), lysine transport is mediated by
CAT-1 in NSC-34 cell lines. The uptake of [3H]L-lysine was Na+-independent, voltage-sensitive, and strongly inhibited by inhibitors
and substrates of cationic amino acid transporter 1 (system y+). The transport process involved two saturable processes in both
cell lines. In the MT cell line, at a high-affinity site, the affinity was 9.4-fold higher and capacity 24-fold lower than that in the WT;
at a low-affinity site, the capacity was 2.3-fold lower than that in the WT cell line. Donepezil and verapamil competitively inhibited
[3H]L-lysine uptake in the NSC-34 cell lines. Pretreatment with pro-inflammatory cytokines decreased the uptake of [3H]L-lysine
and mRNA expression levels in both cell lines; however, the addition of L-lysine restored the transport activity in the MT cell lines.
L-Lysine exhibited neuroprotective effects against pro-inflammatory states in the ALS disease model cell lines. In conclusion,
studying the alteration in the expression of transporters and characteristics of lysine transport in ALS can lead to the development
of new therapies for neurodegenerative diseases.
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INTRODUCTION

et al., 2013; Adachi et al., 2018).
Transport of cationic amino acids (CAAs), including lysine,
arginine, and ornithine, is conducted by two protein families
that are present in various tissues: cationic amino acid transporter (CAT), referred to as system y+, and broad-scope amino
acid transporters (Bat), which comprises system b0,+, B0,+, and
y+L (O’Kane et al., 2006). System y+L was first identified in
human erythrocytes (Devés et al., 1993). System B0,+ is a Na+dependent transport system present in human epithelial cells
that transports CAA, as well as neutral amino acids (NAA)
(Van Winkle et al., 1990; Bahri et al., 2008). System b0,+, a facilitative transporter, has also been associated with the transport of CAA in proximal tubular cells (Mitsuoka et al., 2009)
and mouse blastocysts (Furesz et al., 1991). Lysine with its
lysyl ((CH2)4NH2) side chain is a positively charged and basic amino acid at physiological pH. It influences the function
of proteins involved in the development, cell–cell interaction,
signal transduction, and several other biological processes

Amyotrophic lateral sclerosis (ALS) is a terminal neurodegenerative disorder of motor neurons in the cortex, brainstem, and spinal cord (Jung et al., 2013). Most ALS cases
are sporadic, and up to 5-10% of cases are familial. Missense
mutations of Cu/Zn superoxide dismutase (SOD1) cause approximately 25% of familial ALS cases, whose pathological
and clinical features are incomprehensible compared to those
of sporadic ALS (Rojas et al., 2015). The precise molecular
pathways causing the death of motor neurons in ALS remain
unclear. Nonetheless, possible changes in the affected motor neurons include disorganization of intermediate filaments,
protein aggregation, glutamate-mediated excitotoxicity, nitroxidative stress from reactive oxygen species (ROS), and intracellular calcium dysregulation (Rowland and Shneider, 2001).
Amino acids play an essential role in the CNS as neurotransmitters, neuromodulators, and regulators of metabolism (Wee
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Real-time PCR

(Ukmar-Godec et al., 2019). Previous studies have shown that
the acylation of lysine residues in SOD1 decreases its rate
of nucleation and elongation into amyloid-like fibrils that are
linked to ALS (Rasouli et al., 2017). In vivo experiments indicate that system y+ is the primary mechanism for CAA transport across the blood–brain barrier (BBB) in a Na+-independent manner (Closs et al., 2004). However, lysine transport in
the NSC-34 cell line has not been elucidated; therefore, in the
present study, we aimed to identify the transporter(s) involved
in the transport of lysine in an ALS cell-line model.
Furthermore, as reported earlier, the levels of free amino
acids were altered in the lumbar spinal cord of ALS mice compared to that in WT mice (Jung et al., 2013). In this regard, it
was previously demonstrated that the uptake of serine was
decreased in the mutant-type (MT) cell line NSC34/hSOD1G93A
compared to that in the control [wild type; WT (NSC34/hSOD1wt)] cell lines of ALS. In contrast, L-serine uptake was increased in the MT cell lines and decreased in the WT cell lines
(Lee et al., 2017). In addition, the uptake of [14C] L-citrulline,
a neutral amino acid, was lower in the ALS model (MT) than
in the WT (Gyawali et al., 2021). In an earlier study, abnormal
levels of basic amino acids, including lysine and other essential amino acids, were reported to be elevated in the CSF of
patients with ALS (Patten et al., 1978; Iłzecka et al., 2003).
The relevance of L-lysine in ALS was indicated by the observation that its levels were elevated in the lumbar spinal cord of
mutant SOD1G93A mice than in the lumbar spinal cord of control
mice (Jung et al., 2013).
The characteristics of L-lysine transport across the ALS cell
lines remain unclear. Therefore, the objective of this study was
to investigate the expression of the CAA transporter system
using real-time polymerase chain reaction (PCR) analysis and
to study the characteristics of L-lysine transport in the ALS cell
line model. In addition, we studied the effect of lysine under
various pro-inflammatory states in the NSC-34 cell line.

Total RNA was isolated from cultured cells using the RNeasy
Mini kit (250) from Qiagen (Valencia, CA, USA) according to
the manufacturer’s instructions. After isolation, the RNA was
stored at −20°C, and the concentration and purity of the RNA
was determined by measuring the absorbance at 260 and 280
nm using a spectrophotometer. Total RNA (2 µg) was reversetranscribed using a high-capacity cDNA reverse transcription
kit (Applied Biosystems, V.A. Graiciuno, Lithuania). Quantitative real-time PCR analysis was performed using the TaqMan®
Gene Expression Master Mix (Applied Biosystems) and StepOne real-time PCR system (Applied Biosystems, Foster City,
CA, USA), according to the manufacturer’s protocols (Gyawali
et al., 2021). GAPDH was used as an internal control. The
results were analyzed using the StepOnePlus software (Applied Biosystems) and expressed as Ct, the threshold cycle for
target amplification (Lee et al., 2017).

Slc7a1/system y+ small interfering RNA (siRNA) and
control siRNA transfection

Transient knockdown of CAT-1/Slc7a1 (system y+) in the
NSC-34 cell lines was achieved using an siRNA from Dharmacon (Dharmacon Inc. Lafayette, CO, USA). Slc7a1 was targeted with a smart pool containing siRNA. The final concentration
was 100 nM. Slc7a1 and the control siRNA were delivered to
the NSC-34 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s protocol. The cells were used 24 h after the initiation of transfection
for the evaluation of [3H]L-lysine uptake and quantitative realtime PCR analysis (Lee and Kang, 2016).

[3H]L-Lysine uptake study in NSC-34 cell lines

The uptake study for [3H]L-lysine was performed according
to a previously described procedure (Gyawali et al., 2021).
Briefly, extracellular fluid buffer (ECF) containing [3H]L-lysine
(0.5 µCi/well, 27 nM) in the presence or absence of unlabeled
inhibitors was added to the NSC-34 cell lines and incubated
at 37°C and pH 7.4 for 5 min. An ice-cold ECF buffer was
used to terminate the uptake process. To prepare an Na+-free
transport medium, sodium chloride was replaced with lithium
chloride and choline chloride, and sodium bicarbonate was
replaced with potassium bicarbonate. Membrane potential
depletion media were prepared by replacing sodium chloride
and sodium bicarbonate with potassium chloride and potassium bicarbonate, respectively. In addition, 10 µM valinomycin
was dissolved in the transport buffer and preincubated with
the cells for 10 min, followed by uptake (Gyawali and Kang,
2019). The cells were solubilized with 750 µL of 1 N NaOH in
PBS through overnight incubation at room temperature, and
radioactivity was measured using the LS 6500 scintillation
counter (Beckman, Fullerton, CA, USA).
The cell-to-medium ratio (µL/mg protein) was calculated
as follows: cell-to-medium ratio (µL/mg protein)=([3H]dpm in
the cell/amount (mg) of the protein)/([3H]dpm in the medium/
amount (µL) of medium)×100.

MATERIALS AND METHODS
Radioisotope and chemicals

[3H]L-Lysine (specific activity 91 Ci/mmol) was purchased
from PerkinElmer (Boston, MA, USA). All other chemicals and
reagents were of reagent grade.

Cell culture

Motor neuron-like cells (NSC-34, NSC-34/hSOD1wt cell
lines (WT) and NSC-34/hSOD1G93A cell lines (MT), passages
10-19) were cultured using the protocols used in previous
study (Cashman et al., 1992; Lee et al., 2017). NSC-34 cell
lines were obtained from Prof. Hoon Ryu (KIST, Seoul, Korea), the cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; HyClone, UT, USA) supplemented with 10%
fetal bovine serum (Mediatech, Woodland, CA, USA), 100 U/
mL penicillin, and 100 µg/mL streptomycin. These cells were
maintained in a humidified atmosphere of 5% CO2/air at 37°C.
The NSC-34 cell lines (1×105 cells/well) were seeded on rat
tail collagen type I-coated 24-well culture plates (Biocoat,
Kennebunk, ME, USA). After 48 h of incubation at 37°C, the
cells became confluent; subsequently, they were used for the
uptake study.

Data analysis

In kinetic studies, the Michaelis–Menten constant (Km) and
the maximum uptake rate (Vmax) of [3H]L-lysine was estimated
using the following equation:
V=[Vmax1×C/(Km1+C)+Kns1×C]+[Vmax2×C/(Km2+C)+Kns2×C], (1)

https://doi.org/10.4062/biomolther.2021.037

2

Latif and Kang. Lysine Transport in Amyotrophic Lateral Sclerosis

100

*

50
0
WT

MT

WT
MT
150

**

*
###

100
50
0

C

WT
MT
150

*

**
##

100
50
0

3

150

B

[ H] L-Lysine uptake
(% of control)

WT
MT

mRNA expression level
of Slc7a1 (% of control)

mRNA expression level
of Slc7a1 (% of control)

A

Control Slc7a1 Control Slc7a1
siRNA siRNA siRNA siRNA

Control Slc7a1 Control Slc7a1
siRNA siRNA siRNA siRNA

Fig. 1. mRNA expression and effect of Slc7a1 siRNA in NSC-34 cell lines. (A) Slc7a1/system y+ mRNA expression. (B) Effect of Slc7a1
siRNA on the mRNA expression, as determined using quantitative RT-PCR analysis and normalized to the mRNA expression of GAPDH. (C)
[3H]L-lysine uptake after Slc7a1 siRNA transfection was performed at pH 7.4 and 37°C for 5 min. Each value represents the mean ± SEM.
(n=3-4). *p<0.05, **p<0.01, ##p<0.01, ###p<0.001 indicate significant difference with respect to the control.

where C is the concentration of lysine, and Vmax1 and Vmax2
are the maximum uptake rates for high-affinity and low-affinity
processes, respectively. Km1 is the Michaelis–Menten constant
for the high-affinity process, and Km2 is the Michaelis–Menten constant for the low-affinity process. Kns1 and Kns2 are the
first-order constants for the non-saturable components in the
high-affinity and low-affinity processes, respectively (Gyawali
and Kang, 2021b).
Following statistical analysis, all data in the figures were
presented as the mean ± standard error of the mean (SEM).
The data were analyzed using one-way analysis of variance
(ANOVA) with Dunnett’s post-hoc test. A sigma plot was used
for plotting figures and bar charts. A comparison of the two
groups was performed using a two-tailed unpaired t-test. p
values<0.05 were considered statistically significant.

Table 1. Effect of sodium replacement and membrane potential on [3H]Llysine uptake by NSC-34 cell lines

Treatment
Control
Na+ replacement
Lithium chloride
Choline Chloride
Membrane potential
Valinomycin (10 µM)
Potassium chloride

Relative uptake (% of control)
WT

MT

100 ± 9

100 ± 2

110 ± 7
89.6 ± 1.7

91.5 ± 1.0
95.0 ± 7.5

68.9 ± 5.7*
72.8 ± 7.7**

53.8 ± 4.9***
59.6 ± 1.1***

[3H]L-Lysine uptake by NSC-34 cell lines was performed at 37°C
for 5 min at pH 7.4. Sodium containing extracellular fluid (ECF)
buffer was replaced with lithium chloride and choline chloride (Na+
free) to disrupt the sodium ion gradient and potassium chloride
(KCl) to disrupt the membrane potential ion gradient. Each point
represents the mean ± SEM (n=3-4). *p<0.05, **p<0.01, ***p<0.001
indicate significant difference with respect to the control.

RESULTS
The mRNA expression level of CAT1 and effect of CAT1
(Slc7a1) siRNA on mRNA expression and uptake of [3H]
L-lysine in NSC-34 cell lines

with lithium chloride and choline chloride in the transport buffer. Moreover, disruption of the membrane potential gradient
and valinomycin pretreatment induced a significant decrease
in [3H]L-lysine uptake in both WT and MT cell lines, as shown
in Table 1. Our results indicate that [3H] L-lysine uptake in the
NSC-34 cell lines is sodium-independent and voltage-sensitive.

The mRNA expression levels of CAT1 (Slc7a1) were measured using real-time PCR analysis in the NSC-34 cell lines.
The relative gene expression of Slc7a1 was lower in the NSC34/hSOD1G93A, which serves as a disease model cell line of
ALS (MT), than in the NSC-34/hSOD1wt cell line, which serves
as the control cell line (WT) (Fig. 1A). To confirm whether Slc7a1/system y+ was involved in the uptake of [3H]L-lysine in
the ALS cell line model, Slc7a1 knockdown via siRNA transfection was performed in both NSC-34 cell lines. The mRNA
levels of the Slc7a1 siRNA were significantly reduced in the
NSC-34 cell lines compared to that of the control siRNA, as
analyzed by quantitative real-time PCR (Fig. 1B). Additionally,
[3H]L-lysine uptake was significantly reduced in both NSC-34
cell lines transfected with siRNA compared to that in the cells
transfected with the control pool siRNA (Fig. 1C). Altogether,
our findings suggest the involvement of Slc7a1 in the transport
of L-lysine in the NSC-34 cell lines.

Effect of several transporters on [3H]L-lysine uptake by
NSC-34 cell lines

Through inhibition studies, we assessed the effect of several transporter inhibitors to distinguish the transporter systems
involved in L-lysine transport in the ALS cell-line model. [3H]
L-Lysine uptake was significantly inhibited by N-monomethylʟ-arginine (N-MMA), homoarginine, and N-ethylmaleimide
(NEM), which are potent inhibitors of system y+ in both cell
lines. In addition, harmaline, which is an inhibitor of b0+, significantly reduced the uptake of [3H]L-lysine in the WT and MT
cell lines. In contrast, [3H]L-lysine uptake was not inhibited
by 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH),
which is an inhibitor of system B0,+ and the only Na+-dependent carrier transport system that transports CAA with a low
affinity for NAA in both NSC-34 cell lines, as shown in Table 2.
However, no inhibition was observed with N-methylmaleimide

Effect of ion dependency on [3H]L-lysine uptake in NSC-34
cell lines

To determine whether [3H]L-lysine uptake is sodium-dependent or sodium-independent, we performed an ion dependence study. No significant differences in [3H]L-lysine
uptake were observed upon replacement of sodium chloride
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ysis, in the WT cell lines, at the high-affinity site, Km1=0.062 ±
0.001 mM and Vmax1=1.70 ± 0.26 (nmol/mg protein/min), and at
the low-affinity site, Km2=0.48 ± 0.08 mM and Vmax2=8.48 ± 0.71
(nmol/mg protein/min). The corresponding values for the MT
cell line were Km1=0.0066 ± 0.0003 mM, Km2=0.31 ± 0.14 mM,
Vmax1=0.072 ± 0.002 (nmol/mg protein/min), and Vmax2=3.71 ±
0.88 (nmol/mg protein/min). These parameters indicate that
L-lysine transport in the NSC-34 cell line involved a carriermediated transport system. At the high-affinity site, the affinity
was 9.4-fold higher and the capacity was lower (4.2% of WT
value) in the MT cell line compared to that in the WT cell line,
and at the low-affinity site, the affinity was 1.5-fold higher and
the capacity was (44% of WT value) lower than that in the WT
cell line. The data obtained are shown in Table 3.

(N-MM), which is an inhibitor of system y+L.

Characterization of [3H]L-lysine transport in NSC-34 cell
lines

To investigate the changes in the transport activity of Llysine in NSC-34 cell lines, we performed uptake studies.
The uptake of [3H]L-lysine was increased in a time-dependent
manner and was linear for 5 min. Therefore, in the subsequent
kinetic and inhibition analyses, [3H]L-lysine uptake by the ALS
cell line was assessed at 5 min. The uptake of [3H]L-lysine in
the MT cell line was significantly lower than that in the WT cell
line, as shown in Fig. 2A.
The kinetics of [3H]L-lysine uptake in the NSC-34 cell lines
were analyzed by examining the concentration dependence
of [3H]L-lysine uptake. The transport of [3H]L-lysine was saturated in both cell lines (Fig. 2B, 2C); however, the uptake was
lower in the MT cell line than in the WT. The Eadie–Hofstee
plot (Fig. 2B, 2C, inset) shows two straight lines, indicating
that two saturable processes are involved in the uptake of [3H]
L-lysine in the NSC-34 cell lines. According to the kinetic anal-

Effect of various L-amino acids on [3H]L-lysine uptake by
NSC-34 cell lines

To study the effect of numerous amino acids on the L-lysine
transport in ALS cell lines, [3H] we measured the L-lysine uptake in the presence of 2 mM unlabeled L-amino acids. Uptake
was significantly inhibited by CAA, including lysine, arginine,
and ornithine, in the NSC-34 cell lines. Alanine, which is a substrate of the alanine–serine–cysteine (ASC) system, showed
significant inhibition in both cell lines. In addition, leucine, glutamine, and histidine showed significant inhibition in the WT
and MT cell lines. However, L-citrulline, a substrate of large

Table 2. Effect of several transporters on uptake of [3H]L-lysine by NSC-

34 cell lines

Substrates

[3H]L-Lysine uptake (% of control)

Conc.
(mM)

Control
+N-MMA
+Homoarginine
+NEM
+Harmaline
+BCH
+N-MM

WT

MT

100 ± 2
37.8 ± 2.1***
37.9 ± 2.7***
63.4 ± 5.8***
35.1 ± 6.8**
90.6 ± 5.0
100 ± 8

2
2
2
1
2
2

100 ± 2
24.4 ± 0.3***
30.7 ± 2.3***
79.7 ± 4.2***
63.3 ± 6.4**
92.2 ± 5.8
109 ± 5

Table 3. Kinetic parameters of [3H]L-lysine uptake in NSC-34 cell lines
Parameters
Km1 (mM)
Vmax1 (nmol/mg protein/min)
Km2 (mM)
Vmax2 (nmol/mg protein/min)
Kns1 (µL/min mg protein)
Kns2 (µL/ min mg protein)

[3H]L-Lysine uptake by WT and MT cell lines was measured at
37°C for 5 min at pH 7.4, in the absence (control) or presence of
1-2 mM solutions of inhibitors. Each value represents the mean ±
SEM (n=3-4). **p<0.01, ***p<0.001 indicate significant difference
with respect to the control. N-MMA, N-monomethyl-ʟ-arginine;
NEM, N-ethylmaleimide; BCH, 2-aminobicyclo-(2,2,1)-heptane2-carboxylic acid; N-MM, N-methylmaleimide.

0.062 ± 0.001 0.0066 ± 0.0003***
1.70 ± 0.26
0.072 ± 0.002***
0.48 ± 0.08
0.31 ± 0.14
8.48 ± 0.71
3.71 ± 0.88**
5.69 ± 0.89
6.57 ± 0.04
3.26 ± 0.78
2.95 ± 1.66
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by WT and MT cell lines. [3H]L-lysine upFig. 2. Uptake of [3H]L-lysine uptake in NSC-34 cell lines. (A) Time course of [3H]L-lysine uptake
3

take was performed at pH 7.4 and 37°C for 0-60 min in ECF buffer. (B) Saturation kinetics of [ H] L-lysine in WT cell line. (C) Saturation kinetics of [3H]L-lysine in MT cell line. [3H]L-Lysine uptake was performed with an incubation time of 5 min at pH 7.4 and 37°C in the presence
of 0-1 mM unlabeled L-lysine. The insert data are presented as an Eadie–Hofstee plot. Each point represents the mean ± SEM (n=3-4).
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Table 4. Effect of various L-amino acids on uptake of [3H]L-lysine by

Table 5. Effect of drugs on uptake of [3H]L-lysine by NSC-34 cell lines

NSC-34 cell lines

Substrates
Control
+Lysine
+Ornithine
+Arginine
+Leucine
+Glutamine
+Histidine
+Alanine
+Citrulline
+Choline

Conc.
(mM)
2
2
2
2
2
2
2
2
2

[3H]L-Lysine uptake (% of control)
WT

MT

100 ± 2
26.2 ± 3.6**
18.5 ± 1.8***
30.9 ± 3.2***
56.6 ± 3.0**
87.8± 0.8***
79.3 ± 0.4**
77.6 ± 2.7***
99.3 ± 10.8
90.7 ± 4.9

100 ± 5
16.4 ± 6.8***
20.2 ± 0.7***
22.1 ± 3.0***
42.1 ± 4.4***
48.2 ± 3.7***
73.6 ± 4.5**
76.4 ± 0.8***
108 ± 4
93.2 ± 0.6

Substrates

Conc.
(mM)

Control
+Quinidine
+Gabapentin
+Donepezil
+Verapamil
+Clonidine
+L-dopa
+Amiloride
+Paeonol
+Dopamine
+Riluzole
+Baclofen

[3H]L-Lysine uptake by WT and MT cell lines was measured at
37°C for 5 min at pH 7.4, in the absence (control) or presence of 2
mM L-amino acids. Each value represents the mean ± SEM (n=3-4).
**p<0.01, ***p<0.001 indicate significant difference with respect to
the control.

2
2
2
0.5
2
2
2
2
2
0.5
2

[3H]L-Lysine uptake (% of control)
WT
100 ± 6
26.1 ± 4.6***
55.1 ± 2.3***
59.4 ± 8.3*
56.7 ± 5.4**
51.7 ± 2.1***
81.1 ± 5.0***
111 ± 2
138 ± 9
122 ± 9
127 ± 8
102 ± 6

MT
100 ± 4
20.3 ± 1.3***
49.1 ± 1.9***
50.7 ± 3.9*
54.1 ± 2.6**
57.8 ± 6.0**
79.1 ± 6.4*
97.5 ± 8.9
109 ± 3
113 ± 8
125 ± 6
127 ± 10

[3H]L-Lysine uptake by WT and MT cell lines was measured at
37°C for 5 min at pH 7.4, in the absence (control) or presence of
0.5-2 mM drug solutions. Each value represents the mean ± SEM
(n=3-4). *p<0.05, **p<0.01, ***p<0.001 indicate significant difference with respect to the control.

neutral amino acid transporter 1 (LAT-1) did not inhibit [3H]
L-lysine uptake in either NSC-34 cell line, as shown in Table 4.

100 µM hydrogen peroxide (H2O2). In the WT cell line, [3H]
L-lysine uptake was significantly decreased in the presence of
the above treatments, as shown in Fig. 4A. Similarly, in the MT
cell line, the [3H]L-lysine uptake decreased by 79% with glutamate, 80% with LPS, 64% with TNF-α, and 76% with H2O2
compared to that in the control. However, the addition of 10
mM L-lysine to these pretreated cells significantly increased
the uptake in the MT cell line. All subsequent pre-incubations
were conducted for 24 h under exposure to pro-inflammatory
cytokines (Fig. 4B). Quantitative real-time PCR demonstrated
similar results. The expression level of Slc7a1 mRNA in the
MT cell line was lower after treatment with glutamate, LPS,
TNF-α, and H2O2 compared to the corresponding levels in the
control. In contrast, co-treatment with pro-inflammatory cytokines and L-lysine significantly increased the expression level
of Slc7a1 mRNA, as shown in Fig. 4C. Collectively, our results
demonstrated the neuroprotective effect of L-lysine in various
pro-inflammatory states.

Effect of drugs on [3H]L-lysine uptake by NSC-34 cell lines

We performed an uptake study to analyze the inhibitory
effect of L-lysine and various drugs in the WT and MT cell
lines. [3H]L-Lysine uptake was strongly inhibited by verapamil,
a substrate of organic cation transporter; donepezil hydrochloride, a drug used to treat Alzheimer’s disease (AD); and quinidine. In addition, other drugs, including clonidine, gabapentin,
and L-dopa significantly inhibited [3H]L-lysine uptake in the WT
and MT cell lines. However, no significant effect was observed
with baclofen, which is a substrate of LAT-1, in both cell lines.
Other drugs, including dopamine, paeonol, amiloride, and riluzole, showed no effect on [3H]L-lysine uptake in both NSC-34
cell lines (Table 5).

Kinetics of drug-induced inhibition of [3H]L-lysine uptake
in NSC-34 cell lines

The Lineweaver–Burk plot for L-lysine uptake demonstrated that donepezil showed competitive inhibition with Ki values
of 2.16 mM and 1.66 mM in the WT and MT cell lines, (Fig.
3A, 3E) respectively. Verapamil competitively inhibited [3H]Llysine uptake with Ki values of 1.13 mM in the WT cells and
0.399 mM in the MT cell line (Fig. 3B, 3F). Furthermore, quinidine showed competitive inhibition in the WT cell line with a Ki
value of 0.94 mM (Fig. 3C) and non-competitive inhibition in
the MT cell line with a Ki value of 2.01 mM (Fig. 3G). In addition, L-dopa showed un-competitive inhibition in the WT and
MT cell lines with Ki values of 1.31 mM and 0.76 mM (Fig. 3D,
3H), respectively.

DISCUSSION
The purpose of this study was to explore alterations in the
CAT-1 system and the effect of lysine on pro-inflammatory
states in NSC-34 cell lines. On the basis of a prior study and
our results, we evaluated the gene expression level of CAT1 (Slc7a1), which is expressed in NSC-34 cell lines. In the
siRNA transfection study, mRNA expression level and uptake
of Slc7a1 siRNA were significantly reduced compared to that
of the control siRNA in the NSC- 34 cell lines. Overall, these
results suggest that [3H]L-lysine is transported primarily by
Slc7a1/system y+ in the ALS cell-line model (Fig. 1). Previous
studies have shown that the post-translational modification
of lysine residues has been linked to mutations in SOD1 that
are linked to ALS (Petrov et al., 2016). To achieve a clear understanding of the transporter involved in transport of L-lysine
across NSC-34 cell lines, we evaluated the mRNA expression
levels of Slc6a14/system B0,+ and Slc7a9/system b0,+; both

[3H]L-Lysine uptake by NSC-34 ALS cells pretreated with
glutamate and other pro-inflammatory cytokines

To examine the effect of glutamate toxicity and other proinflammatory cytokines, we evaluated the uptake of [3H]Llysine in NSC-34 cell lines. The WT cell line was treated 24
h prior to the uptake study with 500 µM glutamate, 20 ng/mL
lipopolysaccharide (LPS), tumor necrosis factor (TNF-α), and
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lines. The data represent the mean ± SEM (n=3-4).
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3

was exposed to 500 µM glutamate, 20 ng/mL TNF-α and LPS, and 100 µM H2O2 for 24 h. (B) [ H]L-Lysine uptake in MT cell line pretreated
with glutamate, TNF-α, LPS, and H2O2 with/without 10 mM L-lysine and incubated for 24 h. Uptake of [3H]L-lysine was performed at pH 7.4
and 37°C for 5 min. Each value represents the mean ± SEM (n=3-4). **p<0.01, *p<0.05, significant difference vs control; ##p<0.01, vs glutamate treatment; †p<0.05, vs TNF-α treatment; ¶p<0.01, vs LPS and ǂp<0.01, vs H2O2 treatment. (C) Slc7a1 mRNA expression level in MT
cell line. Each value represents the mean ± SEM (n=3-4). ***p<0.001, **p<0.01, *p<0.05, significant difference vs control; ##p<0.01, vs glutamate, †††p<0.001, vs TNF-α; ¶¶p<0.01, vs LPS treatment and ǂǂǂp<0.001, vs H2O2 treatment.

were undetermined in the NSC-34 cell lines (data not shown).
A preceding study has shown that the transport of CAA, such
as arginine, is transported by both system y+ and system y+L
(Bae et al., 2015). However, our data do not support that Llysine is transported by system y+L because L-lysine transport
in NSC-34 cell lines is voltage sensitive (Table 1) and system
y+L is not voltage sensitive (O’Kane et al., 2006). In addition,
in NSC-34 cell lines, [3H]L-lysine transport is not inhibited by

https://doi.org/10.4062/biomolther.2021.037

N-MM and strongly inhibited by NEM. Earlier studies have
shown that NEM, which is a sulfhydryl reagent, inactivates the
low-affinity lysine transporter system y+ in human erythrocytes
(Devés et al., 1998). The present study demonstrates that [3H]
L-lysine uptake was not significantly decreased in the absence
of sodium in either cell line, as shown in Table 1; therefore, we
hypothesized that transport of [3H]L-lysine in NSC-34 cell lines
is sodium-independent. Our result is consistent with previous
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with increasing glutamate concentration (Zhang et al., 2019).
TNF-α plays a central role in microglial activation, neuronal
excitotoxicity, and synapse loss. (Brohawn et al., 2016). LPS
is a pro-inflammatory cytokine, and a previous study demonstrated the presence of A1-40/42 and LPS in amyloid plaques
in the gray and white matter of AD brains (Zhan et al., 2016).
In addition, H2O2, a product of the SOD1-catalyzed reaction at
pathological concentrations of 10-100 μM, regulates the toxicity and misfolding of wild-type SOD1 and transitive-response
DNA/RNA-binding protein 43 kDa (TDP-43) in neuronal cells
(Ayers et al., 2016). Our results showed that pretreatment with
glutamate, TNF-α, LPS, and H2O2 showed marked reduction
in [3H]L-lysine uptake in both cell lines (Fig. 4). We hypothesize that the alteration in the expression of transporters in the
presence of pro-inflammatory cytokines might be the reason
for the reduction in the uptake of [3H]L-lysine. As reported in a
previous article, depending on the cell type, there is up- and
down-regulation of transporter expression in the inflammatory state (Gyawali and Kang, 2021a). However, in the MT
cell lines, co-treatment with L-lysine had a protective effect
against pro-inflammatory cytokine states. The neuroprotective
effect of L-lysine has been demonstrated in previous work on
intracerebral hemorrhage-injured mice (Cheng et al., 2020).
Our study demonstrates that the alteration in the transport
of L-lysine in ALS model cell lines and transport of lysine is
mediated mainly by system y+ in the WT and MT cell lines. The
system showed higher affinity and lower capacity in disease
model cell lines than the control cell line. Lysine produced a
restorative effect in the presence of inflammatory cytokines in
the mutant SODG93A cell lines model of ALS.

studies (Closs et al., 2006; O’Kane et al., 2006). Furthermore,
in our study, strong inhibition of [3H]L-lysine uptake was observed with homoarginine, N-MMA, NEM, and harmaline in
both NSC-34 cell lines (Furesz et al., 1991), as presented in
Table 2. These results suggest that L-lysine transport in ALS
cell lines occurs through CAT-1 and that it may be related to
system y+ (O’Kane et al., 2006; Kim et al., 2008).
In our study, [3H]L-lysine uptake was shown to be time- and
concentration-dependent in NSC-34 cell lines; the uptake in
the ALS cell-line model (MT) was lower than that in the normal
(WT) cell line (Fig. 2, Table 3). The reduced uptake of L-lysine
in MT cell lines might be due to mutation, deletion, or resistance of transporters, resulting in a lower transport activity as
compared to that of the WT cell lines. Previous studies have
reported similar results, as D-serine and PBA levels were decreased in MT cell lines of ALS (Lee et al., 2017; Gyawali and
Kang, 2021b). These results are in agreement with a previous
report indicating that the level of L-lysine is increased in the
lumbar spinal cord of a mutant SODG93A model of ALS mice
compared to that in WT mice (Jung et al., 2013). Furthermore,
the uptake study in the presence of 2 mM solutions of various
unlabeled amino acids showed that L-lysine, L-arginine, and
L-ornithine, which are CAA and CAT-1 substrates, strongly
inhibited the uptake of [3H] L-lysine in both cell lines. L-Histidine showed weaker inhibition compared to CAA because
it is largely unprotonated at pH 7.4, and L-Leucine showed
strong inhibition of [3H] L-lysine uptake in NSC-34 cell lines
(Tomi et al., 2009). However, choline and L-citrulline produced
no effect on the uptake of [3H]L-lysine (Table 4). This observation might be attributed to the fact that L-citrulline and choline
follow different transport systems; L-citrulline has been shown
to follow the LAT-1 transporter system (Lee and Kang, 2018).
Moreover, we investigated the effect of various drugs on the
uptake of [3H]L-lysine in an ALS cell-line model. Verapamil is
a calcium channel blocker that has shown a neuroprotective
effect in SOD1G93A mice (Zhang et al., 2019). In our study, it
showed significant inhibition of the uptake of [3H]L-lysine in the
NSC-34 cell lines. Donepezil, an AChE inhibitor used in AD
therapy (Kang et al., 2005), significantly inhibited the uptake in
both cell lines. In addition, clonidine, quinidine, and gabapentin (an anticonvulsant drug) significantly reduced the uptake
of [3H]L-lysine in the NSC-34 cell lines (Table 5). Lineweaver–
Burk plot analysis revealed the inhibitory effect of donepezil,
verapamil, L-dopa, and quinidine. Donepezil and verapamil
showed competitive inhibition in both NSC-34 cell lines. Our
data show that the disease ALS model cell type is more sensitive to inhibition by donepezil and verapamil than the control
WT cell lines. However, quinidine showed competitive inhibition in WT cell lines and non-competitive inhibition in the MT
cell lines. The non-competitive inhibition in MT cell lines might
be due to the alteration in the binding site in the disease model
of ALS. L-Dopa showed uncompetitive inhibition in both cell
lines. We hypothesized that both L-lysine and L-dopa follow
different transporter systems (Kageyama et al., 2000) and that
L-dopa binds to sites other than the L-lysine binding site and,
therefore, did not show competitive inhibition (Fig. 3).
Pro-inflammatory toxic factors and other cytokines that are
released from SOD1G93A astrocytes can trigger damage to motor neurons, as reported in previous studies (Lee et al. , 2016).
In a previous study that evaluated the concentration-dependent effect of 0.25-1 mM glutamate in TR-BBB cells over a
24 h incubation period, cell viability significantly decreased
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