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Lithium (Li) is commonly used as a mood stabilizer in the treatment of mental diseases due to its anti-oxidative capability,
though other studies have demonstrated that Li possesses pro-oxidant effects in a variety of models. To elucidate some
of the molecular mechanisms underlying lithium redox homeostasis, the activity of superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), glutathione reductase (GR), and glutathione S-transferase (GST), as well as lipid
peroxide malondialdehyde (MDA) levels were measured in wild type (WT) and SOD, GLR, and GPX deficient
Saccharomyces cerevisiae strains cultured for 24 h in presence of lithium. A dose-dependent cell-growth inhibition was
detected for Liat 1, 5, and 10 mM. Li doses that inhibited the growth of WT and SOD, GPX, and GLR deficient strains by
50% (ICso) were 4.46 and 2.99, 3.15 and 3.32 mM, respectively. MDA levels in WT, GPX: and GLR deficient strains did
not alter significantly following Li treatment (P >0.05). Furthermore, when a SOD deficient strain is exposed to Li, the
MDA level was increased significantly (P < 0.05). SOD activity did not change significantly (P > 0.05) in the WT or GPX
deficient strain, however, its activity in the GLR deficient strain was significantly increased after Li treatment (P >0.05). Li
treatment decreased CAT activity in WT as well as in SOD, GPX, and GLR deficient strains. In addition, GPX activity was
unaltered following Li treatment in WT and GLR deficient strain, compared to control, but GPX activity was significantly
changed in SOD deficient strain. GST activity was reduced in the WT along with GPX and GLR deficient strains, whereas
it increased significantly in SOD deficient strain (P < 0.05). The GR activity was increased in GPX deficient strain treated
with Li, while the GR activity was significantly decreased in WT and SOD deficient strains compared to control. Overall,
the current data imply that the Li concentration utilized in treatment is critical because it can either enhance the antioxidant
system or has prooxidant activity due to its ability to generate ROS and be involved in the production of lipid peroxidation.
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INTRODUCTION

Reactive oxygen species (ROS) are naturally produced
by cells because of a normal attribute of aerobic life and
can be enhanced by stress. An increase in the
concentrations of different ROS species might leads to
molecular damage, assigned as oxidative distress (Sies,
2021). ROS such as superoxide and hydroxyl radicals, as
well as nonradical hydrogen peroxide (H2032), can initiate a
variety of diseases by causing protein denaturation,
enzyme inhibition, DNA damage, and lipid peroxidation
(Mahadik et al. 2001; Wang et al. 2003; Frey et al. 2006;
Machado-Vieira et al. 2007).

The lipid peroxide level (MDA) and the superoxide
dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPX) enzyme activities are considered major
markers of oxidative stress levels (Gsell et al. 1995;
Hussain et al. 1995; Wang et al. 2004). SOD converts

superoxide radicals to H202, while CAT converts H202 to
02 and H202. Also, GPX is involved in the reduction of
organic peroxides, whereas GR is involved in the
conversion of oxidized glutathione (GSSG) to reduced
glutathione (GSH). The enzyme GST detoxifies xenobiotics
by conjugating them with GSH as an electron donor. Non-
enzymatic antioxidant molecule GSH functions as a
substrate for GPX and GST as well as a reductant for
electrogenic toxicants (Hussain et al.1995; Halliwell and
Gutteridge, 2015).

Moreover, ROS is known to play an important role in
the pathogenesis of several diseases such as
neurodegenerative and psychiatric disorders (Halliwell,
2001; Palmieri and Sblendorio, 2006; Frey et al. 2007; Liu
et al., 2007; Machado-Vieira et al. 2007; Won et al. 2017).
Therefore, tremendous progress has been made in
understanding the role of these oxidants in physiology and
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illness, particularly in the neurological, cardiovascular, and
immunological systems (Williams and Harwood, 2000; Yan
et al. 2019). Because of ROS's significance in redox
signaling pathways, antioxidant compounds can be
evaluated for their effectiveness in preventing disease
initiation and progress. As a result, regulating certain ROS-
signaling pathways is a promising future redox-medicine
strategy. This includes the role of lithium (Hajikarimlou et al.
2020) as well as enzymatic defense systems such as SOD
(Sies, 2021).

Lithium is known as a mood-stabilizing agent with
documented capacity for DNA damage, free-radical
formation, and lipid peroxidation prevention and/or
reversion in diverse models (Shao et al. 2005; Andreazza
et al. 2007, Machado-Vieira et al. 2009); lithium has
neurotrophic  and neuroprotective characteristics
(Andreazza et al.2008). Worth noting, lithium’s effects on
oxidative stress biomarkers and antioxidant enzymes were
investigated in animal as well as cell line models (Allagui et
al. 2007;Frey et al. 2007; Paul et al. 2020). However, no
previous research has examined the effects of lithium on
antioxidant enzyme activities such as SOD, CAT, GPX,
GLR, and GST in wild-type (WT) and in SOD, GPX, and
GLR deficient yeasts.

Therefore, this study was designed to evaluate the
effects of lithium on lipid peroxide level (MDA: oxidative
stress biomarker) and on SOD, CAT, GPX, GR, and GST
activities  (the  major antioxidant enzymes) in
Saccharomyces cerevisiae WT, and in SOD, GPXand GLR
deficient strains models.

MATERIALS AND METHODS

Chemicals

Hydrogen peroxide 30% (H202) was purchased from
GAINLAND Chemical company, U.K. 1-chloro-2,4-
dinitrobenzene was purchased from (MERCK-Schuchardt,
Germany). SOD Assay Kit, glutathione reduced form (min
98%), Thiobarbituric acid (TBA), and lithium chloride (LiClI)
were purchased from Sigma- Aldrich company (Germany).
L- Glutathione oxidized (Min 98%) and NADPH-
Tetrasodium salt were purchased from Applichem
(Germany).

Yeast Strains

Saccharomyces cerevisiae (S. cerevisiae) WT and
GLR, GPX, and SOD deficient strains were used in this
study. These strains were a kind gift from Dr. Antonios
Makris and Dr. Odat Osama, International Center for
Advanced Mediterranean Agronomic Studies, Chania,
Greece.

Yeast culture media.

Yeast culture media (1% Yeast extract, 2% Peptone,
caseinl%, Proline 0.12%, 2% glucose) as a carbon source
were used in this study. The medium was sterilized at 15
P.S.I for 20 min, at 121 °C, and adjusted to pH (5.8 £ 0.2).

Growth condition

yeast cells were grown to saturation for 24 h at 25 °C in
liquid yeast media. Yeast strains were cultured in the
absence or presence of lithium chloride (0,1 5,20 mM LiCl)
for 24 h at pH 5.8, 25 °C, and 150 rpm agitation rate. After
24 h, yeast strains were collected and lysed by
ultrasonication in 30 s intervals for 5 min in the ice,
centrifuged at 15000 rpm for 30 min, and the supernatant
was collected and stored at -70 °C for further studies.

Determination of lipid peroxidation

Lipid peroxidation was measured according to a
procedure mentioned in Draper and Hadley (1990), it was
represented by malondialdehyde (MDA) level as an
indicator of ROS generation. The assay was based on the
reaction of thiobarbituric reactive substances (TBARS) with
malondialdehyde (MDA); MDA is one of the low-molecular-
weight end products generated by the breakdown of lipid
peroxidation products. 2 ml of 10% trichloroacetic acid
solution was added to 1 ml of yeast strains homogenate
with heating in a boiling water bath for 15 minutes. The
tubes were chilled under tap water, centrifuged at 1000 rpm
for 10 minutes, and 2 ml of the supernatants were added to
1 ml of 0.67% TBA solution in a test tube. The preparations
were placed in a boiling water bath for 15 min. They were
cooled under tap water and the absorbencies of the
resulted reaction products were measured using a
spectrophotometer at Ass2 nm. In the control experiment,
which followed the same experimental approach, distilled
water was utilized instead of the TBA solution. MDA
concentrations were determined by the measurement of
pink-colored complex (MDA-TBA complex; absorbance
coefficient E = 1.56 x 10 > M~ cm) formation at 532 nm.
The MDA values were expressed in ymole/g protein.

Catalase activity

Catalase activity (CAT) was assayed according to the
method of Aebi (1984). Briefly, 20 pl of yeast strains
homogenates was added to 965 pl of phosphate buffer (pH
6.5, 0.2 M), then 50 pl of H202 (15 mM fresh solution) was
added. Before the addition of H203, the absorbance value
in the spectrophotometer was adjusted to auto-zero at 240
nm, then after the addition of H202, the decrease in
absorbance value was monitored at 240 nm for 1 min and
expressed as pmole H20. decomposed/mg protein/min
(specific absorption coefficient is 43.6 M~' cm-1 H202 at 240
nm).

Superoxide dismutase activity

Superoxide dismutase (SOD) activity was determined
using the SOD determination kit (Sigma- Aldrich,
Germany), which was based on the method of (McCord and
Fridovich, 1969). Xanthine and xanthine oxidase were used
to generate superoxide anion radicals which react with 2-
(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium
chloride quantitatively to form a red formazan dye. SOD
inhibits the reaction by converting the superoxide radical to
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H20:2 and oxygen. A unit of SOD activity was expressed as
unit/mg protein which was defined as the amount of
enzyme that causes 50 % inhibition of cytochrome c¢
reduction under standard conditions.

Glutathione peroxidase activity

The activity of glutathione peroxidase (GPX) in the
supernatant of yeast strains homogenate was measured
spectrophotometrically as described previously (Paglia and
Valentine, 1967). The assay mixture contained 20 pl of 0.1
M GSH, 10 pl of the sample, 100 pl of 2 mM NADPH, 100
ul of 10 U/ml GR, 760 pul of 0.2 M Tris-HCI pH 8, and 10 pl
of 7 mM t-butyl hydroperoxide. The rate of NADPH
oxidation was followed at 340 nm. Controls without t-butyl
hydroperoxide always accompanied each assay. The
specific activity was expressed as pmol/mg protein/min
estimating the decrease of NADPH for 1 min at 340 nm
(specific absorption coefficient is 6.22 mM-!' cm~' NADPH
at 340 nm).

Glutathione reductase

Glutathione reductase (GR) activity in the supernatant
of yeast strains homogenate was measured according to
the method described by (Glatzle et al. 1974). The enzyme
assay mixture contained 100 pl of 33.0 mM oxidized
glutathione, 10 pl of the sample, 840 pl of 50 mM of sodium
phosphate buffer, pH 7.5, and 50 pl of 2 mM NADPH. The
rate of NADPH oxidation was followed photometrically at
340 nm. Controls without NADPH were used and the
specific activity was expressed as pmol/min/mg protein.

Glutathione S-transferase

The activity of glutathione S-transferase (GST) was
evaluated by an increase of absorbance for 1 min at 340
nm as a result of the GSH and CDNB (1-chloro-2,4-
dinitrobenzene) conjugation as described by (Habig et
al.1974). The test mixture consisted of 50 ul of 0.1 M
reduced glutathione, 20 pl of the sample, 880 ul of sodium
phosphate buffer, pH 6.8, and 50 pl of 2100 mM 1-chloro2,4
dinitrobenzene to start the reaction. The enzyme's specific
activity was measured in pmol/min/mg protein using
controls that did not contain 1-chloro-2,4 dinitrobenzene.
The specific absorption coefficient of the conjugate S-(2,4-
dinitrophenyl)-glutathione is 9.6 mM~' cm~" at 340 nm.

Total protein levels

Total protein levels of the supernatants were measured
at 750 nm after mixing with the Folin-phenol reagent
according to the method of (Lowry et al.1951). Bovine
serum albumin was used as standard, and the calculations
were expressed as mg/mL.

Statistical methods

All enzymes, lipid peroxide, and growth of strains
result,s in the presence and absence of lithium were
performed 3 times. Data were expressed as Mean +
Standard Error and analyzed using a one-way analysis of

variance (ANOVA) test with sigmaplot application. P < 0.05
was considered statistically significant

RESULTS AND DISCUSSION

The effect of lithium concentrations on the growth of
yeast cells

Figure 1 shows that LiCl, after 24h of exposure,
induced dose-dependent decreases of the cell number in
culture. The lowest concentration that significantly inhibited
WT and SOD, GPX, and GLR deficient strains growth was
1 mM. The concentrations that caused a 50% decrease in
growth of WT, and SOD, GPX, and GLR deficient yeast
strains (ICso) were 4.46, 2.99, 3.15, and 3.32 mM LiCl,
respectively; values dependent on the kind of the cells
used. They were lower in SOD, GPX, and GLR deficient
cells than in WT ones. Interestingly, ICso values of LiCl
against SOD, GPX, and GLR deficient strains were
insignificantly different.
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Figure 1. Dose effects of Li on the growth of S.
cerevisiae strains cultured for 24 h in presence of LiCl.
Values are the mean of 3 cultures/concentration + standard
error. Growth % is expressed relative to control which was
regarded as 100%.

Table 1: The effects of LiCl on the growth of S. cerevisiae
strains and expressed as ICso value.

LiCI (ICs0) mM
S. cerevisiae strain
WT SOD defcient GPX defcient GLR defcient
4.46 +0.14° 2.99 +0.09° 3.15+0.42° 3.32+£0.21°
y =-14.8x y =-19.43x + y =-21.01x + y =-22.4x +
+ 116 114.55 116.25 116.95
R2=0.9956 R2=0.9586 R?=0.9523 R?=0.9482

ICso values were determined from the dose growth curves. The
results are presented as mean + SD. IC50: the concentration that
inhibits the growth of yeast by 50%. 2 Values were considered
significant with p < 0.05.

The cytotoxic effects of Li in GPX, GLR, and SOD
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deficient cells could be attributed to superoxide (02°-)
accumulation which is account for the increased cell death.
This result agrees with previous studies, which indicate that
part of lithium toxicity is mediated by oxidative stress
(Kielczykowska et al. 2004; Holley et al. 2014; Zhao et al.
2021).

Lipid peroxides (MDA)

The influence of Li on the production of MDA is
depicted in Figure 2. After in vitro treatment of S. cerevisiae
wild type and GLR and at lower concentrations in GPX
deficient strains, with lithium, there was no significant
change in MDA concentration, however, there was a
significant rise in MDA after exposure of the GPX mutant
to an increased concentration of Li (P <0.05). In addition,
MDA levels rise significantly after SOD is exposed to higher
Li concentrations (P <0.05). Moreover, there was a
significant difference reported between SOD, wild type,
GPX, and GLR deficient strains groups in response to Li.

These effects of Li on MDA levels in SOD, GR, and
GPX deficient strains correspond to deficit effects of those
enzymes in the detoxifications of ROS in cells and this is in
accord with previous research (Tandon et al.1998;
Ranjekar et al. 2003; Kielczykowska et al. 2004; Efrati et al.
2005; Allagui et al. 2007; Holley et al. 2014; Zhao et al.
2021). The nonsignificant change in MDA level in WT is
attributable to CAT or GPX activity, both of which can
detoxify hydroperoxides and other organic peroxides using
GSH as a reducer (Grant et al.1998; Grant, 2001).

SOD activity

Figure 3 shows that after in vitro Li exposures, SOD
activity did not change significantly (P > 0.05) in the WT or
GPX deficient strains. Though, Li caused a significant
change in WT when compared to the control group at 10
mM. SOD activity in the GLR deficient strain was increased

significantly after Li treatment (P <0.05). There was
also a significant change in SOD activity in WT, GPX, and
GLR deficient strains after exposure to concentrations = 5
mM of Li in vitro. The changes in SOD activities were found
to be
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Figure 2: The effect of Li on lipid peroxide adducts
(MDA) levels in S. cerevisiae WT and SOD, GR, and
GPX deficient strains. Different letters indicate the
significant differences between the control and exposed
groups and among the exposure concentrations,

respectively (P<0.05). Data represents the meanz standard
error.

increased in WT and GLR deficient strains confirming
the hypothesis that lithium-induced the production of O2'-
by the SOD to 02 and H20:2 (Allagui et al. 2007). SOD gene
in A549 cells was found to be down-regulated and its
activity is closely related to lithium concentrations and
levels of ROS production ((Allagui et al. 2007).
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Figure 3: The effect of Li on the SOD activity in S.
cerevisiae WT and GPX and GLR deficient strains.
Different letters indicate the significant differences between
the control and exposed groups and among the exposure
concentrations, respectively (P < 0.05). Data represents the
meanz standard error.

CAT activity

Lithium treatment decreased CAT activity in wild type,
GPX, SOD, and GLR deficient strains in a dose-dependent
manner (Figure 4). Furthermore, there was a significant
difference in CAT activity between WT, GPX, SOD, and
GLR deficient strains. Worth noting, there were significant
differences in CAT activities within each yeast group at
different concentrations of Li (P <0.05). These results
coincided with the reported effect of lithium on the reduction
of CAT activities and SOD via lowering the generation of
H202 and hydroxyl radicals or by directly binding to those
enzymes (Pinto et al.2003). Moreover, an increase in GPX
activity is correlated with a decrease in CAT activity due to
differences in distinct subcellular localisations and their
affinities to H202 (Barata et al.2005).
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Figure 4: The effect of Li on CAT activity in S. cerevisiae
WT and GPX, SOD, and GLR deficient strains. Different
letters indicate the significant differences between the
control and exposed groups and among the exposure
concentrations, respectively (P < 0.05). Data represents the
meanz standard error.

GPX activity

Higher Li treatments significantly increased GPX
activity of SOD deficient strain relative to controls, but at
lower Li concentrations had no significant effect (Figure 5).
In addition, in both WT and GLR deficient strains, GPX
activity was slightly altered following Li treatments
compared to control. When GPX activities in SOD and GLR
deficient strains are evaluated, it is found to be significantly
higher than that of the WT (P <0.05).

In this regard, the unchanged GPX activity at low levels
of Li can be related to the protection afforded by lithium and
might be due, at least in part, to its inhibition of Oz~ from
mitochondrial complexes | and Il as previously shown
(Maurer et al.2009). However, inhibition of GPX activity in
WT by higher Li concentration might be due to O2™
(Erakovic et al. 2000; Oktem et al. 2005). The GPX activity
was increased in SOD and GLR deficient strains at high Li
concentrations as a consequence of a deficiency in SOD
and CAT production (Halliwell and Gutteridge, 2015).

GST activity

After Li exposure, GST activity was reduced in the WT,
GPX, and GLR deficient strains, with lower GST values in
the GLR deficient strains at high Li concentrations
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Figure 5: The effect of Li on GPX activity in S.
cerevisiae WT, SOD and GLR deficient strains. Different
letters indicate the significant differences between the
control and exposed groups and among the exposure
concentrations, respectively (P < 0.05). Data represents the
meanz standard error.

compared to lower concentrations, whereas its activity
was increased significantly in SOD deficient strain (P <
0.05) (Figure 6). Furthermore, no significant differences in
GST activities were detected between strains, except that
they were increased in SOD deficient and decreased in
GLR deficient strains at greater concentrations of Li.

The increase of GST activity in SOD deficient strains is
related to its role in detoxifying organic hydroperoxide due
to ROS production. Meanwhile, its lower activity in GLR and
GPX deficient strains is attributed to a decrease in the GSH
level under oxidation stress (Downs et al. 2001; Engin et al.
2005; Eroglu et al. 2015) and/or inhibition of antioxidant
enzyme activities (Oktem et al. 2005; Allagui et al.
2007;Shao et al. 2008)
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Figure 6: The effect of Li on GST activity in S. cerevisiae
WT, GPX, GLR, and SOD deficient strains. Different
letters indicate the significant differences between the
control and exposed groups and among the exposure
concentrations, respectively (P < 0.05). Data represents the
meanz standard error.
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GR activity

The GR activity was increased in GPX deficient strain
treated with Li (Figure 7), while its activity was significantly
decreased in WT and SOD deficient strains compared to
control (without Li). Moreover, the higher concentration of
Li (10 mM) caused an increase in the wild-type GR activity
when compared to the lower concentration of Li (5 mM).

The decrease of GR activity in WT and SOD deficient
strains is related to the oxidation of GSH as the substrate
used by GPX and GST to detoxify ROS (Sharma,2004).
Meanwhile, GR activity was increased in GPX deficient
strain and this related to the inability of GPX deficient strain
to consume the GSH.
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Figure 7: The effect of Li on GR activity in S. cerevisiae
WT, GPX, and SOD deficient strains. Different letters
indicate the significant differences between the control and
exposed groups and among the exposure concentrations,
respectively (P < 0.05). Data represents the meanz
standard error.

CONCLUSION

Under lithium treatment, SOD, CAT, GPX, and GST
activities as well as lipid peroxides levels in WT and SOD,
GPX, and GR deficient strains were changed. Likewise, the
lithium effects in ROS production are related to oxidative
stress regulation by antioxidant enzymes. ROS generation
is involved in lipid peroxides production. Interesting Lithium
at very low concentrations protects WT cells against
oxidative stress and verifies that lithium enhances the
antioxidant defense system against oxidative stress.
Moreover, a cytotoxic effect of Li in GR, SOD, and GPX
deficient strains was found at higher doses.
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