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This study aims to evaluate the effects of lithium chloride (LiCl) on resistance to oxidative stress, cell
proliferation, and COX-2 expression, both in the absence of carbon dioxide (CO5), rotenone and antimycin
A and after exposure to them. SH-SY5Y cells were treated for 72 hours with LiCl (0.5 - 5 mM). Superoxide
anion (Oy) and intracellular reactive oxygen species (ROS) production were measured via fluorescence. All
the experiments were carried out under standard conditions, after 4 h of CO; exposure or after 24 hours of
incubation with rotenone and antimycin A: inhibitors of mitochondrial complex | and I11 respectively. At
very low concentrations, LiCl decreased O, production under normoxic conditions and after exposure to
either CO; or rotenone. LiCl was not observed to produce any changes in intracellular ROS levels under
standard conditions or after either the rotenone or antimycin A treatment; but changes were observed after
CO; exposure. In addition, LiCl increased cell proliferation and modified expression of COX-2, but only
under oxidative stress situations. In conclusion, the antioxidant effect of lithium might be due, at least in
part, to its inhibition of O, from complex I. Also, lithium decreases the vulnerability of SH-SY5Y cells to

cell injury.

© 2019 Frederic Marmol. Hosting by Science Repository.

Introduction

Bipolar disorder is a life-threatening psychiatric illness characterized by
mood disturbances with recurrent periods of mania, hypomania and
depression. Although lithium has been used for over 60 years to treat this
illness, the basis of its therapeutic effect remains unclear [1]. It has been
suggested that lithium is neuroprotective, as it increases expression of
the gene encoding the anti-apoptotic protein Bcl-2 and decreases
expression of the genes coding for the pro-apoptotic proteins p53 and
Bax, in both cerebellar granule cells and SH-SY5Y cells [2]. It has also
been observed that therapeutically relevant concentrations of lithium
inhibit cyclic AMP accumulation, decrease the production of amyloid-
(AP) peptides, inhibit AB-induced stress and also both prevent Tau
phosphorylation and exert neuroprotective effects by increasing

resistance to oxidative damage [3-6]. Indeed, it has been shown that
lithium stimulates progenitor proliferation in cultured brain neurons at
low concentrations and could have therapeutic effect on acute and
chronic brain injuries [7].

Oxidative stress, which occurs when the oxidant activity in a tissue
overwhelms its endogenous anti-oxidation and protection mechanisms,
is a major factor in the pathogenesis of different acute and chronic
neurological diseases. When the capacity of the antioxidant systems of
the cell, is exceeded, increased production of reactive oxygen species
(ROS) triggers oxidative stress and can lead to cell death [8, 9].

A mediator of oxidative stress is the cellular superoxide anion (O;)
which can influence both physiological and pathological processes [10].
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The cytotoxic mechanisms by which ROS induce neuronal damage may
involve direct oxidative attack on cell macromolecules (proteins, lipids,
DNA and sugars) and initiation or propagation of free-radical chain
reactions [11]. It has also been suggested that mitochondrial dysfunction
is involved in neurodegenerative disorders including Parkinson’s
disease, Huntington’s disease and amyotrophic lateral sclerosis. In
addition, different studies report altered mitochondrial function in
schizophrenia and major depressive disorder [12]. There is accumulating
evidence indicating increased mitochondrial respiration in bipolar mania
which contrasts with decreased mitochondrial function in patients in the
euthymic or depressive phase of illness [13]. Dysfunction of the
mitochondrial electron transport chain (ETC) is generally associated
with increased mitochondrial ROS production. Mitochondrial complex |
and complex Il are generally considered the most important contributors
to mitochondrial ROS production in intact cells [14]. The complex |
inhibitor rotenone has been shown to stimulate O, production.
Moreover, it appears that complex | can also directly catalyze H,0,
formation, whereas inhibition of complex Il with antimycin A releases
large amounts of O,". However, complex | appears to constitute the main
source of mitochondrial O, under physiological conditions [14, 15]. It
has been reported that lithium administration increases superoxide
dismutase and catalase in various tissues, including several brain regions
[16]. Also, therapeutically relevant lithium concentrations could favor
neurogenesis and decrease the vulnerability of neuronal cells to cell
injury by increasing their antioxidant defenses [6].

Several papers provide strong evidence for the hypothesis that the
arachidonic acid (AA) cascade is a major target for drugs that are
effective in bipolar disorder, particularly in the manic phase of the
disease; but that targeting could be indirect [17]. AA is a lipid released
from membrane phospholipids via both receptor-G protein-initiated
activation of phospholipase A, (PLA;) and cyclooxygenase (COX)-
mediated production of the eicosanoid metabolites: prostaglandins and
thromboxanes [18]. Two COX isoforms have been described: COX-1 is
constitutively expressed and is thought to produce eicosanoids for
normal physiological function; whereas COX-2 is induced in
pathological conditions, often in response to pro-inflammatory agents
[19]. Direct targeting of COX-2 activity and prostaglandin E, formation
has been put forward as a means of treating bipolar disorder [20]. COX-
2 is the predominant isoform in the brain and spinal cord, where it is
involved in synaptic signaling as well as cerebral blood flow and
behavior and also in oxidative neuronal damage [1, 21-23].

CO; is an important gaseous molecule which plays a cell signaling role
in all organisms [24]. In vitro CO, exposure can induce redox status
alteration, which results from an increase in intracellular ROS generation
[25]. The direct effects of oxidative stress associated with CO,
insufflation in neuroblastoma cells are as yet unexplored, although
Montalto et al. showed that oxidative stress induced by CO, exposure
has a toxic effect on neuroblastoma cells, leading to DNA damage [26].
Thus, since SH-SY5Y cells, derived from human neuroblastoma, have
been widely used as an in vitro model for the study of the protective
effects of anti-apoptotic substances and neurodegenerative disorders
they were selected here to study the neuroprotective effects of lithium
[27, 28]. The aims of this study were to analyze the effects of
therapeutically -relevant concentrations of lithium chloride (LiCl) on
SHSY-5Y cell proliferation, on COX-2 expression and on inhibition to
oxidative damage. In this sense, we study the role played by CO, induced
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oxidative stress in neuroblastoma cells treated with LiCl. Since some
dysfunctions of the mitochondrial ETC are associated with increased
mitochondrial ROS production, we determined whether inhibition of
mitochondrial complex | and complex 111 were affected by LiCl

Materials and methods
SH-SY5Y Cell cultures

SH-SY5Y human neuroblastoma cells were purchased from American
Type Cell Culture (ATCC, Manassas, VA, USA) and were cultured in
MEM supplemented with 10% FBS, 2 mM L-glutamine, 500 uM sodium
pyruvate, 50 units/ml penicillin and 50 pg/ml streptomycin. The cells
were grown in a humidified incubator with 5% CO, at 37°C. The culture
medium was changed every 2-3 days.

Hypoxic/reoxygenation experiments

SH-SY5Y cells were placed in a modified desiccating chamber
connected to a continuous CO, flow at a pressure of 15 mmHg (100%)
for 4 hours (hypoxia). The chamber was located in an incubator set at
37°C. After CO, exposure, the cells were immediately transferred to a
standard cell incubator with a normoxic atmosphere (reoxygenation) of
95% air and 5% CO, for a further 24-hour incubation period. Non-
treated cultures were maintained in parallel for the same time in a
standard cell incubator (95% air/5% COy) at 37 °C to represent standard
conditions [26].

Superoxide anion (O7) Quantitation by hydroethidine assay

Hydroethidine (HE) (Life Technologies), a sodium borohydride-reduced
derivative of ethidium bromide, was used to detect O, which converts
it to ethidium bromide causing an increase in red fluorescence. The
increase in fluorescence was measured on a Wallac Victor 2 1420
Multilabel Counter (PerkinElmer), using an excitation wavelength of
510 nm and an emission wavelength of 590 nm. Neuroblastoma cells
were seeded onto 6-well plates (Greiner Bio-one), allowed to adhere for
at least 24 h, and then incubated in Hanks’ balanced salt solution (HBSS)
containing 5 uM HE, for 30 min at 37°C in the dark to allow the dye to
become loaded into the cells [29]. Subsequently, the cells were treated
with phenol-free RPMI containing 0, 0.5, 1 or 5 mM LiCl. The cells
reacted on addition of the LiCl and we allowed the reaction to proceed
under incubation at 37°C for 72 h. A cell sample without HE was
incubated as a negative control. The generation of O,” was measured and
reported as the relative fluorescence intensity.

Measurement of intracellular ROS generation by DCF-DA
assay

Conversion of non-fluorescent chloromethyl-DCF-DA  (2°,7°-
dichlorofluorescein diacetate) (Sigma-Aldrich) to fluorescent DCF was
used to monitor intracellular H,O, production and other oxidants. DCF
were quantified using a microplate reader (Wallac Victor 2 1420
Multilabel Counter (PerkinElmer), using an excitation wavelength of
480 nm and an emission wavelength of 535 nm. After 72 hours LiCl
treatment, neuroblastoma cells in 6-well plates were incubated with 10
pM for 30 min at 37°C. After two washes with PBS, the cells were
harvested using non-enzymatic cell dissociation solution and
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resuspended in 500 pl of PBS supplemented with 0.1 M KH,PO, and
0.5% Triton X-100. Cell debris was pelleted by centrifugation at 2000g
for 10 min, and the supernatants were analyzed under fluorescein optics,
since the fluorescence intensity is proportional to the amount of
intracellular peroxide produced by the cells [29].

Treatment with rotenone and antimycin A

Concentrations of rotenone and antimycin A were selected based on both
data from previous studies carried out in our department, and those
obtained by other authors [30, 31].

After 72 hours of LiCl (0.5, 1 or 5 mM) treatment, the neuroblastoma
cells were incubated for 24 h at 37°C with 5 uM rotenone or 10 nM
antimycin A. We then continued with the method used in the HE and
DCEF assays.

Western blotting

After LiCl treatment, to obtain whole cell extracts, the cells were lysed
using cell lysis buffer (Cell Signaling) + PMSF. Immediately, the cells
were scraped off the plate and the extract were transferred to Eppendorf
tubes on ice. The samples were sonicated for 15 seconds, and centrifuged
at 9,000 g at 4°C for 10 min. The protein concentration was evaluated in
the supernatant by the Lowry’ method and 10 pg of proteins was
incubated with 0.3 M Tris-HCI, 5% SDS, 50% Glycerol and 100mM
DTT at 96°C for 5 min [32]. 10 pl of the sample were loaded on a 4%-
12% polyacrylamide gel for 100 min at 140V and 400 mA, and
transferred to nitrocellulose membranes. Later, the membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline, 0.1% Tween
20 (TBS/T), for an hour and then washed three times for 10 min with
TBS/T. The membranes were incubated overnight at 4°C with the
primary monoclonal antibody with TBS/T - 5% BSA. The membranes
were washed three times for 10 min with TBS/T and incubated for 60
min at room temperature, in continuous agitation with the secondary
antibody, at the appropriate dilution in TBS/T; and washed again 3 times
for 10 min with TBS/T.

Protein strips were incubated for 5 min with ECL Clarity from BioRad
and analyzed using a LAS-3000 Imaging System (Fujifilm). The bands
were quantified by densitometry analysis.

Measurement of cell proliferation

Cell growth was determined using the MTT assay [33]. Briefly, the
tetrazolium salt MTT was added to the SH-SY5Y cells (Img/ml final
concentration). After 2 hours of incubation at 37°C, the lysing buffer was
added (20% SDS in 50% N,N-dimethyl formamide, pH: 4,7). After
further overnight incubation at 37°C, the optical densities were measured
at 570 nm. The percentage survival was defined as [Abs (experimental—
blank/Abs (control-blank)]x100 where “blank” was the value taken
from wells without cells.

Statistical analysis
Data were expressed as mean * S.E. Statistical significance was

established by one-way analysis of variance (ANOVA), with the Tukey
post hoc test comparing the means. When appropriate, Student’s t-test
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was employed to compare two groups. Differences with p < 0.05 were
considered statistically significant

Results
Incubation time period and LiCl concentrations assayed

To discriminate between adverse and beneficial effects, LiCl
concentrations ranging from 0.5 to 5 mM were used [6, 7].

As a preliminary experiment, we were interested in defining the
optimum incubation time for LiCl. For this, we determined the
production of O, in SH-SY5Y cells using, 5 mM LiCl, for 24, 48, 72
and 96 h. In all the time periods we included a control to rule out
problems of growth or cell death. Our results show that the maximum
O, production was observed after 72 h of incubation. So, we selected
this incubation time in all the subsequent experiments (results not
shown).

O, generation by the HE assays

O, generation in LiCl-treated neuroblastoma cells was monitored by the
HE dyes assay. Our results showed a significant decrease of Oy
production after 72 h of incubation with LiCl. They also showed a
significant decrease significantly with all concentrations of lithium; it
should be noted that even very low concentrations of LiCl (0.5 and 1
mM) inhibited O, production significantly (Figure 1).
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Figure 1: Fluorescence signal of HE oxidation products in SH-SY5Y
cells in the presence or absence of CO,, following exposure for 72 hours
to various concentrations of LiCl. Data are expressed as means + S.E.M
of six independent experiments performed in triplicate. *P < 0.05, **P
< 0.01 and ***P < 0.001 compared LiCl results to their respective
control group. **P < 0.01 comparison of CO, group versus normoxia
conditions (NC) group.

Since CO, exposure induced an increase in intracellular ROS generation
in SH-SY5Y cells, which may cause oxidative damage, we tested the
effects of different concentrations of LiCl, 24 hours after the cells were
exposed to 15 mmHg CO, for 4 hours. In this case, we observed a
significant increase in O, production in comparison with standard
conditions. As in the standard group, all concentrations of lithium
significantly decreased the production of O, (Figure 1).
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In the presence of rotenone (5 uM), LiCl also inhibited O, production in
comparison to rotenone alone; showing a significant effect at
concentrations of 0.5 mM of LiCl (Figure 2).

In contrast, in the presence of antimycin A (10 nM), LiCl did not modify
O, production at any of the LiCl concentrations assayed (Figure 2).

It should be noted that incubation with either rotenone or antimycin A
both stimulated O, production very significantly (Figure 2).
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Figure 2: Fluorescence signal of HE oxidation products in SH-SY5Y
cells following exposure for 72 hours to various concentrations of LiCl
and subsequent treatment for 24 hours with rotenone (5 uM) or
antimycin A (10 nM). Data are expressed as means + S.E.M of six
independent experiments performed in triplicate. *P < 0.05, **P < 0.01,
***pP < 0.001 comparing antimycin A and rotenone results to control
group. *P <0.05, ** P <0.01 significant differences compared with their
respective control conditions group (CT).

Intracellular ROS generation by DCF assay

Intracellular production of ROS in lithium-treated SH-SY5Y cells was
analyzed using the fluorescein derivative DCF dye assay for 72 hours.
(Figure 3) shows ROS generation by neuroblastoma cells treated with
LiCl. No statistically significant differences were found between any of
the concentrations assayed.

When we exposed the cells to CO,, we observed a significant increase in
ROS production in the control cells in comparison to normoxic
conditions; whereas lithium, even at very low concentrations,
significantly reduced this increase in ROS production. In this sense, LiCl
decreased the effects of CO, exposure very fast and LiCl 5 mM inhibited
them completely (Figure 3).

In the same way as in the previous experiment, when we analyzed DCF
production, no statistically significant differences were found between
any of the concentrations of LiCl assayed. Neither were significant
differences observed with lithium in the presence of rotenone (Figure 4).
In the presence of antimycin A, a significant increase in ROS generation
was only observed under the control conditions and for the 0.5 mM
lithium: not with concentrations above this (Figure 4).

Measurement of cell proliferation by MTT

The results for cell proliferation show that LiCl significantly protected
against cell death induced by CO, exposure. The protection was dose-
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dependent and already statistically significant with 0.5 mM lithium
(Figure 5). In contrast, in the normoxic group, a slight but significant
difference was observed from 1 to 5 mM lithium (Figure 5). When we
compared normoxic and CO,-treated cells, in all cases the differences
were significant, although the results matched each other as we increased
the LiCl concentration.

In the cells treated with rotenone, there was a tendency for lithium
gradually to increase cell proliferation at all concentrations, but this was
only significant at 1 and 5 mM (Figure 5). Something similar happened
with antimycin A, as differences were observed from 1 mM LiCl (Figure
5). In the control groups, all the treatments assayed produced a
significant decrease in cell proliferation in comparison with normoxic
conditions. It is important to note that in all cases, LiCl gradually
enhanced cell proliferation as the concentrations of this ion increased
(Figure 5).
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Figure 3: Changes in intracellular fluorescence signal of DCF oxidation
products in SH-SY5Y cells in the presence or in the absence of CO,,
following exposure for 72 hours to different concentrations of LiCl. Data
are presented as the means + S.E.M of six independent experiments
performed in triplicate. **P < 0.01 comparing CO, control group versus
normoxia conditions (NC) group. *P < 0.05 and *"P < 0.01 significant
differences compared LiCl with their respective control group.
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Figure 4: Changes in intracellular fluorescence signal of DCF oxidation
products in SH-SY5Y cells following exposure for 72 hours to various
concentrations of LiCl and subsequent treatment for 24 hours with
rotenone (5 uM) or antimycin A (10 nM). Data are presented as the
means + S.E.M of six independent experiments performed in triplicate.
* P <0.05, *** P < 0.001 comparing antimycin A and rotenone results
to their respective control group.
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Figure 5: Dose-related effects of 72 hours exposure to LiCl
concentrations ranging from 0.5 to 5 mM on SH-SYS5Y cells’ growth
rate in the absence or presence of CO, and after subsequent treatment for
24 hours with rotenone (ROT) (5 pM) or antimycin A (ANT-A) (10 nM).
The cell viability corresponds to the mean + S.E.M of six independent
experiments performed in triplicate. * P < 0.05; ** P < 0.01 and ***P <
0.001 comparing CO,, rotenone and antimycin A groups versus
normoxia conditions (NC) group. “P < 0.05, P < 0.01, compared LiCl
groups to their respective control group.

Comparison between NaCl and LiCl

To verify that the neuroprotective effect of lithium was specific and not
due to other non-specific factors, we treated the cell cultures with sodium
chloride (NaCl) and LiCl, both at 1 mM. In contrast to what happened
with lithium, the sodium group showed no significant differences in
intracellular ROS and O, levels from the normoxia and CO, exposure
groups (results not shown).

When we compared the cell growth with LiCl and NaCl to the normoxia
groups, we observed a slight but significant difference with the lithium
treatment, but not with sodium. Meanwhile, in the CO; group, LiCl
produced a very significant increase in cell proliferation, while NaCl
caused no significant differences (Figure 6).
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Figure 6: Effects of treatment with LiCl (1 mM) and NaCl (1 mM) after
72 hours exposure on SH-SY5Y cells proliferation in the absence,
normoxia conditions (NC) or in the presence of CO,. The cell viability
corresponds to the mean + S.E.M of six independent experiments
performed in triplicate. “P < 0.05 and ™ P < 0.01 compared with control
groups.
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Western blotting

In relation to Western blots, the COX-2 antibody detected a prominent
band at about 72 kDa. Under normoxic conditions, COX-2 protein
levels, in the lithium-treated group, were not modified by the different
concentrations. After CO, exposure, we observed up-regulation of COX-
2 in the control group and at lower concentrations of LiCl. However, this
effect diminished as the LiCl concentration increased: at 1 and 5 mM it
reached levels very similar to those obtained in the normoxic group
(Figure 7A and 7B). No significant differences were observed in SH-
SY5Y cells treated with rotenone or antimycin A (results not shown)
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Figure7A:Representative  protein  expression ~ measured by
immunoblotting of COX-2 in SH-SY5Y cells treated for 72 hours with
different concentrations of LiCl (0.5-5 mM) in the absence, normoxia
conditions (NC), or in the presence of CO,.
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Figure 7B: Relative optical density (OD) of COX-2 to a-tubulin. All
results are expressed as means + S.E.M of six independent experiments
performed in triplicate. P < 0.05 and P < 0.01 compared with
normoxia conditions (NC) group.

Discussion

There are several reports that mood stabilizers such as lithium have
neuroprotective properties and enhance resistance to oxidative stress
against a wide array of insults, both in vitro and in vivo; but only a few
studies have specifically examined the effects of lithium at therapeutic
doses. Despite the conflicting reports, our results demonstrated that 72
hours of treatment with lithium was sufficient to observe a clear effect.
Thus, at least in SH-SY5Y cell cultures, long-term treatment with
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lithium is not necessary to detect changes in parameters relating to
oxidative stress.

HE fluorescence analysis was used to measure O, production in
different cells. HE reacts with O™ to form ethidium bromide, causing an
increase in red fluorescence. This protocol has several advantages over
other methods for detecting O, produced in small amounts in different
cells, as it allows for the continuous formation and accumulation of HE,
which is stable in cells for prolonged periods of time [34]. Our results
demonstrated a significant reduction in the production of O, in the
presence of all the lithium concentrations used, which shows the
potential capacity of this ion to decrease O, levels in SH-SY5Y cells.
DCF was used to measure intracellular ROS production in various cells
and there are authors who postulate that it could be suitable to measure
H,0, production [29]. Our results demonstrated that no significant
differences were obtained in the intracellular ROS levels under standard
conditions after LiCl treatment.

It is known that CO, exposure induces redox status alterations, resulting
from an increase in intracellular ROS generation. In particular, treatment
of human neuroblastoma SH-SY5Y cells with CO, causes an increase in
intracellular ROS production that persists 24 h after CO, exposure [26].
This could be related to the known property of CO, to produce a hypoxic
condition in cells and tissues. Levels of intracellular ROS increase under
hypoxia in different cells [26, 35]. In addition, the reoxygenation of
hypoxic cells can result in free- radical formation, sustained also by a
hypoxia-induced decrease in cell antioxidant defenses [36]. To test the
role of CO-induced oxidative stress in our experimental model, we
studied the production of O, and intracellular ROS levels in the presence
of CO,. Incubation with CO, for 4 hours produced, after 24 hours of
reoxygenation, a significant decrease in O, and ROS production at all
the concentrations of LiCl assayed. These results indicate that, in
contrast to its effects on O, levels, lithium only acts on intracellular ROS
production, when the levels of this compound are altered by a factor than
can damage the organism.

Several studies have suggested that the activity and expression of
mitochondrial ETC components are altered in the brain of patients with
bipolar disorder [30]. Complexes I and Il are the main sites from which
electrons are released and react with oxygen in intact cells, resulting in
ROS production, thus causing oxidative stress [37]. Our results
demonstrate that the inhibitors of mitochondrial complexes | and IlI,
rotenone and antimycin A respectively, induced mitochondrial
dysfunction as evidenced by the increased production of ROS and cell
death. It has been suggested that mitochondria represent an important
link between risk factors and eliminating injured mitochondria could be
critical to prevent cells from enacting a series of pro-apoptotic cellular
responses. In the presence of LiCl, the effects of rotenone decrease
significantly, indicating that this ion protects the cells from ROS, albeit
only partially. However, lithium is not capable of modifying the
response to antimycin A; indicating that the response, in our
experimental model, would be essentially related to mitochondrial
complex 1.

In relation to the results obtained with DCF, the inhibitor of complex I,
rotenone, does not produced any difference from the control, in the
presence of different concentrations of LiCl or its absence. This indicates
that in contrast to what happened with O, at least in neuroblastoma
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cells, rotenone does not modify the production of intracellular ROS. It
has been suggested that in HEK293 cells, ROS levels are not detectably
increased by rotenone or antimycin A treatment. Our results suggest that
very little intracellular ROS are formed or that it’s are effectively
removed from mitochondria. This is in line with the hypothesis that
mitochondria can act as cellular sinks of H,0,. [37, 38].

When the cells were treated with antimycin A, only the control and the
lower concentration of LiCl significantly increase DCF production very
slightly in comparison to the control group. Therefore, LiCl may not
decrease the production of DCF induced by antimycin A in any case
suggesting that, with respect to ROS production, lithium would seem to
not affect the mitochondrial complexes | and Il in SH-SY5Y cells. It is
possible that other mitochondrial sites may contribute to ROS production
[14]. In short, these results and those obtained under normoxia
conditions suggest that exposure to low concentrations of lithium confer
significant protection against oxidative stress. Consistent with our
results, Frey et al. reported that lithium inhibited lipid peroxidation in
the hippocampus of rats. Moreover, lithium treatment increases the
antioxidant enzymes superoxide dismutase and catalase in several
tissues, including several brain regions [16, 39].

Likewise, it has been demonstrated in vitro that lithium inhibits the
increase of lipid peroxidation and protein oxidation induced by
glutamate and decreases the vulnerability of neuronal cells to cell injury
by increasing antioxidant defenses, perhaps from putative mitochondrial
disturbances [6, 40, 41]. Not only was this protective effect found in
animals and cell cultures, but in a recent study a decrease was found in
the concentration of H,O, in healthy humans following lithium
treatment, associated with a decrease in oxidative stress [42]. In short,
our results suggest that lithium treatment after CO, exposure reduces the
damage induced by hypoxia induced by CO, in cell cultures; this
protective effect could be due to a decrease of the oxidative products.

However, several studies suggest that lithium protects neurons from
death induced by a wide array of neurotoxic insults and stimulates
neurogenesis and the proliferation of glial and neuronal cells [7, 43, 44].
Likewise, other authors showed that in the presence of low
concentrations of lithium, SH-SY5Y cells proliferated faster than
controls and suggested that the phosphoinositol or Wnt pathway was
involved in this stimulatory effect [6]. On the other hand, Nciri et al. also
demonstrated that chronic exposure to low lithium concentration favored
neurogenesis and brain regenerative capacity [28]. Our results support
these hypotheses, especially after cell cultures were submitted to
hypoxia by CO, exposure. In this case, we observed a dose-dependent
increase with LiCl in cell proliferation, whereas under normoxia
conditions only a slight (but significant) increase was found.

In the presence of rotenone and antimycin A, the results were very
similar to those obtained with CO,. Both rotenone and antimycin A
significantly decrease cell proliferation while lithium increased it
slightly but significantly. These findings indicate that at low
concentrations, lithium could reverse cell apoptosis produced by
different mechanisms and on its own, it is capable of stimulating cell
proliferation, as observed in the control cells.

To verify the specificity of the effects of LiCl, we tested NaCl before
and after the treatment with CO,. Unlike LiCl, NaCl does not modify
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intracellular ROS or O, production and does not modify cell
proliferation, indicating the specificity of lithium exposure in SH-SY5Y
cell cultures. Our results also suggest that lithium does not modify COX-
2 expression under normoxia conditions. After exposing the cultured
cells to hypoxia with CO,, we observed a significant increase in the up-
regulation of COX-2 in the control group, which dropped with increasing
concentrations of lithium. In this regard, contradictory results have been
reported. For example, several studies have demonstrated that lithium
and other mood-modulating drugs significantly decrease expression of
COX-2 in different experimental models, like primary cultured
astrocytes, and in rat primary glia cells [40, 45]. Meanwhile, other
studies have produced inconsistent results. For example, it was observed
that the effect of lithium on COX-2 expression in different brain areas of
rats increased COX-2 expression in the cerebral cortex and hippocampus
but did not alter expression in other regions [46]. In contrast, Yuskaitis
and Jope observed that lithium did not alter COX-2 expression in
microglia cells [47]. In brief, those findings suggest that lithium reduces
COX-2 expression in some tissues, but that it has no effect or enhances
COX-2 expression in other tissues [48]. The use of different
experimental models, different methods and different periods of chronic
lithium treatment might explain these contradictory results. Our results
showed that only under cell stress conditions does lithium slightly reduce
COX-2 expression, but only to control values.

Conclusions

Lithium at very low concentrations partially protects SH-SY5Y cells
against oxidative stress and corroborate the hypothesis that lithium, but
not sodium, enhances the antioxidant defenses of various cells against
cell death induced by oxidative stress. The protection afforded by lithium
might be due, at least in part, to its inhibition of O, from mitochondrial
complex I; although it seems likely that multiple sites affected by lithium
contribute to its antioxidant action. Also, lithium decreases the
vulnerability of neuronal cells to cell injury. Meanwhile, exposure to
CO; produces up-regulation of COX-2 expression, while lithium reduces
this at very low concentrations, suggesting that lithium does not act on
COX-2 expression under normoxia conditions, but does under oxidative
stress situations in neuroblastoma cells.
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