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Oxidative stress (OS) is a mechanism underlying metal-induced toxicity. As a redox-active element, vanadium (V) can act as a
strong prooxidant and generate OS at certain levels. It can also attenuate the antioxidant barrier and intensify lipid
peroxidation (LPO). The prooxidant potential of V reflected in enhanced LPO, demonstrated by us previously in the rat liver,
prompted us to analyze the response of the nuclear factor erythroid-derived 2-related factor 2/Kelch-like ECH-associated
protein 1 (Nrf2-Keap1) system involved in cellular regulation of OS to administration of sodium metavanadate (SMV,
0.125mgV/mL) and/or magnesium sulfate (MS, 0.06mgMg/mL). The levels of some Nrf2-dependent cytoprotective and
detoxifying proteins, i.e., glutathione peroxidase (GPx), glutathione reductase (GR), glutathione S-transferase (GST), glutamate
cysteine ligase catalytic subunit (GCLC), glutathione synthetase (GSS), NAD(P) H dehydrogenase quinone 1 (NQO1), UDP-
glucumno-syltransferase 1 (UGT1), and heme oxygenase 1 (HO-1); glutathione (GSH); metallothionein (MT1); and glutamate-
cysteine ligase (GCL) mRNA were measured. We also focused on the V-Mg interactive effects and trends toward interactive
action as well as relationships between the examined indices. The elevated levels of Nrf2, GCL mRNA, and GCL catalytic
subunit (GCLC) confirm OS in response to SMV and point to the capacity to synthesize GSH. The results also suggest a
limitation of the second step in GSH synthesis reflected by the unchanged glutathione synthetase (GSS) and GSH levels. The
positive correlations between certain cytoprotective/detoxifying proteins (which showed increasing trends during the SMV and/
or MS administration, compared to the control) and between them and malondialdehyde (MDA), the hepatic V concentration/
total content, and/or V dose (discussed by us previously) point to cooperation between the components of antioxidant defense
in the conditions of the hepatic V accumulation and SMV-induced LPO intensification. The V-Mg interactive effect and trend
are involved in changes in Nrf2 and UGT1, respectively. The p62 protein has to be determined in the context of potential
inhibition of degradation of Keap1, which showed a visible upward trend, in comparison with the control. The impact of Mg
on MT1 deserves further exploration.

1. Introduction

Vanadium (V) is a transition element released into the envi-
ronment from both natural sources and anthropogenic
activity [1]. It may accumulate in the environmental media

[2, 3] and in tissues and organs of living organisms [1]. At
certain levels, V is toxic and can lead to serious health prob-
lems, summarized in our previous reports [1, 4]. Bearing
these facts in mind, there is a need for detailed and systemic
investigations to evaluate the toxicity of V and possible toxic
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effects caused by its chronic treatment and to recognize the
consequences of possible interactions of V with elements
having antioxidant properties, including magnesium (Mg),
which is important in view of the strong prooxidant poten-
tial of V.

Several in vitro and in vivo studies have shown that, in
some conditions, V can act as a strong prooxidant and gen-
erate oxidative stress (OS) [5, 6], which is well-known to
lead to permanent cell and tissue damage and, consequently,
to initiation of the disease process [7]. Vanadium may also
disrupt the antioxidant barrier and intensify lipid peroxida-
tion (LPO) [5].

Our previous studies conducted on a rodent model dem-
onstrated that V administered as sodium metavanadate
(SMV) led to an increase in the level of malondialdehyde
(MDA) in rat erythrocytes (RBC) [8], kidney [9], and liver
[10, 11]. It also attenuated antioxidant defense mechanisms
in the rat RBC [12] and bone [13]. In addition, our studies
showed that OS is involved in the mechanism underlying
the development of SMV-induced functional renal disor-
ders [14].

The results of our in vivo studies, which revealed the
prooxidant potential of V reflected in the enhanced LPO in
the rat hepatic tissue after 12-week administration of SMV
alone and in combination with magnesium sulfate (MS)
[10], prompted us to explore mechanisms associated with
OS. We intended to recognize the role of the nuclear factor
erythroid-derived 2-related factor 2 (Nrf2), which directly
affects the reactive oxygen species (ROS) homeostasis and
induces the expression of defensive and detoxifying genes
in response to OS [15–18]. Besides Nrf2 and its negative reg-
ulator, i.e., Kelch-like ECH-associated protein 1 (Keap1),
which tightly controls the Nrf2 cellular function [19, 20]
and acts as a sensor of disturbances in cellular homeostasis
[15, 16], we determined certain nonenzymatic markers of
OS and some Nrf2-related cytoprotective and detoxifying
enzymes in the rat liver, i.e., (a) the glutamate cysteine ligase
catalytic subunit (GCLC) and glutathione synthetase (GSS),
the induction of which is a key step in the defense mecha-
nism, as they are involved in the synthesis of glutathione
(GSH) that plays a pivotal role in reducing oxidative damage
[15]; (b) glutathione peroxidase (GPx) and glutathione
reductase (GR) responsible for the GSH redox cycle [21,
22]; (c) NAD(P)H dehydrogenase quinone 1 (NQO1), gluta-
thione S-transferase (GST), UDP-glucumno-syltransferase 1
(UGT1), and heme oxygenase-1 (HO-1), which play a
prominent role in cellular adaptation to many stress condi-
tions, including OS [20, 21, 23–28]; and (d)
metallothionein-1 (MT1), as known metallothioneins
(MTs) are capable of detoxifying excessive amounts of tran-
sition elements, thus protecting against their toxicity and
oxidative injury [29, 30]. The hepatic glutamate cysteine
ligase (GCL) expression in response to SMV and MS was
investigated as well. In addition, we focused on the
vanadium-magnesium (VxMg) interactive effects and trends
toward interactive action and their potential impact on the
parameters explored.

To the best of our knowledge, no rodent-model studies
have been conducted before with respect to the assessment

of the Nrf2-mediated defense mechanisms against OS in
the liver of rats receiving SMV (0.125mgV/mL) separately
and simultaneously with MS (0.06mgMg/mL). No in vivo
individual study on the consequence of possible VxMg inter-
active effects on the key player in antioxidant defense and its
repressor and on the hepatic glutamate-cysteine ligase
(GCL) mRNA, Nrf2-dependent cytoprotective/detoxifying
proteins, and MT1 has been carried out either. The present
report is also the first to reveal many relationships between
the above-mentioned indices examined in the rat hepatic tis-
sue under the influence of SMV and/or MS.

2. Material and Methods

2.1. Reagents. Sodium metavanadate (NaVO3), magnesium
sulfate (MgSO4), a cleaning agent for removing RNase
(RNaseZAP), and a kit for RNA extraction providing a sim-
ple and convenient way to isolate total RNA from mamma-
lian cells and tissues (RTN70-1KT, GenElute Mammalian
Total RNA Miniprep Kit) were obtained from Sigma Chem-
ical (St. Louis, USA). The enzyme-linked immunosorbent
assay (ELISA) kits for rat nuclear factor erythroid-derived
2-related factor 2 (Nrf2, ELISA kit No. QY-E11823), rat
Kelch-like ECH-associated protein 1 (Keap1, ELISA kit No.
QY-E11822), rat glutathione (GSH, ELISA kit No. QY-
E11731), rat metallothionein-1 (MT1, ELISA kit No. QY-
E10241), rat glutamate cysteine ligase catalytic subunit
(GCLC, ELISA kit No. QY-E11835), rat glutathione synthe-
tase (GSS, ELISA kit No. QY-E11907), rat glutathione reduc-
tase (GR, ELISA kit No. QY-E11828), rat glutathione
peroxidase (GPx, ELISA kit No. QY-E11657), rat glutathione
S-transferase (GST, ELISA kit No. QY-E11772), rat UDP-
glucumno-syltransferase 1 (UGT1, ELISA kit No. QY-
E11832), rat NAD(P)H dehydrogenase quinone 1 (NQO1,
ELISA kit No. QY-E11831), and rat heme oxygenase 1
(HO-1, ELISA kit No. QY-E) were acquired from Qayee
Bio-Technology (Shanghai, China). In turn, a kit for the
removal of possible DNA contamination from extracted
RNA (Turbo DNA-free kit, Cat. No. AM1907), a kit for
the reverse transcription reaction (RT) (High Capacity
cDNA Reverse Transcription kit with RNase inhibitor, Cat.
No. 4374966, Applied Biosystems), the Power SYBR Green
polymerase chain reaction (PCR) Master Mix (Cat. No.
4368577, Applied Biosystems), the nuclease-free water not
diethylpyrocarbonate- (DEPC-) treated (AM9939), and Dul-
becco’s Phosphate-Buffered Saline (DPBS, no Ca/no Mg,
pH = 7 − 7:3) were purchased from Thermo Fisher Scien-
tific. Freeze-drying oligonucleotides (GCL and Sdha) were
obtained from GenoMed (Poland). All the chemicals were
of the highest quality available.

2.2. Instrumentation. A deep-freezer HFU 486 Basic1

(Thermo Fisher Scientific, Germany); an XA 100 3Y.A1 ana-
lytical balance (Radawag, Poland); and a BioGen PRO200
homogenizer1 (ProScientific, USA) were used to prepare
the hepatic samples for determination of the selected bio-
chemical parameters and for RNA isolation procedure,
whereas a Polwater DL-100 V7171 (Labopol, Poland) was
used to prepare some reagents for the ELISA Assay. A
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MiniSpin Plus microcentrifuge1 (Eppendorf, Germany), a
thermomixer 5355-comfort1 (Eppendorf, Germany), and a
C 1000 thermal cycler1 with a 48/48 dual fast reaction
module-gradient (Bio Rad, USA) were used in the reverse
transcription reaction. A double beam spectrophotometer
U-29001 (Hitachi, Japan) was used to measure the concen-
tration and purity of the isolated material (RNA), and Ste-
pOnePlus Engine (Applied Biosystems) was used for real-
time PCR. In turn, a Synergy 2 multimode microplate reader
(BioTek Instruments Inc., Winooski, VT, USA) with an
ELMI DTS-4 digital thermostatic microplate shaker1 (ELMI
SIA, Riga, Latvia) and an ELx50 microplate strip washer1

(BioTek Instruments Inc., Winooski, VT, USA) were used
to determine Nrf2, Keap1, GSH, MT1, GCLC, GSS, GR,
GPx, GST, HO-1, UGT1, and NQO1 in the rat hepatic
supernatants with the ELISA technique.

2.3. Animals and Experimental Protocol. Livers were
obtained from some outbred albino male Wistar rats used
in our previous experiments, in which all the animals were
divided into 4 groups and maintained individually in stain-
less steel cages in a room with controlled conditions. During
the whole experiment, all rats received (ad libitum) properly
balanced standard granulated laboratory rodent chow
(Labofeed B, Fodder and Concentrate Factory, Kcynia,
Poland) and appropriate fluids to drink every day over a
12-week period in special bottles with a scale [31]: con-
trol—deionized water (12-15 rats/per group), SMV—sodium
metavanadate (12-15 rats/per group) at a concentration of
0.125mgV/mL (pH = 7:2), MS—magnesium sulfate (10-12
rats/per group) at a concentration of 0.06mgMg/mL
(pH = 5:7), and SMV+MS—14-15 rats/per group at a con-
centration of 0:125mgV + 0:06mgMg/mL (pH = 7:1). As
described previously [32], the intake of food, deionized
water, and the SMV, MS, and SMV+MS water solutions
was monitored daily throughout the experimental period,
and body weight was checked weekly. After 12 weeks, the
livers were harvested immediately after sectioning and
directly rinsed in ice-cold physiological saline solution
(0.9% NaCl). Then, the wet weights were recorded, and the
samples were stored at -80°C until the planned analyses.
The experiment was conducted in accordance with the
experimental protocol approved by the 1st Local Ethical
Committee for Animal Studies in Lublin [31].

The concentrations of SMV and MS were selected based
on previous studies in a rodent model [33–39]. In addition,
we took into consideration the report of the Dietary Refer-
ence Intakes [40], in which diarrhea was mentioned as the
most sensitive toxic manifestation of excess Mg intake.
Therefore, the amount of MS in drinking water was chosen
by us to be not too high. In our experimental conditions, a
10mg higher Mg concentration (60mgMg/L) was used from
the Maximal Admissible Concentration of this mineral for
potable water in Poland [41]. Moreover, we took into con-
sideration the reports by Kučera et al. [42] and Lees [43]
in which the concentrations of V in the blood and urine of
occupationally exposed people are comparable with those
observed in our experimental conditions in the SMV-
exposed rats [14, 32]. The reasons for which V and Mg were

selected for testing in in vivo conditions (in a rodent model)
during separate and combined administration were provided
previously [44]. As highlighted, the potential protective
influence of Mg on limiting of the toxic V action and the
possible interactions of V (as a prooxidant) with Mg (as an
antioxidant) were the subject of our special interest in
research on these elements in an in vivo model.

As already presented [32], the fluid and food intake as
well as body weight significantly decreased in the rats receiv-
ing SMV separately and in combination with MS, compared
to the control and MS-supplemented animals; the two-way
ANOVA analysis suggested that all these changes in the rats
exposed to SMV during the MS supplementation were only
influenced by the independent V action. Daily V and Mg
doses consumed by the SMV-, MS-, and SMV+MS-treated
rats, estimated on the basis of the 24-consumption of the
SMV, MS, and SMV+MS solutions administered to rats in
drinking water, were as follows: ~13mgV/kg b.wt./24 h,
7.5mgMg/kg b.wt./24 h, and ~ 13mgV/kg b:wt:/24 h + 6:3
mgMg/kg b:wt:/24 h, respectively.

2.4. Preparation of Hepatic Supernatants for Analyses with
the ELISA Technique. First, livers frozen at -80°C were
thawed at room temperature. Then, appropriate portions
of the organ were cut and thoroughly washed in DPBS. After
draining with tissue paper, the hepatic samples were inserted
into Eppendorf tubes, homogenized in DPBS, and centri-
fuged with cooling (3000 rpm, 15min, 4°C). The liver super-
natants were used to measure the selected parameters with
commercial rat-specific ELISA kits.

2.4.1. ELISA Assay. Quantitative sandwich ELISA kits were
used to determine the hepatic levels of Nrf2, Keap1, GSH,
MT1, GCLC, GSS, GR, GPx, GST, HO-1, UGT1, and
NQO1. All analyses were carried out in strict accordance
with the manufacturer’s recommendations. The standard
curves were created by plotting absorbance vs. concentra-
tion. Data were interpolated from the standard curves to cal-
culate the amount of Nrf2, Keap1, GSH, MT1, GCLC, GSS,
GR, GPx, GST, HO-1, UGT1, and NQO1. The results were
expressed per g of the fresh liver weight.

2.5. RNA Extraction and RT. For RNA extraction, 40mg of
frozen rat liver was used. The weighed tissue was placed in
500μL of lysis solution, and then, the extraction was per-
formed according to the manufacturer’s protocol. The next
step was the removal of eventual DNA contamination from
extracted RNA with the use of DNase. After the isolation,
the concentration and purity of RNA were measured using
absorption coefficients A260/A280. RNA was stored at -20°C.

The RT reaction was performed according to the manu-
facturer’s instruction on 20μL of sample. One microgram
of total RNA was used as a template, and random hexamer
primers were employed. The samples were placed into the
thermocycler and subjected to the reaction in conditions pro-
posed by the manufacturer: step 1: 25°C, 10min; step 2: 37°C,
120min; step 3: 85°C, 5min; step 4: 4°C, ∞. The cDNA
obtained was stored at -20°C.

3Oxidative Medicine and Cellular Longevity



2.6. Real-Time PCR. For determination of the relative
expression level of GCL, quantitative real-time PCR was per-
formed with the use of a 100 times diluted mixture after
reverse transcription. The reaction conditions with the use
of Power SYBR Green PCR Master Mix were as follows:
95°C, 10min, 40x (95°C 15 sec, 60°C 1min—annealing and
extension). The primers for the Sdh housekeeping gene
(encoding the succinate dehydrogenase complex) were as
follows: forward 5′-TGGTCACTCGGGCTGGTT-3′;
reverse: 5′-CGGCACCCTTCTGTGATGA-3′. The number
of transcripts for this gene did not change in the experimen-
tal conditions.

The primers for GCL were as follows: forward 5′-GGAG
GAACGATGTCCGAGTTC-3′; reverse: 5′-TCGTGCAAA
GAGCCTGATGT. The results were normalized to the
housekeeping gene (Sdh), taking into consideration the effi-
ciency of reaction with both sets of primers [45, 46].

2.7. Statistical Analysis. The statistical analysis was per-
formed using the statistical software SPSS (IBM SPSS Statis-
tics, Version 26) and Statistica (StatSoft, Version 12).
Standardization of variables was performed prior to the
analysis. The distribution patterns in the data and the homo-
geneity of variances were verified employing Shapiro-Wilk’s
normality test and Levene’s test, respectively. Hartley’s
Fmax, Cochran’s C, and Bartlett’s tests were carried out
when the hypothesis of equal variances was rejected by
Levene’s test. Normally distributed data were compared via
post hoc analysis (Tukey’s HSD or T3 Dunnett’s tests) of
the significant ANOVA results. The two-way analysis of var-
iance (two-way ANOVA) with V and Mg factors and the F
test were employed to indicate the main effects of V and
Mg and the VxMg interactive effects on the analyzed param-
eters. The differences were considered significant at P lower
than 0.05. Pearson’s correlation analysis was performed to
assess the relationships among measurable variables. The
correlations were considered significant at P < 0:05. In addi-
tion, a simple linear regression analysis was used to deter-
mine the relationships between certain variables and the
doses of vanadium and magnesium (predictors) consumed
by the rats with drinking water during the whole experi-
ment. P < 0:05 was considered statistically significant, and
only significant effects were presented in the report. The
results are expressed as the mean with the standard error
of the mean (SEM) and standard deviation (SD).

3. Results

3.1. Hepatic Levels of Nrf2 and Keap1. The amount of the
Nrf2 protein in the liver of rats receiving SMV alone
increased significantly, compared to the control and the
SMV+MS cosupplied animals. In the MS-supplemented rats,
no significant changes in the level of this protein were found.
In turn, the hepatic amount of the Nrf2 protein in the rats
exposed to SMV during the MS administration decreased
markedly, compared to those receiving SMV alone, and this
decrease was only influenced by the VxMg interaction, as
suggested by the two-way ANOVA (Figure 1, Table 1).

As far as Keap1 is concerned, its hepatic amount did not
change significantly in the rats receiving SMV and MS sepa-
rately as well as SMV and MS in combination; only an
upward trend was observed, compared to the control
(Figure 2). The two-way ANOVA revealed that the hepatic
Keap1 level in rats exposed to SMV during the 12-week
MS supplementation was not affected by either an indepen-
dent action of V and Mg or by their mutual interaction
(Table 1).

3.2. Hepatic GSH Level. The concentration of GSH in the
liver of rats receiving SMV and MS separately and in combi-
nation did not change markedly, compared to the control
(Figure 3), and no significant V, Mg, or VxMg effects were
indicated by the two-way ANOVA with respect to the level
of this compound in the liver of the SMV+MS cosupplied
rats (Table 1).

3.3. Hepatic Enzymes Involved in GSH Biosynthesis and GCL
mRNA. The level of GCLC in the liver of rats receiving SMV
alone and together with MS significantly increased, com-
pared to the control and MS-supplemented animals
(Figure 4(a)). In the latter group, the hepatic GCLC level
remained unchanged, compared to the control, but mark-
edly decreased in comparison with the SMV-exposed and
SMV+MS coadministered rats (Figure 4(a)). As suggested
by the two-way ANOVA, the increase in the level of GCLC
in the liver of the rats exposed to SMV during the MS sup-
plementation was induced by the independent action of V
only (Table 1).

As for the GCL expression, SMV alone and the
SMV+MS combination significantly elevated the hepatic
GCL mRNA level, compared to the control (by 43% and
51%, respectively) and the MS-supplemented animals (by
36% and 43%, respectively) (Figure 4(b)). In turn, MS alone
did not significantly change the mRNA expression of GCL,
compared to the control. In turn, GCL mRNA markedly
decreased (by 26.5% and 30%, respectively) in comparison
with the SMV-exposed rats and those receiving SMV
together with MS (Figure 4(b)). The two-way ANOVA sug-
gests that the changes in the hepatic GCL mRNA level in the
SMV+MS coadministered rats might result from the inde-
pendent action of V only (Table 1).

In the case of GSS, it should be highlighted that even
though the post hoc comparisons did not show significant
differences between the groups (Figure 5), the two-way
ANOVA revealed trends toward an independent effect of
V and Mg on the level of this enzyme in the liver of the
SMV+MS cosupplied rats (Table 1). However, no interactive
VxMg effect was indicated (Table 1).

3.4. Hepatic MT1 Level. The concentration of MT1 in the
liver of rats receiving SMV alone was at a similar level as
in the control (Figure 6). The level of this protein in the liver
of the MS-supplemented animals was also unaffected; how-
ever, it clearly tended to be lower, in comparison with the
control. Similarly, in the SMV+MS coadministered rats,
the hepatic MT1 concentration also tended to decrease, but
these changes turned out to be statistically significant only

4 Oxidative Medicine and Cellular Longevity



in comparison with the SMV-exposed animals (Figure 6).
The two-way ANOVA demonstrated that the decline in
the hepatic MT1 level in the SMV+MS cosupplied rats was
related to the independent action of Mg only (Table 1).

3.5. Hepatic Levels of GSH-Metabolizing Enzymes. The level
of GR did not differ significantly between the four experi-
mental groups. Only upward trends were observed, com-
pared to the control (Figure S1). The highest GR level was
found in the liver of the SMV+MS cosupplied rats
(Figure S1), and as indicated by the two-way ANOVA, this
increase was a consequence of the independent action of
Mg only (Table S1). As for GPx, although the two-way
ANOVA did not reveal any independent action of V, Mg,
and/or the VxMg interaction (Table S1), there were visible
upward trends in the level of GPx in the liver of the SMV
and SMV+MS coadministered rats, compared to the
control and the MS-supplemented animals (Figure S2). In
the case of GST, a distinct upward trend in the level of this
protein was observed in the SMV-exposed rats, but this
difference did not turn out to be significant, compared to
the control (Figure S3). Moreover, no significant
differences were found in the hepatic GST level in the MS-
treated rats and the SMV+MS cosupplied animals, in
comparison with the control (Figure S3); no V, Mg, or
VxMg effects were demonstrated by the two-way ANOVA
(Table S1).

3.6. Hepatic Levels of Selected Cytoprotective/Detoxifying
Enzymes. SMV alone slightly elevated the hepatic UGT1
level, compared to the control (Figure 7). The SMV+MS
combination intensified this increase even more, and this
level turned out to be significant, in comparison with the
MS-supplemented rats, in which the hepatic UGT1 level
did not change markedly, compared with the control
(Figure 7). As suggested by the two-way ANOVA, the
increase in the UGT1 level in the liver of the SMV+MS coad-
ministered animals resulted from the independent action of
V and, to a lesser extent, from the trend toward the VxMg
interactive action (Table 1). Further, no significant differ-
ences between the groups were demonstrated in the hepatic
levels of NQO1 and HO-1 (Figures S4 and S5, respectively),
and no significant V, Mg, or VxMg effects were indicated by
the two-way ANOVA (Table S1).

3.7. Correlations between the Measured Variables. Nrf2 pos-
itively correlated with GCLC and GSS and with GR, GPx,
and GST. Keap1 positively correlated with GCLC, UGT1,
and HO-1. Positive correlations were also found between
GCLC and GR, GPx, GST, and UGT1 and between GR
and GPx, GST, and UGT1. Additionally, GPx positively cor-
related with GST and UGT1, and GST was positively corre-
lated with MT1 (Table 2). Moreover, MDA displayed a
positive correlation with Nrf2, GCLC, and GSS, whereas
GCL mRNA positively correlated with GCLC (Table 2).
The hepatic V concentration and content (VCon and VTC,
respectively) were positively correlated to GCLC, GCL
mRNA, and UGT1 (Table 2).

Furthermore, there were trends toward positive correla-
tions of Nrf2 with GSH and MT1, Keap1 with GR and
GCL mRNA, GCLC with HO-1 and MT1, GCL mRNA with
GSS, GR with HO-1 and MDA, GPx with MT1, and UGT1
with HO-1 and MDA (Table 2). There were also tendencies
toward positive correlations of VCon with Nrf2 and GSS as
well as VTC with Nrf2 and GSS (Table 2). In turn, a signifi-
cant negative correlation was found between GPx and the
hepatic total Mg content (MgTC). Additionally, trends
toward negative correlations were observed between GSH
and GR as well as between MgTC and GCLC and GSS
(Table 2).

3.8. Regression Analysis for Selected Dependent Variables.
Based on the regression analysis, the hepatic GCLC, UGT1,
GCL mRNA, and MDA levels were significantly correlated
with the V dose ingested by the rats throughout the experi-
mental period, whereas the hepatic GR and MT1 levels sig-
nificantly correlated with the Mg dose consumed by the
rats during the same experimental time. Additionally, GSS
in the liver tended to correlate with both the V and Mg doses
(Table 3).

4. Discussion

The present report refers to our previous work, in which the
prooxidant potential of V was investigated in the liver of rats
receiving SMV alone and in combination with MS [10]. As
the interactive effects between V and Mg (supplied
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Figure 1: The concentration of nuclear factor erythroid-derived 2-
related factor 2 (Nrf2) in the liver. Differences in the groups are
indicated by the following: Aversus the control rats (Group I),
Bversus the SMV-exposed rats (Group II), Cversus the MS-
supplemented rats (Group III), and Dversus the SMV+MS
cosupplied rats (Group IV) (the Tukey HSD test). ∗P < 0:05.
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simultaneously) were studied with respect to all the parame-
ters measured, it completes our knowledge of the conse-
quences of the VxMg interactive action. The research on
VxMg interactions, which have been extensively studied by
us at the in vivo level [8, 11–13, 32, 47, 48], shows the role
played by Mg in V exposure. This issue has not been fully
elucidated yet. Certain data on this subject were summarized
in a review article by Ścibior [44].

As there are no data on the response of Keap1 and Nrf2
as well as some Nrf2-dependent cytoprotective/detoxifying

proteins and MT1 to 12-week SMV and/or MS administra-
tion, the discussion is based on our results. The findings
reported by other authors, which however fitted the topic
of the present report to some degree, have been discussed
in this section.

It is well established that OS inactivates Keap1, which
leads to release, stabilization, and translocation of Nrf2 to
the nucleus, where it regulates the transcription of a variety
of cytoprotective genes encoding antioxidant and detoxify-
ing enzymes [49]. In our experimental conditions, the level
of the Nrf2 protein significantly increased in the liver of
the SMV-exposed rats, compared to the control, which
may point to activation of a protective mechanism against
V- (SMV-) induced OS reflected by significantly elevated
hepatic LPO [10]. In turn, the concentration of Keap1 in
the liver of the same group of rats showed an upward trend,
compared to the control. In addition, Keap1 positively corre-
lated with Nrf2. In the light of the above, it may be suggested
that the increasing trend in the hepatic Keap1 concentration
in the SMV-exposed rats may at least in part result from the
elevated induction of Keap1 gene expression. Unfortunately,
the Keap1 mRNA level has not been investigated in the cur-
rent study, which makes this statement impossible to con-
firm at present. To gain better understanding of the Keap1
response to SMV, besides the Keap1 mRNA expression,
the level of the p62 protein in the liver of the SMV adminis-
tered rats will be studied. This will show whether the Keap1
upward trend observed in the liver of the SMV-exposed rats
is related to inhibition of Keap1 degradation by p62 accumu-
lation. As known, p62 is able to promote Keap1 degradation
in an autophagy-dependent manner. However, when this
process is deregulated, both Keap1 and p62 proteins accu-
mulate in the cell [50, 51].

The present study also showed that the expression of
GCL in the liver of the SMV-administered rats significantly
increased, compared to the control. In addition, the level of
the catalytic subunit of GCL (a known rate-limiting enzyme
in the de novo GSH biosynthesis pathway) [15], i.e., GCLC
(responsible for all the GCL enzymatic activities) [52] also
increased, whereas GSS and GSH did not change markedly.

Table 1: V and Mg main and interactive effects on selected parameters in male Wistar rats after combined administration of SMV and MS.

Variables
Two-way ANOVA analysis

Main effect of V Main effect of Mg Interactive effect (VxMg)

Nrf2 NS NS F = 7:66, P < 0:01
Keap1 NS NS NS

GSH NS NS NS

GCLC F = 16:97, P < 0:001 NS NS

GCL mRNA F = 28:531, P < 0:0001 NS NS

GSS F = 2:89, P = 0:096 F = 3:93, P = 0:053 NS

MT1 NS F = 4:129, P < 0:01 NS

UGT1 F = 8:14, P < 0:01 NS F = 2:96, P = 0:091
Nrf2: nuclear factor erythroid-derived 2-related factor 2 (μg/g); Keap1: Kelch-like ECH-associated protein 1 (μg/g); GSH: reduced glutathione (μg/g); GCLC:
glutamate cysteine ligase catalytic subunit (ng/g); GCL mRNA: glutamate cysteine ligase gene expression; GSS: glutathione synthetase (U/g); MT1:
metallothionein-1 (ng/g); UGT1: UDP-glucumno-syltransferase 1 (ng/g). Data are presented as F values and the levels of significance (P). NS: no
statistically significant effect.
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Figure 2: The concentration of Kelch-like ECH-associated protein
1 (Keap1) in the liver: control rats (Group I), SMV-exposed rats
(Group II), MS-supplemented rats (Group III), and SMV+MS
cosupplied rats (Group IV).
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The elevated level of the GCL-catalytic (GCLC) subunit,
which positively correlated with Nrf2 and GCL mRNA,
and the 43% rise in the expression of GCL mRNA clearly
indicate increased capacity to synthesize GSH. In turn, the
unchanged level of GSS, which positively correlated with
Nrf2 and MDA but not with GCLC, may point to a limita-
tion of the second step of GSS-catalyzed GSH biosynthesis
during enhanced GCL induction in response to SMV expo-
sure. These findings allow a suggestion that, under 12-week
exposure to SMV (0.125mgV/mL), GCL is intensively
induced, but the step in which GSS takes part becomes lim-
ited. GSS, which is considered to be of little importance in
the regulation of GSH synthesis (according to [52]), has
been included in our studies, as elevated GCLC and GSS
expression has been reported to enhance GSH synthesis
above that found for GCLC alone (according to [52]).

Since OS is associated with elevated GCL activity and
GCLC mRNA [15], the increase in the hepatic GCL gene
expression and GCLC level found in our experimental con-
ditions in response to SMV gives additional evidence for
OS development in the liver of rats exposed to SMV. This
finding also completes our previous results in this research
field [10]. In addition, the elevated concentration and total
content of V, demonstrated by us earlier in the liver of rats
at SMV administration [32, 47], positively correlated with
both the GCLC protein and GCL mRNA. Moreover, the
dose of V consumed by the rats throughout the experimental
period [32] was positively correlated with GCLC, GCL
mRNA, and one of the secondary LPO products formed
during OS, i.e., MDA. Furthermore, MDA, whose level

increased significantly in the liver of rats exposed to SMV
[10], positively correlated with both Nrf2 and GCLC. Some
literature data have demonstrated that other cytotoxic alde-
hydes formed during LPO, i.e., 4-hydroxynonenal (4-
HNE), are able to regulate GCLC expression [53, 54]. In
addition, Backos et al. [55] have found that 4-HNE can
directly modify GCL subunits in vitro. Based on these find-
ings and our results, it may be concluded that induction of
GCLC is intensified in conditions where increased cellular
defense is needed and that SMV activates defense mecha-
nisms in the liver, which are associated with stimulation of
GSH synthesis through upregulation of GCL expression.

As far as literature data on the effect of V on the redox-
sensitive transcription factor Nrf2 and GCLC are concerned,
there is only one paper showing upregulation of mRNA and
protein expression of GCLC in response to vanadyl sulfate
(VS) in an in vitro system where human Chang liver cells
were used [56]. The authors of this work found that the
treatment of the cells with VS leads to induction of the
nuclear translocation of Nrf2 and accumulation of the active
form of this protein (phospho-Nrf2). They reported that the
induction of GCLC expression by VS is mediated by Nrf2.
The authors also explained the signaling pathway involved
in VS-mediated Nrf2 activation, suggesting that the higher
level of phosphorylated nuclear Nrf2 in the VS treatment is
presumably mediated by the phosphorylation activity of
activated extracellular regulated kinase (ERK) involved in
the nuclear translocation of activated Nrf2 [57]. An increase
in ERK phosphorylation after VS treatment noted by the
researchers allowed a conclusion that the active phospho
form of ERK contributed to the GCLC expression via Nrf2
activation in response to VS. Although these results cannot
be directly compared to ours, in vitro and in vivo studies
revealed that the first step in the GSH synthesis is stimulated
in response to V. However, in the in vivo model, the level of
GSH at the SMV administration did not change markedly
but increased in an in vitro system (where cells were incu-
bated with VS) [56]. These contradictory results obtained
from both models are not surprising. It is well-known that
such factors as the type of the V compound, valence, dose,
duration of treatment/exposure, and sensitivity of cells/
organs and organisms determine V response [4]. Since
SMV did not significantly change GSS, it would be interest-
ing to know the response of this enzyme to VS. Unfortu-
nately, GSS was not investigated by Kim et al. [56]. In
contrast to the present study, a decrease in the GSH concen-
tration previously found by us in the liver of rats at SMV
administration [58] may probably be related to methodolog-
ical differences. Although not determined in our model, an
in vivo study conducted by Wang et al. [59] showed that
the hepatic Nrf2 mRNA expression was downregulated by
V in the form of AMV in a high-fat diet.

We also found that the hepatic concentration of the
metal binding protein MT1, which is known to be overex-
pressed in the hepatic tissue in response to heavy metal
exposure [29, 60–62], did not markedly change in the liver
of the SMV- (0.125mgV/mL) exposed rats, compared to
the control. However, in the liver of the MS- (0.06mgMg/
mL) supplemented animals, the level of this protein was
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Figure 3: The concentration of reduced glutathione (GSH) in the
liver: control rats (Group I), SMV-exposed rats (Group II), MS-
supplemented rats (Group III), and SMV+MS cosupplied rats
(Group IV).
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distinctly (but insignificantly) reduced and further decreased
in the liver of the SMV+MS cosupplied rats. As revealed by
the two-way ANOVA, this distinct downward trend
observed in the SMV+MS cotreated animals only resulted
from the independent action of Mg. Since Cu plays a role
in the MT synthesis [29], it may be assumed that the lowered
concentration and total content of Cu in the liver of the
SMV+MS coadministered rats found by us earlier [32, 47]
are responsible for the reduced hepatic MT1 level. However,
the unchanged hepatic MT1 concentration found in the
SMV-exposed rats, in which the lowered hepatic Cu concen-
tration and total Cu content were demonstrated [32, 47],
and the unchanged hepatic Cu concentration and total Cu
content found in the MS supplemented rats [32, 47], in
which the concentration of MT1 showed a visible trend
toward a decrease, do not allow us to support this statement.
Thus, the mechanism of the Mg-mediated downward trend
observed in the hepatic MT1 level in the MS-supplemented
and SMV+MS coadministered rats is not clear at present.
In the literature, there are single reports showing the influ-
ence of Mg or its deficiency on the concentration of MT.
For example, a study conducted by Sato et al. [63] provided
evidence that Mg injected to mice subcutaneously as magne-
sium chloride did not affect the hepatic MT level. In turn,
studies conducted by Floriańczyk et al. [64] and Kotani
et al. [65] revealed a weak positive correlation between Mg
and MT as well as increased levels in MT and MT1 mRNA
in the rat liver during Mg deficiency, respectively. Therefore,
it would be advisable to examine the MT1 mRNA expression
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360

380

400

420

440

G
SS

 (U
/g

 ti
ss

ue
)

LIVER

SMV+MS

 Mean 
 Mean +/– SEM 
 Mean +/– SD 

Control SMV MS

Figure 5: The level of glutathione synthetase (GSS) in the liver:
control rats (Group I), SMV-exposed rats (Group II), MS-
supplemented rats (Group III), and SMV+MS cosupplied rats
(Group IV).

8 Oxidative Medicine and Cellular Longevity



in the rat liver in order to expand our knowledge of the
changes in the hepatic MT1 level in the MS-supplemented
and SMV+MS cosupplied rats. Furthermore, we showed that
the level of MT1 in the liver of rats exposed to SMV
(0.125mgV/mL) remained unchanged, compared to the
control. These results may suggest that the hepatic accumu-
lation of V, demonstrated by us previously [32, 47], does not
affect the hepatic MT induction. No significant changes in
the level of MT in the liver of rats receiving SMV (1.2mM
NaVO3/80mM NaCl) in drinking water were demonstrated
by Oster et al. [66]. No marked alterations, compared to the
control, in the MT expression in the liver of rats during
treatment with V (as ammonium metavanadate, AMV) at
a dose of 0.5 ppm in drinking water were observed by Chak-
raborty et al. [67, 68]. Additionally, Kobayashi et al. [69],
who examined the induction of MT in the liver of mice
24 h after subcutaneous administration of AMV at doses of
50, 100, 200, or 300μmol/kg, found that the level of MT in
the liver, in which the accumulation of V was very low,
increased by AMV injection in a dose-dependent man-
ner [69].

Further, we also revealed that the elevated hepatic MDA
level in the SMV and SMV+MS coadministered rats [10]
was accompanied by the visible upward trends in the hepatic
levels of some of cytoprotective/detoxifying enzymes. For
example, GST tended to be elevated in the liver of the
SMV-exposed rats, in which the hepatic LPO was intensified
[10]. These changes may point to activation of mechanisms

of detoxification of electrophilic aldehydic LPO products,
as GSTs play an important role in the regulation of intracel-
lular concentrations of compounds generated during the free
radical process [70]. It is well-known that the OS-induced
LPO products such as 4-HNE and MDA are metabolized
via GST-mediated conjugation and exported from the cell
[71]. Tjalkens et al. [72], who demonstrated induction of
certain GST isoenzymes in response to aldehydic products
generated by hepatic LPO in a murine model, confirmed
the role of GST in the protective mechanism against LPO.
Enhanced LPO was suggested as a factor underlying vana-
date toxicity by Younes and Strubelt [73], who found a
strong correlation between induction of LPO and hepatotox-
icity. The authors investigated the toxic potential of vanadate
towards isolated perfused rat livers. Elevated LPO was also
highlighted as one of the determinants of vanadate toxicity
by Elfant and Keen [74] based on the results from in vivo
studies. Interestingly, in our rodent model, GST, GCLC,
GR, and GPx positively correlated with each other and with
Nrf2; in turn, GSH and Nrf2 correlated more weakly. Fur-
thermore, UGT, which is highly expressed in the liver [75],
showed a distinct upward trend in the liver of rats receiving
SMV and MS in combination, and this effect was not only
related to the independent action of V but also resulted from
the trend toward the VxMg interactive action. In addition,
these changes were positively correlated with the hepatic V
concentration and content and with the hepatic GR and
GPx levels. Based on these findings, we may conclude that
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Aversus the control rats (Group I), Bversus the SMV-exposed rats
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Table 2: Correlation coefficients for compared variables.

Variablesa Nrf2 Keap1 GCLC GSS GSH GR GPx GST UGT1 NQO1 HO-1 MT1 GCL mRNA MDAb

Nrf2 1

Keap1 § 1

GCLC 0.337∗ 0.460† 1

GSS 0.467† § § 1

GSH 0.248#k § § § 1

GR 0.295∗ 0.265#f 0.642‡ § -0.270#e 1

GPx 0.412† § 0.394† § § 0.509‡ 1

GST 0.405† § 0.445† § § 0.525‡ 0.482‡ 1

UGT1 § 0.308∗ 0.561‡ § § 0.286∗ 0.309∗ § 1

NQO1 § § § § § § § § § 1

HO-1 § 0.330∗ 0.257#i § § 0.249#l § § 0.257#g § 1

MT1 0.255#j § 0.260#k § § § 0.270#d 0.436† § § § 1

GCL mRNA § 0.242#p 0.323∗ 0.260#n § § § § § § § § 1

MDAb 0.291∗ § 0.484‡ 0.307∗ § 0.256#h § § 0.270#b § § § § 1

Variablesa VCon
c VTC

d MgTC
d

Nrf2 0.243#k 0.231#o §

GCLC 0.463† 0.420† -0.254#i

GCL mRNA 0.544‡ 0.540‡ §

GSS 0.274#c 0.277#a -0.244#m

GPx ƒ § § -0.285∗

UGT1 0.331∗ 0.305∗ §

Data are presented as correlation coefficients (r) and levels of statistical significance (P). Significant correlations and tendencies toward them are highlighted as
normal text and italics, respectively. aNrf2: nuclear factor erythroid-derived 2-related factor 2 (μg/g); Keap1: Kelch-like ECH-associated protein 1 (μg/g);
GCLC: glutamate cysteine ligase catalytic subunit (ng/g); GSS: glutathione synthetase (U/g); GSH: reduced glutathione (μg/g); GR: glutathione reductase
(pg/g); GPx: glutathione peroxidase (ng/g); GST: glutathione S-transferase (ng/g); UGT1: UDP-glucumno-syltransferase 1 (ng/g); NQO1: NAD(P)H
dehydrogenase (quinone 1) (ng/g); HO-1: heme oxygenase 1 (μg/g); MT1: metallothionein-1 (ng/g); GCL mRNA: glutamate cysteine ligase gene
expression; MDA: malondialdehyde (nM/g tissue); VCon: concentration of vanadium in the liver (μg/g); VTC: total content of vanadium in the liver; MgTC:
total content of magnesium in the liver. §Lack of a linear relationship. ƒLogarithmically transformed data. ‡P < 0:001; †P < 0:01; ∗P < 0:05. #aP = 0:052,
#bP = 0:053, #cP = 0:054, #dP = 0:055, #eP = 0:056, #fP = 0:058, #gP = 0:066, #hP = 0:067, #iP = 0:072, #jP = 0:073, #kP = 0:074, #lP = 0:075, #mP = 0:081,
#nP = 0:085, #oP = 0:090, #pP = 0:091. Published previously: b[10, 11], c[32], and d[47].

Table 3: Summary of the linear regression analysis for selected dependent variables.

Variablesa
Statistics (ANOVA) F regression df , residual dfð Þ =mean square;

significance
Predictors

VD
b (consumed with d.w.) MgD

b (consumed with d.w.)

GCLC F 2, 48ð Þ = 106:355, P < 0:001 β = 0:531, P < 0:001 β = 0:076, NS
GCL
mRNA

F 2, 49ð Þ = 0:414, P < 0:001 β = 0:581, P < 0:001 β = 0:065, NS

GSS F 2, 47ð Þ = 1548:187, P < 0:05 β = 0:237, P = 0:089 β = −0:258, P = 0:065
GRƒ F 2, 50ð Þ = 0:024, P < 0:05 β = 0:199, NS β = 0:302, P < 0:05
UGT1 F 2, 50ð Þ = 0:610, P < 0:05 β = 0:391, P < 0:01 β = 0:030, NS
MT1 F 2, 49ð Þ = 296:708, P < 0:05 β = −0:080, NS β = −0:386, P < 0:01
MDAc F 2, 53ð Þ = 33806:493, P < 0:01 β = 0:471, P < 0:001 β = 0:053, NS
aGCLC: glutamate cysteine ligase catalytic subunit (ng/g); GSS: glutathione synthetase (U/g); GR: glutathione reductase (pg/g); UGT1: UDP-glucumno-
syltransferase 1 (ng/g); MT1: metallothionein-1 (ng/g); GCL mRNA: glutamate cysteine ligase gene expression; MDA: malondialdehyde (nM/g tissue); VD:
vanadium dose (mg V/kg b.wt./24 h); MgD: magnesium dose (mgMg/kg b.wt./24 h). NS: not statistically significant; d.w.: drinking water; df: degrees of
freedom; β: standardized coefficient (beta); P: level of significance. ƒLogarithmically transformed data. Published previously: b[32] and c[10, 11].
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certain components of antioxidant defense and some phase
II metabolizing proteins that detoxify both exogenous and
endogenous compounds cooperate in the conditions of the
SMV and MS administration. To gain better insight into
the observed changes, the Nrf2 mRNA expression and the
expression of genes for GST, GPx, GR, and UGT1 will be
analyzed in future studies. This type of research may provide
a new outlook for analysis of the genetic enhancement of
protection of the liver against potential oxidative damage
in response to SMV. It would be interesting to know possible
differences in the levels of expression of mRNA for GST,
GPx, GR, and UGT1 as well as the ratios between them.
As shown by the literature data, there are no reports on this
issue, although cellular defense mechanisms have been
investigated in the rodent liver using different V com-
pounds, V concentrations/doses, and route and/or time of
V administration [36, 66, 74, 76–78].

As for NQO1 and HO-1, neither SMV (0.125mgV/mL)
nor MS (0.06mgMg/mL) and their combination
(SMV+MS) caused significant changes in the levels of these
proteins in the liver, compared to the control. Studies con-
ducted by other authors on the effect of V on NQO1 and
HO-1 are provided below, although they are not directly
comparable to our results. For example, Sánchez-González
et al. [79] demonstrated a decrease in the NQO1 activity in
the liver of diabetic rats following treatment with 3mgV/
day of bis(maltolato)oxovanadium IV (BMOV), compared
to untreated diabetic animals, in which the hepatic NQO1
activity significantly increased, in comparison with the con-
trol. As highlighted, a rise in the NQO1 activity in the liver
of diabetic rats may favor a decrease in the formation of
ROS, as NQO1 offers protection against the toxic effects of
oxidants, heavy metals, and carcinogens [21, 80, 81]. Other
authors found that high-fat diet enhanced a V-induced
decrease in the hepatic NQO1 activity and NQO1 mRNA
expression [59]; in this case, V was administered as AMV
(15 and 30mgV/kg). In turn, in vitro studies with HepG2
cells demonstrated that V (as AMV) did not markedly
change the NQO1 activity at the concentration of 25μM,
but led to a significant decrease in the activity of NQO1
and NQO1 mRNA expression at higher concentrations
(i.e., 50, 100, and 250μM) [82]. Similarly, studies with
murine hepatoma cells (Hepa 1c1c7) also showed that V
(as AMV) supplied at the above-mentioned concentrations
reduced the mRNA expression of NQO1 and the NQO1
activity [83]. As far as HO-1 is concerned, studies showed
increased HO-1 activity in the liver of C57BL/6 mice receiv-
ing V- (26μg/L) containing Jeju water for 90 days [84] and
in human Chang liver cells following incubation with the
same Jeju water [85]. In turn, a study conducted by Abdelha-
mid et al. [86], who investigated the effect of AMV on the
level of HO-1 mRNA in the human hepatoma HepG2 cells
treated with increasing concentrations of V (25-250μM),
showed that V did not significantly alter HO-1 mRNA.
The parameters included in the study are graphically sum-
marized in Figure 8.

The limitation of this study is that we have not yet exam-
ined the exact underlying mechanism of the Mg-
independent action and the VxMg interactive effect. This

aspect will be the subject of a new study, which will consti-
tute a separate article.

5. Conclusions

For the first time, our findings provided insight into the
response of the Nrf2/Keap1 system, GCL mRNA expres-
sion, some cytoprotective/detoxifying proteins, and MT1
to the 12-week V and/or Mg administration in the form
of SMV and MS, respectively, in the rat liver. The follow-
ing conclusions can be formulated: (a) the increased
hepatic Nrf2 level in the SMV-receiving rats confirms
the presence of OS in the liver for which enhanced LPO
and V accumulation were previously demonstrated [10,
32, 47]; (b) the elevated hepatic GCL mRNA expression
and the GCLC level as well as the unchanged hepatic
GSS and GSH levels indicate the capacity to synthesize
GSH and simultaneously suggest a limitation of the sec-
ond step in GSH synthesis at the SMV exposure; (c) the
upward trend in the level of the hepatic Keap1 protein
points to a need to determine the p62 protein, which
might be responsible for the inhibition of Keap1 degrada-
tion at SMV administration; (d) the positive correlations
revealed between certain cytoprotective/detoxifying pro-
teins and between them and indices (examined by us pre-
viously) [10, 32, 47] such as MDA, hepatic V
concentration/total content, and/or V dose, point to coop-
eration between the components of antioxidant defense in
the conditions of hepatic V accumulation and LPO inten-
sification; (e) the mechanism of the Mg-independent
action involved in changes in the hepatic MT1 concentra-
tion is not clear at present and deserves further explora-
tion; (f) further studies are also needed to elucidate the
mechanisms of the VxMg interactive effect and trend in
changes in the levels of the Nrf2 and UGT1 proteins,
respectively, in the liver of the SMV+MS cosupplied rats;
(g) investigations of the Nrf2, Keap1, GST, GPx, GR, GSS,
and UGT1 mRNA expression in the liver of rats receiving

Figure 8: A graphical summary of indices included in the study.
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SMV separately and in combination with MS will not
only ensure better understanding of the observed changes
at SMV and MS administration but also provide a new
outlook for analysis of the genetic protection of liver
against the adverse SMV action.

Abbreviations

AMV: Ammonium metavanadate
b.wt.: Body weight
DEPC: Diethylpyrocarbonate
DPBS: Dulbecco’s phosphate-buffered saline
d.w.: Drinking water
ELISA: Enzyme-linked immunosorbent assay
ERK: Extracellular regulated kinase
GCLC: Glutamate cysteine ligase catalytic subunit
GCL: Glutamate-cysteine ligase
GPx: Glutathione peroxidase
GR: Glutathione reductase
GSH: Reduced glutathione
GSS: Glutathione synthetase
GST: Glutathione S-transferase
Hepa 1c1c7: Murine hepatoma cells
HepG2: Human liver cancer cell line
4-HNE: 4-Hydroxynonenal
HO-1: Heme oxygenase
Keap1: Kelch-like ECH-associated protein 1
LPO: Lipid peroxidation
MDA: Malondialdehyde
Mg: Magnesium
MgD: Magnesium dose
MgTC: Total content of magnesium
MS: Magnesium sulfate
MT1: Metallothionein-1
MTs: Metallothioneins
Nrf2: Nuclear factor erythroid-derived 2-related

factor 2
NQO1: NAD(P)H dehydrogenase quinone 1
OS: Oxidative stress
PCR: Polymerase chain reaction
RBC: Erythrocytes
ROS: Reactive oxygen species
RT: Reverse transcription
SD: Standard deviation
Sdh: Succinate dehydrogenase complex
SEM: Standard error of the mean
SMV: Sodium metavanadate
UGT1: UDP-glucumno-syltransferase 1
V: Vanadium
VCon: Concentration of vanadium
VD: Vanadium dose
VTC: Total content of vanadium
VS: Vanadyl sulfate
VxMg: Vanadium-magnesium interaction.

Data Availability

Data are available on request.

Conflicts of Interest

The authors declare no conflict of interest associated with
their contribution to this manuscript.

Acknowledgments

Part of this work was supported by the John Paul II Catholic
University of Lublin (subsidy for science). We appreciate the
assistance of Dorota Gołębiowska with the ELISA technique.
We also thank Dr. Iwona Zwolak for the technical assistance
with the procedures for RNA isolation/DNase removal from
extracted RNA and with some steps for the reverse tran-
scription procedure for a few liver samples. The equipment
marked with “1” was purchased as part of the project enti-
tled “Building of the Centre of Interdisciplinary Research”
realized as part of the Operational Programme “Develop-
ment of Eastern Poland” 2007-2013, Priority I: Modern
Economy, Action I.3. The advancement of innovation, cofi-
nanced by the European Regional Development Fund.

Supplementary Materials

Supplementary 1. Table S1: V and Mg main and interactive
effects on glutathione reductase (GR), glutathione peroxi-
dase (GPx), glutathione S-transferase (GST), NAD(P)H
dehydrogenase quinone 1 (NQO1), and heme oxygenase 1
(HO-1) in male Wistar rats after combined administration
of SMV and MS.

Supplementary 2. Figure S1: The level of glutathione reduc-
tase (GR) in the liver.

Supplementary 3. Figure S2: The level of glutathione peroxi-
dase (GPx) in the liver.

Supplementary 4. Figure S3: The level of glutathione S-
transferase (GST) in the liver.

Supplementary 5. Figure S4: The level of NAD(P)H dehydro-
genase quinone 1 (NQO1) in the liver.

Supplementary 6. Figure S5: The level of heme oxygenase 1
(HO-1) in the liver.

References

[1] A. Ścibior, E. Wnuk, and D. Gołębiowska, “Wild animals in
studies on vanadium bioaccumulation - potential animal
models of environmental vanadium contamination: a compre-
hensive overview with a polish accent,” Science of The Total
Environment, vol. 785, article 147205, 2021.

[2] P. Madejon, “Vanadium,” in heavy metals in soil: trace metals
and metalloids in soil and their bioavailability, B. J. Alloway
and J. T. Trevors, Eds., vol. 22, pp. 565–577, Springer, Dor-
drecht, 2013.

[3] H. A. Ngwa, A. Kanthasamy, H. Jin, V. Anantharam, and A. G.
Kanthasamy, “Vanadium exposure induces olfactory dysfunc-
tion in an animal model of metal neurotoxicity,” Neurotoxicol-
ogy, vol. 43, pp. 73–81, 2014.

[4] A. Ścibior, Ł. Pietrzyk, Z. Plewa, and A. Skiba, “Vanadium:
risks and possible benefits in the light of a comprehensive
overview of its pharmacotoxicological mechanisms and

12 Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2021/8447456.f1.doc
https://downloads.hindawi.com/journals/omcl/2021/8447456.f2.pdf
https://downloads.hindawi.com/journals/omcl/2021/8447456.f3.pdf
https://downloads.hindawi.com/journals/omcl/2021/8447456.f4.pdf
https://downloads.hindawi.com/journals/omcl/2021/8447456.f5.pdf
https://downloads.hindawi.com/journals/omcl/2021/8447456.f6.pdf


multi-applications with a summary of further research trends,”
Journal of Trace Elements in Medicine and Biology, vol. 61,
article 126508, 2020.

[5] A. Ścibior and J. Kurus, “Vanadium and oxidative stress
markers - in vivo model: a review,” Current Medicinal Chem-
istry, vol. 26, no. 29, pp. 5456–5500, 2019.

[6] A. Ścibior, K. A. Szychowski, I. Zwolak, K. Dachowska, and
J. Gmiński, “In vitro effect of vanadyl sulfate on cultured pri-
mary astrocytes: cell viability and oxidative stress markers,”
Journal of Applied Toxicology, vol. 40, no. 6, pp. 737–747, 2020.

[7] M. Schieber and N. S. Chandel, “ROS Function in Redox Sig-
naling and Oxidative Stress,” Current Biology, vol. 24, no. 10,
pp. R453–R462, 2014.

[8] A. Ścibior, A. Adamczyk, D. Gołębiowska, and J. Kurus, “Eval-
uation of lipid peroxidation and the level of some elements in
rat erythrocytes during separate and combined vanadium and
magnesium administration,” Chemico-Biological Interactions,
vol. 293, pp. 1–10, 2018.

[9] A. Ścibior, H. Zaporowska, and I. Niedźwiecka, “Lipid peroxi-
dation in the kidney of rats treated with V and/or mg in drink-
ing water,” Journal of Applied Toxicology, vol. 30, pp. 487–496,
2010.

[10] A. Ścibior, H. Zaporowska, and I. Niedźwiecka, “Lipid peroxi-
dation in the liver of rats treated with V and/or mg in drinking
water,” Journal of Applied Toxicology, vol. 29, no. 7, pp. 619–
628, 2009.

[11] A. Ścibior, D. Gołȩbiowska, and I. Niedźwiecka, “Magnesium
can protect against vanadium-induced lipid peroxidation in
the hepatic tissue,” Oxidative Medicine and Cellular Longevity,
vol. 2013, Article ID 802734, 11 pages, 2013.

[12] A. Ścibior and H. Zaporowska, “Effects of combined vanadate
and magnesium treatment on erythrocyte antioxidant defence
system in rats,” Environmental Toxicology and Pharmacology,
vol. 30, no. 2, pp. 153–161, 2010.

[13] A. Ścibior, D. Gołębiowska, A. Adamczyk, J. Kurus,
M. Staniszewska, and I. Sadok, “Evaluation of lipid peroxida-
tion and antioxidant defense mechanisms in the bone of rats
in conditions of separate and combined administration of
vanadium (V) and magnesium (mg),” Chemico-Biological
Interactions, vol. 284, pp. 112–125, 2018.

[14] A. Ścibior, D. Gołȩbiowska, A. Adamczyk, I. Niedźwiecka, and
E. Fornal, “The Renal Effects of Vanadate Exposure: Potential
Biomarkers and Oxidative Stress as a Mechanism of Func-
tional Renal Disorders—Preliminary Studies,” BioMed
Research International, vol. 2014, Article ID 740105, 15 pages,
2014.

[15] S. C. Lu, “Glutathione synthesis,” Biochimica et Biophysica Acta
(BBA)-General Subjects, vol. 1830, no. 5, pp. 3143–3153, 2013.

[16] A. T. Dinkova-Kostova, R. V. Kostov, and P. Canning, “Keap1,
the cysteine-based mammalian intracellular sensor for electro-
philes and oxidants,” Archives of Biochemistry and Biophysics,
vol. 617, pp. 84–93, 2017.

[17] F. He, X. Ru, and T. Wen, “NRF2, a transcription factor for
stress response and beyond,” International Journal of Molecu-
lar Sciences, vol. 21, no. 13, pp. 4723–4777, 2020.

[18] S. Kasai, S. Shimizu, Y. Tatara, J. Mimura, and K. Itoh, “Regu-
lation of Nrf2 by mitochondrial reactive oxygen species in
physiology and pathology,” Biomolecules, vol. 10, no. 2,
p. 320, 2020.

[19] I. Bellezza, I. Giambanco, A. Minelli, and R. Donato, “Nrf2-
Keap1 signaling in oxidative and reductive stress,” Biochimica

et Biophysica Acta (BBA)-Molecular Cell Research, vol. 1865,
no. 5, pp. 721–733, 2018.

[20] S. Saha, B. Buttari, E. Panieri, E. Profumo, and L. Saso, “An
overview of Nrf2 signaling pathway and its role in inflamma-
tion,” Molecules, vol. 25, no. 22, pp. 5431–5474, 2020.

[21] J. M. Matés, “Effects of antioxidant enzymes in the molecular
control of reactive oxygen species toxicology,” Toxicology,
vol. 153, no. 1-3, pp. 83–104, 2000.

[22] S. S. Gill, N. A. Anjum, M. Hasanuzzaman et al., “Glutathione
and glutathione reductase: a boon in disguise for plant abiotic
stress defense operations,” Plant Physiology and Biochemistry,
vol. 70, pp. 204–212, 2013.

[23] V. M. Piñeiro-Carrero and E. O. Piñeiro, “Liver,” Pediatrics,
vol. 113, 4 Supplement, pp. 1097–1106, 2004.

[24] R. Fujiwara, T. Yokoi, and M. Nakajima, “Structure and
protein-protein interactions of human UDP-glucuronosyl-
transferases,” Frontiers in Pharmacology, vol. 7, pp. 1–15,
2016.

[25] S. K. Chiang, S. E. Chen, and L. C. Chang, “A dual role of heme
oxygenase-1 in cancer cells,” International Journal of Molecu-
lar Sciences, vol. 20, no. 1, pp. 18–39, 2018.

[26] M. Llavanera, Y. Mateo-Otero, S. Bonet, I. Barranco,
B. Fernández-Fuertes, and M. Yeste, “The triple role of gluta-
thione S-transferases in mammalian male fertility,” Cellular
and Molecular Life Sciences, vol. 77, pp. 2331–2342, 2020.

[27] D. Ross and D. Siegel, “Functions of NQO1 in cellular protec-
tion and CoQ10 metabolism and its potential role as a redox
sensitive molecular switch,” Frontiers in Physiology, vol. 8,
pp. 1–10, 2017.

[28] S. C. Funes, M. Rios, A. Fernández-Fierro et al., “Naturally
derived heme-oxygenase 1 inducers and their therapeutic
application to immune-mediated diseases,” Frontiers in
Immunology, vol. 11, p. 1467, 2020.

[29] J. Calvo, H. Jung, and G. Meloni, “Copper metallothioneins,”
IUBMB Life, vol. 69, no. 4, pp. 236–245, 2017.

[30] A. Viarengo, B. Burlando, N. Ceratto, and I. Panfoli, “Antiox-
idant role of metallothioneins: a comparative overview,” Cellu-
lar and Molecular Biology, vol. 26, pp. 407–417, 2000.

[31] A. Ścibior, I. Hus, J. Mańko, and D. Jawniak, “Evaluation of the
level of selected iron-related proteins/receptors in the liver of
rats during separate/combined vanadium and magnesium
administration,” Journal of Trace Elements in Medicine and
Biology, vol. 61, article 126550, 2020.

[32] A. Ścibior, A. Adamczyk, D. Gołebiowska, and I. Niedźwiecka,
“Effect of 12-week vanadate and magnesium co-
administration on chosen haematological parameters as well
as on some indices of iron and copper metabolism and bio-
markers of oxidative stress in rats,” Environmental Toxicology
and Pharmacology, vol. 34, no. 2, pp. 235–252, 2012.

[33] H. Zaporowska and W. Wasilewski, “Wpływ wanadu na układ
krwiotwórczy i wybrane wskaźniki krwi obwodowej szczurów
szczepu Wistar,” Bromatologia i Chemia Toksykologiczna,
vol. 22, pp. 121–125, 1989.

[34] H. Zaporowska and W. Wasilewski, “Some selected peripheral
blood and haemopoietic system indices in Wistar rats with
chronic vanadium intoxication,” Comparative Biochemistry
and Physiology. C, vol. 93, no. 1, pp. 175–180, 1989.

[35] H. Zaporowska andW.Wasilewski, “Haematological results of
vanadium intoxication in Wistar rats,” Comparative Biochem-
istry and Physiology. C, vol. 101, no. 1, pp. 57–61, 1992.

13Oxidative Medicine and Cellular Longevity



[36] E. Russanov, H. Zaporowska, E. Ivancheva, M. Kirkova, and
S. Konstantinova, “Lipid peroxidation and antioxidant
enzymes in vanadate-treated rats,” Comparative Biochemistry
and Physiology. Pharmacology, Toxicology and Endocrinology,
vol. 107, no. 3, pp. 415–421, 1994.

[37] H. Zaporowska, “Effect of vanadium on L-ascorbic acid con-
centration in rat tissues,” General Pharmacology, vol. 25,
no. 3, pp. 467–470, 1994.

[38] M. Matsuda, L. Mandarino, and L. A. DeFronzo, “Synergistic
interaction of magnesium and vanadate on glucose metabo-
lism in diabetic rats,” Metabolism, vol. 48, no. 6, pp. 725–
731, 1999.

[39] C. P. Hans, D. P. Chaudhary, and D. D. Bansal, “Effect of mag-
nesium supplementation on oxidative stress in alloxanic dia-
betic rats,” Magnesium Research, vol. 16, no. 1, pp. 13–19,
2003.

[40] DRI, “Dietary reference intakes for calcium, phosphorus, mag-
nesium, vitamin D, and fluoride,” in Institute of Medicine (US)
Standing Committee on the Scientific Evaluation of Dietary
Reference Intakes, National Academies Press, Washington,
DC, 1997.

[41] Regulation of the Ministry of Health (MOH), Rozporządzenie
Ministra Zdrowia, “w sprawie warunków, jakim powinna
odpowiadać woda do picia i na potrzeby gospodarcze, woda
w kąpieliskach, oraz zasad sprawowania kontroli jakości wody
przez organy Inspekcji Sanitarnej,” Journal of Laws, vol. 82,
p. 937, 2000.

[42] J. Kučera, J. Lener, J. Mñuková, and E. Bayerová, “Vanadium
exposure tests in humans: hair, nails, blood, and urine,” in vana-
dium in the environment. Part 2: health effects, J. O. Nriagu, Ed.,
vol. 31, pp. 55–73, JohnWiley and Sons, New York, Chichester,
Weinheim, Brisbane, Singapore, Toronto, 1998.

[43] R. E. M. Lees, “Changes in lung function after exposure to
vanadium compounds in fuel oil ash,” British Journal of Indus-
trial Medicine, vol. 37, no. 3, pp. 253–256, 1980.

[44] A. Ścibior, “Vanadium (V) and magnesium (Mg) - In vivo
interactions: A review,” Chemico-Biological Interactions,
vol. 258, pp. 214–233, 2016.

[45] K. J. Livak and T. D. Schmittgen, “Analysis of Relative Gene
Expression Data Using Real-Time Quantitative PCR and the
2−ΔΔ C

T Method,” Methods, vol. 25, no. 4, pp. 402–408, 2001.

[46] M. W. Pfaffl, “A new mathematical model for relative quanti-
fication in real-time RT–PCR,” Nucleic Acids Research,
vol. 29, no. 9, pp. 45e–445, 2001.

[47] A. Ścibior, A. Adamczyk, D. Gołȩbiowska, I. Niedźwiecka, and
E. Fornal, “The influence of combined magnesium and vana-
date administration on the level of some elements in selected
rat organs: V-mg interactions and the role of iron-essential
protein (DMT-1) in the mechanism underlying altered tissues
iron level,” Metallomics, vol. 6, no. 4, pp. 907–920, 2014.

[48] A. Ścibior, A. Adamczyk, R. Mroczka, I. Niedźwiecka,
D. Gołebiowska, and E. Fornal, “Effects of vanadium (V) and
magnesium (mg) on rat bone tissue: mineral status and micro-
morphology. Consequences of V–Mg interactions,” Metallo-
mics : integrated biometal science., vol. 6, no. 12, pp. 2260–
2278, 2014.

[49] Q. M. Chen and A. J. Maltagliati, “Nrf2 at the heart of oxida-
tive stress and cardiac protection,” Physiological Genomics,
vol. 50, no. 2, pp. 77–97, 2018.

[50] K. Taguchi, N. Fujikawa, M. Komatsu et al., “Keap1 degrada-
tion by autophagy for the maintenance of redox homeostasis,”

Proceedings of the National Academy of Sciences of the United
States of America, vol. 109, no. 34, pp. 13561–13566, 2012.

[51] S. H. Bae, S. H. Sung, S. Y. Oh et al., “Sestrins Activate Nrf2 by
Promoting p62-Dependent Autophagic Degradation of Keap1
and Prevent Oxidative Liver Damage,” Cell Metabolism,
vol. 17, no. 1, pp. 73–84, 2013.

[52] S. C. Lu, “Regulation of glutathione synthesis,” Molecular
Aspects of Medicine, vol. 30, no. 1-2, pp. 42–59, 2009.

[53] D. A. Dickinson, K. E. Iles, N. Watanabe et al., “4-hydroxyno-
nenal induces glutamate cysteine ligase through JNK in HBE1
cells,” Free Radical Biology and Medicine, vol. 33, no. 7,
pp. 974–987, 2002.

[54] H. Zhang, N. Court, and H. J. Forman, “Submicromolar con-
centrations of 4-hydroxynonenal induce glutamate cysteine
ligase expression in HBE1 cells,” Redox Report, vol. 12, no. 1-
2, pp. 101–106, 2007.

[55] D. S. Backos, K. S. Fritz, J. R. Roede, D. R. Petersen, and C. C.
Franklin, “Posttranslational modification and regulation of
glutamate-cysteine ligase by the α,β-unsaturated aldehyde 4-
hydroxy-2-nonenal,” Free Radical Biology & Medicine,
vol. 50, no. 1, pp. 14–26, 2011.

[56] A. D. Kim, K. A. Kang, R. Zhang et al., “Antioxidant enzyme-
enhancing effects of Jeju water containing vanadium in vivo,”
Cancer Prevention Research, vol. 16, pp. 58–64, 2011.

[57] P. K. Leong, P. Y. Chiu, N. Chen, H. Leung, and K. M. Ko,
“Schisandrin B elicits a glutathione antioxidant response and
protects against apoptosis via the redox-sensitive ERK/Nrf2
pathway in AML12 hepatocytes,” Free Radical Research,
vol. 45, no. 4, pp. 483–495, 2011.

[58] A. Ścibior and H. Zaporowska, “Effects of Vanadium(V) and/
or chromium(III) on L-ascorbic acid and glutathione as well as
iron, zinc, and copper levels in rat liver and Kidney,” Journal of
Toxicology and Environmental Health, Part A, vol. 70, no. 8,
pp. 696–704, 2007.

[59] J. P. Wang, R. Y. Cui, K. Y. Zhang et al., “High-fat diet
increased renal and hepatic oxidative stress induced by vana-
dium of Wistar rat,” Biological Trace Element Research,
vol. 170, no. 2, pp. 415–423, 2016.

[60] B. Floriańczyk, “Metallothioneins and its role in metal regula-
tion, binding of reactive oxygen species, apoptosis and cell dif-
ferentiation,” Journal of Pre-Clinical and Clinical Research,
vol. 1, pp. 016–018, 2007.

[61] E. Artells, Ò. Palacios, M. Capdevila, and S. Atrian, “Mamma-
lianMT1 andMT2metallothioneins differ in their metal bind-
ing abilities,”Metallomics, vol. 5, no. 10, pp. 1397–1410, 2013.

[62] E. Atrián-Blasco, A. Santoro, D. L. Pountney, G. Meloni,
C. Hureau, and P. Faller, “Chemistry of mammalian metal-
lothioneins and their interaction with amyloidogenic peptides
and proteins,” Chemical Society Reviews, vol. 46, no. 24,
pp. 7683–7693, 2017.

[63] I. Sato, S. Tsuda, T. Suzuki, and H. Kobayashi, “Metallothio-
nein and several other antioxidative factors in mice treated
with magnesium and manganese,” Radioisotopes, vol. 50,
no. 8, pp. 353–356, 2001.

[64] B. Floriańczyk, R. Kaczmarczyk, J. Osuchowski, and
T. Trojanowski, “Metallothionein and magnesium concentra-
tion in meningioma cells,” Journal of Chinese clinical medicine,
vol. 5, pp. 637–640, 2010.

[65] M. Kotani, K. H. Kim, N. Ishizaki, M. Funaba, and T. Matsui,
“Magnesium and calcium deficiencies additively increase zinc
concentrations and metallothionein expression in the rat

14 Oxidative Medicine and Cellular Longevity



liver,” The British Journal of Nutrition, vol. 109, no. 3, pp. 425–
432, 2013.

[66] M. H. Oster, J. M. Llobet, J. L. Domingo, J. Bruce German, and
C. L. Keen, “Vanadium treatment of diabetic Sprague-Dawley
rats results in tissue vanadium accumulation and pro-oxidant
effects,” Toxicology, vol. 83, no. 1-3, pp. 115–130, 1993.

[67] T. Chakraborty, S. Samanta, B. Ghosh, N. Thirumoorthy, and
M. Chatterjee, “Vanadium induces apoptosis and modulates
the expressions of metallothionein, Ki-67 nuclear antigen,
and p 53 during 2-acetylaminofluorene- induced rat liver pre-
neoplasia,” Journal of Cellular Biochemistry, vol. 94, no. 4,
pp. 744–762, 2005.

[68] T. Chakraborty, A. Chatterjee, M. G. Saralaya, and
M. Chatterjee, “Chemopreventive effect of vanadium in a
rodent model of chemical hepatocarcinogenesis: reflections
in oxidative DNA damage, energy-dispersive X-ray fluores-
cence profile and metallothionein expression,” Journal of Bio-
logical Inorganic Chemistry, vol. 11, no. 7, pp. 855–866, 2006.

[69] K. Kobayashi, S. Himeno, M. Satoh et al., “Pentavalent vana-
dium induces hepatic metallothionein through interleukin-6-
dependent and -independent mechanisms,” Toxicology,
vol. 228, no. 2-3, pp. 162–170, 2006.

[70] Y. Yang, J. Z. Cheng, S. S. Singhal et al., “Role of Glutathione S
-Transferases in Protection against Lipid Peroxidation:,” The
Journal of Biological Chemistry, vol. 276, no. 22, pp. 19220–
19230, 2001.

[71] K. Berhane, M. Widersten, Å. Engström, J. W. Kozarich, and
B. Mannervik, “Detoxication of base propenals and other
alpha, beta-unsaturated aldehyde products of radical reactions
and lipid peroxidation by human glutathione transferases,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 91, no. 4, pp. 1480–1484, 1994.

[72] R. B. Tjalkens, L. G. Valerio, Y. C. Awasthi, and D. R. Petersen,
“Association of Glutathione _S_ -Transferase Isozyme-
Specific Induction and Lipid Peroxidation in Two Inbred
Strains of Mice Subjected to Chronic Dietary Iron Overload,”
Toxicology and Applied Pharmacology, vol. 151, no. 1,
pp. 174–181, 1998.

[73] M. Younes and O. Strubelt, “Vanadate-induced toxicity
towards isolated perfused rat livers: the role of lipid peroxida-
tion,” Toxicology, vol. 66, no. 1, pp. 63–74, 1991.

[74] M. Elfant and C. L. Keen, “Sodium vanadate toxicity in adult
and developing rats: role of peroxidative damage,” Biological
Trace Element Research, vol. 14, no. 3, pp. 193–208, 1987.

[75] S. Kazem, E. C. Linssen, and S. Gibbs, “Skin metabolism phase
I and phase II enzymes in native and reconstructed human
skin: a short review,” Drug Discovery Today, vol. 24, no. 9,
pp. 1899–1910, 2019.

[76] N. Sekar, A. Kanthasamy, S. William, N. Balasubramaniyan,
and S. Govindasamy, “Antioxidant effect of vanadate on
experimental diabetic rats,” Acta Diabetologica Latina,
vol. 27, no. 4, pp. 285–293, 1990.

[77] A. K. Saxena, P. Srivastava, R. K. Kale, and N. Z. Baquer,
“Impaired antioxidant status in diabetic rat liver: Effect of van-
adate,” Biochemical pharmacology, vol. 45, no. 3, pp. 539–542,
1993.

[78] A. Bishayee and M. Chatterjee, “Time course effects of vana-
dium supplement on cytosolic reduced glutathione level and
glutathione S-transferase activity,” Biological Trace Element
Research, vol. 48, no. 3, pp. 275–285, 1995.

[79] C. Sánchez-González, C. López-Chaves, C. E. Trenzado et al.,
“Changes in Iron Metabolism and Oxidative Status in STZ-
Induced Diabetic Rats Treated with Bis(maltolato) Oxovana-
dium (IV) as an Antidiabetic Agent,” The Scientific World
Journal, vol. 2014, 6 pages, 2014.

[80] V. Krajka-Kuźniak, “Induction of phase II enzymes as a strat-
egy in the chemoprevention of cancer and other degenerative
diseases,” Postepy higieny i medycyny doswiadczalnej (Online),
vol. 61, pp. 627–638, 2007.

[81] A. Atia, N. Alrawaiq, and A. Abdullah, “A review of
NAD(P)H: Quinone oxidoreductase 1 (NQO1), a multifunc-
tional antioxidant enzyme,” Journal of Applied Pharmaceutical
Science, vol. 4, pp. 118–122, 2014.

[82] G. Abdelhamid, A. Anwar-Mohamed, M. M. Elmazar, and
A. O. S. El-Kadi, “Modulation of NAD(P)H:quinone oxidore-
ductase by vanadium in human hepatoma HepG2 cells,” Tox-
icology in Vitro, vol. 24, no. 6, pp. 1554–1561, 2010.

[83] A. Anwar-Mohamed and A. O. S. El-Kadi, “Down-regulation
of the detoxifying enzyme NAD(P)H:quinone oxidoreductase
1 by vanadium in Hepa 1c1c7 cells,” Toxicology and Applied
Pharmacology, vol. 236, no. 3, pp. 261–269, 2009.

[84] A. D. Kim, K. A. Kang, R. Zhang et al., “Effects of Jeju water
containing vanadium on antioxidant enzymes in vitro,” Can-
cer Prevention Research, vol. 15, pp. 262–267, 2010.

[85] A. D. Kim, R. Zhang, K. A. Kang, H. J. You, and J. W. Hyun,
“Increased glutathione synthesis following Nrf2 activation by
vanadyl sulfate in human chang liver cells,” International Jour-
nal of Molecular Sciences, vol. 12, no. 12, pp. 8878–8894, 2011.

[86] G. Abdelhamid, A. Anwar-Mohamed, O. A. Badary, A. A.
Moustafa, and A. O. S. El-Kadi, “Transcriptional and posttran-
scriptional regulation of CYP1A1 by vanadium in human hep-
atoma HepG2 cells,” Cell Biology and Toxicology, vol. 26, no. 5,
pp. 421–434, 2010.

15Oxidative Medicine and Cellular Longevity


	Response of Cytoprotective and Detoxifying Proteins to Vanadate and/or Magnesium in the Rat Liver: The Nrf2-Keap1 System
	1. Introduction
	2. Material and Methods
	2.1. Reagents
	2.2. Instrumentation
	2.3. Animals and Experimental Protocol
	2.4. Preparation of Hepatic Supernatants for Analyses with the ELISA Technique
	2.4.1. ELISA Assay

	2.5. RNA Extraction and RT
	2.6. Real-Time PCR
	2.7. Statistical Analysis

	3. Results
	3.1. Hepatic Levels of Nrf2 and Keap1
	3.2. Hepatic GSH Level
	3.3. Hepatic Enzymes Involved in GSH Biosynthesis and GCL mRNA
	3.4. Hepatic MT1 Level
	3.5. Hepatic Levels of GSH-Metabolizing Enzymes
	3.6. Hepatic Levels of Selected Cytoprotective/Detoxifying Enzymes
	3.7. Correlations between the Measured Variables
	3.8. Regression Analysis for Selected Dependent Variables

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

