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In many tissues, trace metals such as iron
(Fe), zinc (Zn), and copper (Cu) are important
for various physiological functions such as
immune function, cell division, and enzyme
function. However, it has been shown in
humans and experimental animal models
that excessive amounts of these trace metals
in the body can induce various diseases
in the central nervous system, liver, and
respiratory tract. Although the role of zinc in
the central nervous system is controversial,
with some reports suggesting a protective
role, we are interested in the negative effects
of excessive amounts of zinc on the central
nervous system. Previous studies suggest
that zinc, which is released in excessive
amounts after ischemic injury, is a major
modulator of neuronal death, and that Zn’*-
induced neuronal death is an important
cause of dementia after ischemic injury (Koh
et al., 1996). In addition, other trace metals
are present in the brain and/or cerebrospinal
fluid, and during neuronal excitation, Cu*
accumulated in synaptic vesicles is released
into the synaptic cleft (Opazo et al., 2014).
As the concentrations of these trace metals
have been noted to increase, especially
under pathological conditions, our research
group speculated that these metal-metal
interactions may induce neuronal cell death
and influence the onset and exacerbation of
neurological diseases.

Therefore, we have been analyzing the
mechanisms by which zinc and other metals
induce neuronal cell death. Recently, using
immortalized hypothalamic neuronal cells
(GT1-7 cells), we found that non-toxic
concentrations of Cu®* exacerbate Zn*'-
induced neurotoxicity by producing reactive
oxygen species (ROS), endoplasmic reticulum
(ER) stress response, and mitochondrial
damage (Tanaka and Kawahara, 2017;
Tanaka et al., 2018a, b). We also focused
on the stress-activated protein kinase/c-Jun
amino-terminal kinase (SAPK/JNK) signaling
pathway and examined its involvement
in Cu”/Zn**-induced neurotoxicity. We
found that co-treatment with Cu** and zZn**
increases activated forms of SAPK/INK (p46
and p54), c-Jun, and activating transcription
factor 2 in GT1-7 cells. In addition, we found

that oxidative stress is a key modulator of
Cu”*/Zn*-induced activation of the SAPK/INK
signaling pathway (Tanaka et al., 2019).

On the basis of these results, we are
searching for compounds that can inhibit
Cu®/Zn**-induced neuronal cell death with
the aim of developing therapeutic agents
for neurological diseases. We have found
that pyruvate, which is involved in various
metabolic pathways such as the glycolytic
pathway and the tricarboxylic acid cycle,
suppresses Cu**/Zn’*-induced neuronal
cell death through its inhibitory effect on
cytochrome c release from mitochondria
(Tanaka et al., 2018a). We also found that
SP600125, a SAPK/INK inhibitor, suppressed
Cu”/Zn**-dependent activation of the SAPK/
JNK signaling pathway and neuronal cell
death (Tanaka et al., 2019). Furthermore,
we found that HSA-Trx, a derivative of the
antioxidant thioredoxin, inhibits Cu®*/Zn’*-
induced mitochondrial damage, ER stress
response, and SAPK/JNK pathway activation
via inhibition of ROS production (Tanaka
et al., 2018b, 2019). Taken together, these
results suggest that oxidative stress is
located upstream of Cu**/Zn’*-dependent
mitochondrial damage, ER stress, and SAPK/
JNK pathway activation. Therefore, we
believe that compounds with antioxidant
properties, such as HSA-Trx, are promising
therapeutic agents for the treatment of
neurological diseases in which Cu”’/zZn’*-
induced neuronal cell death is involved in
the pathogenesis and exacerbation.

Selenium (Se) is an essential trace element
for the synthesis of antioxidant enzymes,
but the difference between the required
amount and the toxic amount is smaller
than that of other trace elements. Excessive
intake of selenium can cause gastrointestinal
disorders, peripheral neuropathy, and skin
disorders, but because selenium-dependent
enzymes play an important role in the body,
humans and animals must consume selenium
in the form of seleno-L-methionine and
seleno-L-cysteine. Glutathione peroxidase
(GPX) and thioredoxin reductase are typical
selenium-dependent enzymes that function
as antioxidant enzymes to remove lipid

peroxide and hydrogen peroxide from the
body. The protective effects of selenium-
containing compounds against neurological
diseases have been reported using cellular
and animal models. Sereno-L-methionine
has been reported to reduce glial activation,
alleviate neuroinflammation, and attenuate
neuronal cell death in the olfactory bulb of
a mouse model of Alzheimer’s disease (AD)
(Zhang et al., 2016). It has been reported
that selenite pretreatment improves cerebral
infarct volume and decreases DNA oxidation,
that selenium inhibits glutamate-induced cell
death and oxidative stress in hippocampal
HT22 neuron cells, and that sodium selenite
protects against 3-nitropropionic acid-
induced oxidative stress by increasing GPX
activity in cultured primary cortical neurons
(Mehta et al., 2012; Ma et al., 2017). These
results suggest that selenium-containing
compounds may have a protective effect
against neurological diseases through their
antioxidant effects.

However, because the effect of selenium-
containing compounds on Cu”*/Zn”*-
induced neuronal cell death has not been
tested, we recently analyzed the effect of
seleno-L-methionine on Cu*/Zn**-induced
neuronal cell death. To summarize the
results, seleno-L-methionine markedly
inhibited Cu®/Zn**-induced neuronal cell
death, ER stress response, and activation
of the SAPK/JNK signaling pathway in GT1-
7 cells. Furthermore, seleno-L-methionine
markedly inhibited the production of ROS,
an upstream factor in Cu>’/Zn’*-dependent
neuronal cell death, through the induction
of the antioxidant protein GPX1. Thus, we
believe that seleno-L-methionine has the
potential to become a therapeutic agent that
can inhibit the onset and exacerbation of
neurological diseases involving neuronal cell
death (Nakano et al., 2020; Figure 1).

However, there are still some problems that
must be solved if seleno-L-methionine is
to be clinically applied for the treatment
of neurological diseases. As described
above, the difference between the effective
dose and the toxic dose of selenium is
small, so the determination of the clinical
dose of selenium-containing compounds
must be done carefully. Although the side
effects of selenium-containing compounds
in humans have been described above,
several adverse events caused by selenium-
containing compounds have also been
reported in animal and cellular models. It
has been reported that treatment of Hela
cells with seleno-DL-cysteine induces two
morphologically distinct types of cell death,
one with an apoptosis-like phenotype and
the other with a paraptosis-like phenotype
(Wallenberg et al., 2014). It has also been
reported that selenium induces ROS and
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Figure1 | Mechanisms of Cu**/Zn*-induced neuronal cell death and compounds that inhibit

neuronal cell death.

Cu: Copper; ER: endoplasmic reticulum; HSA-Trx: human serum albumin-thioredoxin 1 fusion protein;
SAPK/JNK: stress-activated protein kinase/c-Jun amino-terminal kinase; SP600125: a SAPK/JNK inhibitor;

Zn: zinc.

methane dicarboxylic aldehyde production in
vivo and in vitro and that selenium increases
the expression of apoptosis-promoting
factors caspase-3 and cytochrome c in rat
oral squamous carcinoma cells (Qiao et
al., 2017). Thus, we believe that detailed
effective dose determination and adverse
effect dose determination using animal
models is important. In addition, several
clinical trials have been conducted using
selenium-containing compounds, and we
must understand the results of those trials.
In particular, the effect of selenium on AD,
one of the most common neurological
diseases, is controversial. For example, a
large clinical trial (PREADVISE) examining
the efficacy of vitamin E and selenium in
preventing AD did not confirm the efficacy
of these supplements (Kryscio et al., 2017),
while another study reported that under
oxidizing conditions, selenium exerted an
antioxidant effect on lymphocytes collected
from AD patients (Cosin-Tomas et al., 2019).
Furthermore, Martini et al. have shown that
in a metabolic model of sporadic AD, ebselen
(a selenium-containing compound) reversed
memory impairment and hippocampal
oxidative stress by increasing the activities
of antioxidants (Martini et al., 2019). These
results are similar to those obtained in our
in vitro analysis. Thus, we believe that the
antioxidant-mediated cytotoxic inhibitory
effect of selenium-containing compounds
is effective against neurological diseases.
However, to demonstrate sufficient efficacy,
selenium-containing compounds must
be properly delivered to the disease site.
In animal models, it has been reported
that the administration of nanoparticles
encapsulating selenium and flavonoids
reduces amyloid, a protein that plays a major
role in the development of AD, through the

suppression of oxidative stress (Naziroglu et
al., 2017). Considering all of these reports,
we speculate that targeting optimal amounts
of selenium to pathogenic sites may lead to
the development of drugs that can inhibit
the onset and exacerbation of neurological
diseases without causing side effects. We
would like to take up these challenges as
future research topics.

We thank Edanz Group (https://en-author-
services.edanz.com/ac) for editing a draft of
this manuscript.

This work was supported by grants from The
Research Foundation for Pharmaceutical
Sciences (to KiT), and in part by a Grant-in-
Aid for Scientific Research from Japan Society
for the Promotion of Science (JSPS) [KAKENHI
KIBAN (C) 18K06669] (to MK).

Ken-ichiro Tanaka’, Mikako Shimoda,
Masahiro Kawahara
Department of Bio-Analytical Chemistry, Faculty

of Pharmacy, Musashino University, Shinmachi,
Nishitokyo, Tokyo, Japan

*Correspondence to: Ken-ichiro Tanaka, PhD,
k-tana@musashino-u.ac.jp.
https://orcid.org/0000-0003-1893-0751
(Ken-ichiro Tanaka)

Date of submission: January 22, 2021

Date of decision: February 19, 2021

Date of acceptance: April 2, 2021

Date of web publication: July 8, 2021

https://doi.org/10.4103/1673-5374.317968
How to cite this article: Tanaka Ki, Shimoda M,
Kawahara M (2022) Effects of selenium-containing
compounds on Cu*/Zn**-induced neuronal cell
death and potential application as therapeutic
agents for neurological diseases. Neural Regen Res
17(2):311-312.

Copyright license agreement: The Copyright
License Agreement has been signed by all authors

312 | NEURAL REGENERATION RESEARCH | Vol 17 | No. 2 | February 2022

before publication.

Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.

Open access statement: This is an open access
journal, and articles are distributed under the
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the
work non-commercially, as long as appropriate
credit is given and the new creations are licensed
under the identical terms.

References

Cosin-Tomas M, Senserrich J, Arumi-Planas M, Alquézar
C, Pallas M, Martin-Requero A, Sufiol C, Kaliman P,
Sanfeliu C (2019) Role of resveratrol and selenium
on oxidative stress and expression of antioxidant and
anti-aging genes in immortalized lymphocytes from
Alzheimer’s disease patients. Nutrients 11:1764.

Koh JY, Suh SW, Gwag BJ, He YY, Hsu CY, Choi DW (1996)
The role of zinc in selective neuronal death after
transient global cerebral ischemia. Science 272:1013-
1016.

Kryscio RJ, Abner EL, Caban-Holt A, Lovell M, Goodman
P, Darke AK, Yee M, Crowley J, Schmitt FA (2017)
Association of antioxidant supplement use and
dementia in the prevention of Alzheimer’s disease by
vitamin E and selenium trial (PREADVISE). JAMA Neurol
74:567-573.

Ma YM, lbeanu G, Wang LY, Zhang JZ, Chang Y, Dong JD,
Li PA, Jing L (2017) Selenium suppresses glutamate-
induced cell death and prevents mitochondrial
morphological dynamic alterations in hippocampal
HT22 neuronal cells. BMC Neurosci 18:15.

Martini F, Rosa SG, Klann IP, Fulco BCW, Carvalho FB,
Rahmeier FL, Fernandes MC, Nogueira CW (2019) A
multifunctional compound ebselen reverses memory
impairment, apoptosis and oxidative stress in a mouse
model of sporadic Alzheimer’s disease. J Psychiatr Res
109:107-117.

Mehta SL, Kumari S, Mendelev N, Li PA (2012) Selenium
preserves mitochondrial function, stimulates
mitochondrial biogenesis, and reduces infarct volume
after focal cerebral ischemia. BMC Neurosci 13:79.

Nakano Y, Shimoda M, Okudomi S, Kawaraya S, Kawahara
M, Tanaka KI (2020) Seleno-l-methionine suppresses
copper-enhanced zinc-induced neuronal cell death
via induction of glutathione peroxidase. Metallomics
12:1693-1701.

Naziroglu M, Muhamad S, Pecze L (2017) Nanoparticles
as potential clinical therapeutic agents in Alzheimer’s
disease: focus on selenium nanoparticles. Expert Rev
Clin Pharmacol 10:773-782.

Opazo CM, Greenough MA, Bush Al (2014) Copper: from
neurotransmission to neuroproteostasis. Front Aging
Neurosci 6:143.

Qiao B, He B, CaiJ, King-Yin Lam A, He W (2017) Induction
of oxidative stress and cell apoptosis by selenium: the
cure against oral carcinoma. Oncotarget 8:113614-
113621.

Tanaka KI, Kawahara M (2017) Copper enhances zinc-
induced neurotoxicity and the endoplasmic reticulum
stress response in a neuronal model of vascular
dementia. Front Neurosci 11:58.

Tanaka KI, Shimoda M, Kawahara M (2018a) Pyruvic acid
prevents Cu(2+)/Zn(2+)-induced neurotoxicity by
suppressing mitochondrial injury. Biochem Biophys Res
Commun 495:1335-1341.

Tanaka KlI, Shimoda M, Kasai M, lkeda M, Ishima Y,
Kawahara M (2019) Involvement of SAPK/INK signaling
pathway in copper enhanced zinc-induced neuronal
cell death. Toxicol Sci 169:293-302.

Tanaka KI, Shimoda M, Chuang VTG, Nishida K, Kawahara
M, Ishida T, Otagiri M, Maruyama T, Ishima Y (2018b)
Thioredoxin-albumin fusion protein prevents
copper enhanced zinc-induced neurotoxicity via its
antioxidative activity. Int J Pharm 535:140-147.

Wallenberg M, Misra S, Wasik AM, Marzano C, Bjornstedt
M, Gandin V, Fernandes AP (2014) Selenium induces
a multi-targeted cell death process in addition to ROS
formation. J Cell Mol Med 18:671-684.

Zhang ZH, Chen C, Wu QY, Zheng R, Chen Y, Liu Q, Ni
JZ, Song GL (2016) Selenomethionine ameliorates
neuropathology in the olfactory bulb of a triple
transgenic mouse model of Alzheimer’s disease. Int J
Mol Sci 17:1595.

C-Editors: Zhao M, Qiu Y; T-Editor: Jia Y



