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Magnesium yields opposite effects
on the nuclear and cytosolic cascades
of apoptosis in different rat brain regions
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Abstract. - OBJECTIVE: Magnesium is consid-
ered as potential neuroprotective and therapeu-
tic agent, but certain studies have provided evi-
dence of its apoptotic effectiveness in neurons.
We aimed to evaluate the possible apoptotic ef-
fects of long-term magnesium use in healthy adult
rat brains.

MATERIALS AND METHODS: Magnesium ci-
trate and magnesium glycinate compounds were
administered orally to rats for 8 weeks (36 mg/kg).
Expression levels of Bcl-2, Bax and Cyt-C genes
were analyzed by real-time polymerase chain re-
actions (RT-PCR) in the prefrontal cortex, hippo-
campus and striatum regions. Bcl-2, Bax and CytC
protein levels were measured using ELISA kits.
Tissue sections were evaluated histopathological-
ly with hematoxylin-eosin staining.

RESULTS: Compared to the control group,
the magnesium-administered groups indicated
gene expression reductions in almost all brain
regions; pro-apoptotic Bax, anti-apoptotic Bcl-2
and Cyt-C gene expression levels were reduced.
With magnesium, the Bcl-2 and Bax protein lev-
els were increased. Bax/Bcl-2 gene and protein
ratio were also increased in the striatum and hip-
pocampus, whereas Cyt-C protein levels were
decreased or did not change in the magnesium
treated groups. There was no pathological find-
ing in histological evaluation.

CONCLUSIONS: Long-term magnesium us-
age can promote apoptotic cascade in brain
tissue by increasing Bax/Bcl-2 ratio. Cyt-C, a
prominent factor processing caspase pathway,
was decreased or unchanged. In addition, tak-
ing into account the histological evaluation, we
supposed that the absence of Cyt-C in the cyto-
sol can prevent the subsequent apoptotic path-
way. Consequently, we obtained the findings of
apoptotic initiation with magnesium in brain,
but this cascade seems to be arrested at lat-
er stages.

Key Words:
Magnesium citrate, Magnesium glycinate, Apoptosis,
Bcl-2, Bax, CytC.

Introduction

Following sodium, magnesium (Mg) is the
most abundant second cation in cells. In a holistic
approach, Mg is an essential mineral with pleiotro-
pic impacts (e.g., in activity of various enzymes,
ion balance) in both cytosols and organelles. In
the neurological system, in addition to being a
protective element against neuronal-directed ex-
citotoxicity, Mg is an organizer in neuronal and
neuromuscular synaptic conductance. The neuro-
protective and neuromodulator effects of Mg sup-
plementation have garnered attention'. Research
has demonstrated that agricultural processes, pro-
cessed foods, dietary habits, diuretics and proton
pump inhibitors can lead to magnesium deficien-
cy*?, and consequently, the importance of daily
Mg supplementation has been increased.

Approximately 30% of the enzymes and pro-
teins that maintain cell function and vitality de-
pend on Mg®. Mg and Mg-dependent kinases are
required in the maintenance of vital cell functions
(such as cell proliferation and maturation, signal
transduction, the production and function of sec-
ond messengers, the activation of ATP/ATPase
pumps associated with electrolyte homeostasis,
and bio-energetic functions) as well as regulat-
ing cell death and apoptosis”'’. Low Mg levels
contribute to glutamatergic neurotransmission,
leading to excitotoxicity and neuronal cell death.
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Abnormal glutamatergic neurotransmission has
been associated with many neurological and psy-
chiatric disorders (migraine, chronic pain, epilep-
sy, Alzheimer’s, Parkinson’s, stroke, depression,
and anxiety)''2,

As Mg yields such a diverse and broad spectrum
of functions, its effects on various cell types differ.
The role of magnesium in the nervous system has
been extensively investigated in clinical and exper-
imental research on different pathological process-
es (chronic pain, fibromyalgia, anxiety-depression,
epilepsy, dementia, Parkinson’s disease). In some of
these diseases, Mg levels in the brain or cerebrospinal
fluid were reduced or normal. In others, magnesium
therapy was preventive, ineffective or even curative.
Since there is insufficient evidence on the efficacy
of Mg supplementation in neurological disorders, no
consensus is reached on magnesium usage in these
pathologies"". Furthermore, the apoptotic effective-
ness of Mg in the nervous system is unclear'*-">.

From a physiological point of view, cells must
contain a certain amount of magnesium in order to
prevent deterioration of the cell functions. Mg can
be found in organelles, and is especially bonded to
nucleic acids, chromatin, phospholipids, and pro-
teins. Mg is scarce in the cytosol. While the magne-
sium concentration in eukaryotic cells is 17-20 mM,
itis 15-18 mM in organelles (nucleus, mitochondria,
endoplasmic reticulum) and below 1 mM in free
active form in the cytosol and organelle lumens'®.
The entry of Mg into the brain is largely blocked
by the blood-brain barrier. Due to the concentration
gradient, the transition of Mg from blood to brain
tissue requires active transport'®. Addressing these
difficulties, in vivo studies test the effect of Mg on
the passage of the blood-brain barrier, its entry into
the brain tissue and its cleavage to the active form.
In our previous study, we reported the passage of
Mg glycinate and Mg citrate into mice brain tissue
at mice dose corresponding to human dose (405
mg/70 kg bodyweight); total Mg levels in the brain
were higher than in subjects who did not receive Mg
supplementation®. Since these Mg compounds are
well absorbed into the brain tissue, hence they can
affect cellular functions in the brain.

Mg supplementation has been suggested in the
Dietary Reference Intake (DRIs) and Recommend-
ed Dietary Allowance (RDAs) guidelines as 320-
420 mg/day (men and women, respectively) aged
30-50 years''*. An increase in Mg levels can cause
toxic effects such as diarrhea, muscle weakness,
arrhythmia, and deterioration in kidney functions,
hypokalemia, and metabolic alkalosis". However,
there is no evidence whether long-term Mg sup-
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plementation has negative effects on brain cells.
Healthy individuals without Mg deficiency often
receive Mg supplements as a result of reports of
positive effects on the nervous system. The intake
of Mg may not create a change in the free-active
form and may be ineffective or cause harmful re-
sults such as pathological apoptosis. In our present
study, by supplementing Mg glycinate and Mg ci-
trate for 8 weeks, we investigated the effect of on
the apoptotic processes in rat brains.

Materials and Methods

Animals

The tissue materials used in this study were
obtained from another protocol: the Institution-
al Review Board/Ethical Review Board No.
02.10.2018/36/2018 titled “Investigation of the
effects of chronic Mg use on brain, skeletal and
smooth muscle function and biochemistry in rats”.
The study had previously been approved by the
institutional ethics committee.

All female adult outbred Sprague Dawley rats
(250-300 gr) were obtained from the Dokuz Ey-
lil University Faculty of Medicine, Experimental
Animals Laboratory (Izmir, Turkey). All rats were
placed in individual cages at constant room tem-
perature (22 + 1°C) and humidity (60%), 12-hour
light-12 hour dark cycles and free access to stan-
dard feed. All animal experiments were conducted
in accordance with the policies of the NIH Guide
for the Care and Use of Laboratory Animals.

Experimental Design

The rats were divided into three groups. (1)
Control group (n=6), (2) magnesium citrate (MgC,
n=06), magnesium glycinate (MgG, n=6). For eight
weeks both Mg compounds were administered oral-
ly. The daily elementary Mg dose was 36 mg per
kg bodyweight dissolved in 1 milliliter tap water.
Based on the calculations suggested in one of our
previous studies, the prescribed physiological oral
Mg supplement dose currently applied for humans
(5.78 mg/kg) was adapted to rats. Control animals
were given the same volume of tap water orally. Fi-
nally, all rats were anesthetized by CO2 inhalation,
which has a rapid and short-term anesthetic effect.

The prefrontal cortex, hippocampal and stri-
atum tissues were removed and randomly divid-
ed into two sections: right and left; one part was
placed in a 1 ml RNa stabilization solution for
RNA isolation and the other was also stored at
—80°C for biochemical analysis.
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Total RNA Extraction and
cDNA Synthesis

The total RNAs were extracted from the brain
tissues of rats in each group. Tissue samples were
immediately placed in 2 ml sterile centrifuge tubes
containing RNA stabilization solution (RiboSaver,
GeneAll Biotechnology Co., LTD). Total RNA was
isolated using an RNA isolation kit (Hybrid-RTM,
GeneAll Biotechnology Co., LTD) in accordance
with the manufacturer’s protocol. RNA purity and
concentration were determined by absorbance
readings at 260 nm and 280 nm (NanoDrop™1000
Spectrophotometer, Thermo Scientific, Waltham,
MA, USA). 1.5 pg of total RNA was reverse tran-
scribed into cDNA using a High-Capacity cDNA
Synthesis Kit with RNase Inhibitor according to
the manufacturer’s protocol (A.B.T™ Laborato-
ries, Turkey). Each cDNA sample (100 ng/ul) was
used as template for gqRT-PCR using SYBR Green
(2X One-Step qRT-PCR MasterMix, A.B.T." Lab-
oratories, Turkey).

Real Time Relative Quantitative RT-PCR
Quantitative real time PCR (qQRT-PCR) was
performed using the Rotor-Gene Q PCR system
(Qiagen, Hilden, Germany) with SYBR-Green
MasterMix to determine the expression levels of
apoptosis-related genes. Based on the user manu-
al of 2X qPCR SYBR-Green MasterMix (without
ROX) (A.B.T.™ Laboratories, Turkey), the qPCR
assay was performed with a 20 pl final reaction
volume consisting of 10 pl of 2X SYBR-Green, 0.6
ul of forward and reverse primers, 2 pl of cDNA
template and 6.8 pl ddH,0. PCR conditions for
mRNAs as follows; pre-denaturation at 94°C for
10 min, denaturation at 95°C for 10 s, annealing at
58°C for 15 s and extension at 72°C for 20 s, for 40
cycles. The hypoxanthine phosphoribosyl-trans-
ferase (HPRT) housekeeping gene was used as an
endogenous control for mRNA expression. The
sequences of the primers are provided in Table
1. All the primers were designed and synthesized
by Triogen Biotechnology Co., LTD (Turkey) and
all real-time PCR reactions were conducted using
a Rotor-Gene Q PCR detection system (Qiagen).

Table I. The sequences of primers.

The relative expression of each mRNAs (BCL-2,
BAX, and CYC) were calculated to the normalizer
gene HPRT and calculated using the 2744 method.
Calculations were performed using Light Cycler
2.0 software.

Biochemical Measurements

Frozen samples of the prefrontal cortex, hip-
pocampal and striatum tissues were weighed and
homogenized with steel beads using BioSpec
Mini-Beadbeater-16 (BioSpec Products Inc., USA)
in 10 volumes of PBS, pH:7.4 and centrifuged at
5000 g for 15 min at 4°C. The supernatants were
used for all biochemical analyses.

Tissue ELISA measurements for Bel-2, Bax
and CytC were performed according to the kit pro-
tocol. Bcl-2 levels (Rat B-cell leukemia/lymphoma
2 ELISA kit, Catalog Number E0037Ra,Bioassay
Technology Laboratory, Wuhan, China with assay
sensitivity 0.026 ng/ml and range 0.05 ng/ml — 10
ng/ml); Bax levels (Rat Bel-2 associated X protein,
Bax ELISA Kit, Catalog Number E0034Ra, Bio-
assay Technology Laboratory, Wuhan, China with
assay sensitivity 0.12 ng/ml and range 0.2 ng/ml
— 60 ng/ml) and CytC levels (Rat Cytochrome C,
CYCS ELISA kit, Catalog Number E1939Ra, Bio-
assay Technology Laboratory , Wuhan, China with
assay sensitivity 14.35 ng/L and range 30 ng/L —
9000 ng/L) were measured using commercially
available ELISA kits specific for rats. All results
were calculated in mg protein per tissue. Protein
analysis was performed according to the manufac-
turer guide of the BCA protein Assay kit (Catalog
Number 23227, Pierce™ BCA Protein Assay Kit,
USA). Absorbency changes were measured using
a microplate reader (ELx800, BioTek Instruments,
Inc., Winooski, VT, USA) at 450 nm for ELISA
kits and at 560 nm for protein assay Kkit.

Histopathological Analyses

Brain tissues were fixed with formalin and
blocked with paraffin. Coronal sections com-
prised from the prefrontal cortex, hippocampus
and striatum regions of the brain were prepared
and sliced 4 um thick. Apoptosis findings were

Gene Forward primer Reverse primer

Bax 5-AAGAAGCTGAGCGAGT-3' 5'-GCCCATGATGGTTCTG-3'

Bcl 5'-ACCTGACGCCCTTCAC-3' 5'-AGGTACTCAGTCATCCAC-3'
CytC S TGGGTGATGTTGAGAAAG-3' S TTTGTTCCAGGGATGTACT-3'
HPRT 5'-CCGGGTGGACCATTACTTAGG-3' 5" TTCCAGAGGCCGTCCAAAG-3'
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examined in H&E (hematoxylin and eosin) stained
sections. The presence of apoptotic body, nuclear
fragmentation, and pycnotic nuclei were examined
for the identification of apoptotic cells. Apoptosis
was evaluated in the BX51 Olympus microscope
(Olympus, Tokyo, Japan). Camera system with DP
Controller and DP Manager Software (Olympus
America, Melville, NJ, USA) was used to record
the images.

Statistical Analysis

All statistical procedures were performed by
SPSS 24.0 (IBM Corp., Armonk, NY, USA). The
differences among the groups were analyzed using
the one-way ANOVA test. Bonferroni and Tam-
hane multiple-comparison post hoc tests were
performed when a statistically significant differ-
ence was found between groups. The results are
presented as mean = S.E.M, where p<0.05 was
considered statistically significant.

Results

Bax, Bcl-2 and Cyt-C gene and protein levels,
Bax/Bcl-2 ratios were determined, and statistical
analyses were performed in the MgC, MgG and
control groups. The gene and the protein expres-
sion data and statistical results in the brain regions
of the three groups are provided in Tables II and
III. The presentations of the data as a bar graph are
shown in Figures 1, 2 and 3.

Prefrontal Cortex Measurements

Bax protein did not change in the prefrontal
cortex of MgG compared to controls (Figure 1B).
In this group, all other gene and protein expres-
sions (Bax, Bcl-2, Cyt-C) in the prefrontal cortex
decreased (Figure 1A, 1C-F). In the prefrontal cor-
tex of the MgC group, all gene expressions had
decreased as well, and except for the increase in
Bax protein, no change was observed in other pro-
tein expressions (Figure 1). In the prefrontal cortex
for both Mg groups, the Bax/Bcl-2 ratio decreased
at the gene level but did not change at the protein
level (Figure 1G,1H).

Hippocampus Measurements

When compared to the controls, Bcl-2 and
Cyt-C gene levels decreased in the hippocampus
of the MgG group (Figure 2C, 2E). In the MgG
group, the Bax/Bcl-2 ratio of the hippocampus in-
creased at both gene and protein levels (Figure 2G,
2H). Other gene and protein levels did not change
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(Figure 2A, 2B, 2D, 2F). Compared to the control
group, the Cyt-C gene level decreased and the Bax
protein level increased in the hippocampus of the
MgC Group.

Striatum Measurements

In comparison to the control group, the Bax
gene and protein levels increased in the striatum
samples of the MgG group (Figure 3A, 3B). Bcl-2
gene levels decreased (Figure 3C) and protein lev-
els did not change (Figure 3D). The CYT-C gene
level increased but the protein level did not vary
in the striatum samples of the MgG group (Figure
3E, 3F). The Bax/Bcl-2 ratio increased in the MgG
group at both gene and protein levels (Figure 3G,
3H). In the striatum samples of MgC, the Bcl-2
gene level decreased (Figure 3C). Bax and Bcl-2
protein levels increased (Figure 3B, 3D); however,
the Bax/Bcl-2 protein levels did not alter (Figure
3H). Cyt-C protein levels decreased (Figure 3F).

Histological Assessment

In the control group, there were no cells dis-
playing Caspase-3 positive staining in the sec-
tions of the brain prefrontal cortex, striatum and
hippocampus regions. Likewise, no cells showing
Caspase-3 positive staining were detected in the
Mg-administered groups. There were no findings
of apoptotic body, nuclear fragmentation and pyc-
notic nuclei (Figure 4A, 4B, 4C).

Discussion

Various experimental and clinical studies have
reported that Mg has beneficial effects on cogni-
tive brain functions??2. We researched apoptosis
in the rat brain regions (the prefrontal cortex, hip-
pocampus and striatum areas) which process cog-
nitive function. The rats were administered Mg for
8 weeks which translates to an approximate five
year duration of human life*.

Up-regulation in the gene expression was de-
tected only in the Bax and Cyt-C genes in the
striatum of the MgG group. We did not observe
an up-regulatory effect on the gene expressions
in the MgC groups. Most of the genes we stud-
ied were downregulated in the prefrontal cortex,
striatum and hippocampus regions. MgC showed
suppressive effects on the Cyt-C gene in the hippo-
campus, on Bcl-2 in the striatum, and on all three
genes in the prefrontal cortex. MgG demonstrated
similar impacts on gene expressions. In addition,
MgG down-regulated the Bcl-2 gene in the hip-
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Table II. The comparison of Bax, Bcl-2 ve Cyt-C protein levels ( ng protein / per mg tissue proteins) in rat brain regions.

Prefrontal Cortex Hippocampus Striatum
Relative Expression Unit post hoc Relative post hoc Relative Expression post hoc
MeanzSE ANOVA (compared  Expression Unit ANOVA  (compared Unit ANOVA  (compared
to control) Mean = SE to control) Mean = SE to control)
Mg citrate group  0.19+0.04 00001 £<0.0001 0.73£0.18 00001 7005 0.34+0.03 00001 $<0.0001
- X p<0. . T
B2 _Mgghycinategrop  0.15:004 ¢ FI0Tcs o £<0.0001 0126001 TS0 oo $<0.0001 079007 475745 75 _#<003
control 1 1 1
Mg citrate group  0.01% 0.004 00001 $<0.0001 0.58+0.12 0000 7007 0.35+0.03 00001 $>0.05
Bax Mg glycinate group  0.04+ 0.03 F(2.15)=250.92 »<0.0001 0.77+ 0.06 F(2.15)=6.62 p>0.05 2.30+0.32 F(2.15)=28.17 p=0.01
control 1 1 1
Mg citrate group  0.01% 0.003 $<0.0001 0.59+0.14 7005 0.35+0.03 £>0.05
CytC Mg glycinate group  0.05+0.008 p<0.0001 $<0.0001 0.03+0.007 P=0.001 $<0.0001 2862065 . P7001 =001
- : F(2.15)=107.38 : : : F(2.15)=35.55 : : > F(2.15=11.89 —+——
control 1 1 1
Bay/Bepy _ MECiTe group  0.18+0.06 00001 $<0.0001 0.95+0.14 00001 7005 1.1240.23 =S
ax/Bc - X p<0. p<0. —
Mg glycm;tel aroup 0.25ﬂ; 002 25 09 £<0.0001 6.60:;0.80 F 154781 £<0.0001 2.90:: 037 g d 151776 £<00001
contro.
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Table Ill. The comparison of Bax, Bcl-2 ve Cyt-C gene expression levels in rat brain regions.

Prefrontal Cortex Hippocampus Striatum
ng protein/per mg tissue post hoc ) [T posthoc "9P I post hoc
proteins MeanxSE ANOVA  (compared PSrMaUssue  ,NoyA  (compared P Mg tissue ANOVA (compared
proteins proteisn
to control) Mean=SE to control) Mean=SE to control)
Mg citrate group 0.63+0.09 0.003 p>0.05 0.90+0.12 0.002 p>0.05 1.56+0.10 <0.0001 p=0.04
: p=0. — p=0. p<0. T
Bel2 Mg glycinate group  0.28£0.02 o <) ges =0.03 0370.03 ' 15-10,07 >0.05 0.94+0.72 F2.157-16.81 27005
control 0.52+0.05 0.65+0.06 1.13+£0.04
Mg citrate group  0.53+0.09 0.006 p=0.04 0.62+0.05 0.006 p=0.06 0.94+0.01 0.001 p=0.01
- p=0. p=0. p=0. o
Bax Mg glycinate group  0.21+0.04 F(2.15)=7.37 p>0.05 0.40+0.08 F(2.15)=7.29 p>0.05 1.03+0.08 F(2.15)=10.60 p=0.001
control 0.30+0.03 0.30+0.02 0.66::0.04
Mg citrate group  0.02+0.007 0016 >0.05 0.06+0.003 0.05+0.02 0,001 p=0.03
CytC Mg glycinate group  0.01:0.003 (?1 5)-5.55 =0.01 0.05+0.008 p>0.05 0.16+0.01 F(ZPIS)'ZI 036 _P>0.05
control 0.03+0.001 ' ' 0.06+0.003 0.12+0.007 ' '

BayBely _Mecitrate group  0.82:0.03 0.70+0.05 0.025 p>0.05 0.61+0.03 o000 22005
ax/Be - p=0. — p<0. oot
ratio Mg glycinate group  0.78+0.15 p>0.05 1.15+0.24 F(2.14)=4.85 p=0.028 1.09+0.06 F(2.15)=38.35 »<0.0001

control 0.57+0.04 0.48+0.07 0.58+0.02
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Figure 1. Gene and protein expression levels in the rat prefrontal cortex. Bax gene decreased in the MgC and in the MgG groups
compared to the control group, and the Bax protein increased significantly in the MgC group (A, B). Bcl-2 gene and CYT-C gene
levels decreased in both Mg groups, while protein levels decreased in the MgG group (C-F). The Bax/Bcl-2 gene ratio decreased
in both Mg groups compared to the control group, but protein levels did not change (G, H).
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Figure 2. Gene and protein expression levels in the rat hippocampus. The Bax gene levels show differences among the
groups; the Bax protein level increased in the MgC group (A, B). In comparison to the control group, the Bcl-2 gene level
decreased in the MgG group and protein levels did not change in both groups (C, D). The Cyt-C gene level decreased sig-
nificantly in both groups, but protein levels did not change (E, F). The Bax/Bcl-2 ratio increased in the MgG group in both

gene and protein levels (G, H).
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Figure 3. Gene and protein expression levels in the rat striatum. Bax and Bcl-2 gene levels decreased in the MgC group,
while protein levels increased (A-D). The Bax gene and protein levels increased in the MgG group (A, B). The Bcl-2 gene level
decreased in the MgG group compared to the control group, but protein levels did not change (C, D). Compared to the control
group, the CytC level increased in the MgG group, and protein levels decreased in the MgC group (E, F). Bax/Bcl-2 levels
increased in both gene and protein levels in the MgG group (G, H).
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Figure 4. The histopathological image of the striatum region of rats. There was no finding supporting apoptosis in neurons
and glial cells of the control, MgC and MgG groups (A, B, C, respectively). (H&E staining, magnification 10X, the scale bar
indicates 200 nm).

pocampus. The suppressive effect of Mg on gene questrate Bax. When the Bax concentration is
transcription may be due to many different mecha- higher than Bcl-2, Bax molecules compose di-
nisms. With Nuclear Magnetic Resonance (NMR) mers, and this leads to cell death *'. The results on
spectroscopy, it was noted that the opening base the nuclear stage of apoptosis demonstrated that

pairs were impeded by Mg while transcription MgG activates the apoptotic process in the hip-
continued?. This outcome was explained based pocampus and striatum; the Bax/Bcl-2 gen ratio

on the tenet that Mg increases DNA stability increased in these regions. This may be associat-
through attachment without changing its chemical ed with the more pronounced suppressive effect
structure. Another study reported that Mg binds to of Mg on the Bcl-2 gene transcription compared
the PO4 skeleton thus preventing the degradation to the Bax gene transcription.

of DNA?%. The down-regulatory effect of Mg on The outflow of mRNA from the nucleus does
genes may occur during mRNA chain elongation. not always result in cytosolic protein synthesis.
Mg may interfere during mRNA strand formation; Therefore, the translation of apoptosis-related
long oligomer strands cannot be produced if Mg is proteins in the cytosol was also examined. Inter-
present in the medium?. In other words, Mg in the estingly, protein synthesis levels were inversely
nucleus may yield negative effects on mRNA for- correlated to mRNA levels. It has been reported
mation but the regulatory effects of Mg on apop- that approximately 40% of changes in protein ex-
totic genes are not clear. pression correlate with transcription *. In other

Mg has many effects on cell nucleus. Mg can words, about 60% of the change in protein expres-
activate calcium/magnesium-dependent endo- sion is associated with other regulations (posttran-
nucleases (to cut DNA), exonucleases (to repair scriptional, translational, or protein degradation
DNA), ligases, and topoisomerases'>*"?%. Mg-de- regulation). In a study conducted to examine the
pendent DNaselL1 endonuclease enzyme cleaves mismatch of protein and mRNA expression, it
to chromatin during apoptosis®’. Apoptotic endo- was reported that the discordance mainly occurs
nucleases produce DNA degradation, an import- in non-differential gene expressions, and there is a
ant marker of apoptosis. Mg increases DNA frag- high correlation between mRNA and protein lev-
mentation by activating endonucleases in the cell els in differential gene expressions®. In our study,
nucleus undergoing apoptosis®. The transcription transcriptional changes in non-differential genes
of the genome can be inhibited because of endo- may have been canceled by biological regulation
nuclease activity. mechanisms.

The Bax/Bcl-2 gene ratio in the MgG in- In the prefrontal cortex, hippocampus and stri-
creased in exception of the prefrontal cortex. atum regions, Bax protein expressions increased
The ratio we focused on in the MgC group was significantly in the MgC group. In the MgG group,
unchanged in the striatum and hippocampus. The Bax protein was higher than in the control only
Rheostat Model, explained after the discovery of in the striatum and did not change in the other
heterodimerization between Bax and Bcl-2, de- regions. Bcl-2 protein levels were lower in the

termines cell destiny. The Bcl-2 concentration prefrontal cortex of MgG group and higher in the
must be high according to the Bax concentration striatum of the MgC group. The ratio of Bax/Bcl-2
in living cells to enable them to attach and se- protein expression was also observed to be raised

6532



Versatile effects of magnesium on apoptosis

in the hippocampus and striatum regions of the
MgG group and remained unaltered in the MgC
group.

Bax and Bcl-2 proteins are predominantly
found in the cytosol. These are proteins that reg-
ulate mitochondrial cell death-intrinsic apoptosis.
However, during apoptosis in order to degrade pro-
teins and DNA through caspase activity, Cyt-C
must pass outwards through the mitochondrial per-
meability transition pores (MPTP) into the cyto-
sol**, In this process, Bcl-2 mediates the inhibition
of Cyt-C secretion from the mitochondrial pore®.
Although Bax/Bcl-2 ratios generally increased in
both gen and protein levels in our study, Cyt-C lev-
els decreased or did not change. Our results sug-
gest that Mg generates apoptosis-initiating signals
but fails to raise Cyt-C. The stable or decreased
levels of Cyt-C may be associated with the increas-
ing cytosolic degradation of Cyt-C (by E3 ligases)
or the blocking of Cyt-C secretion.

Cyt-C enters the mitochondria after being syn-
thesized in the cytosol. It is a hemeprotein that aids
the electron transport chain activity and inhibition
of reactive oxygen species in the inner membrane
of mitochondria. Cyt-C can also dissociate from
mitochondria in various physiological processes
such as cell differentiation. In addition, its tran-
sition to the cytosol does not always initiate the
apoptotic process®. The secretion of Cyt-C from
mitochondria against apoptotic stimuli is followed
by an increase in calcium within the mitochondria,
a decrease in mitochondrial membrane potential,
and the formation of MPTPs. By reducing mito-
chondrial permeability, Mg can inhibit the secre-
tion of Cyt-C, which is bound with acidic phos-
pholipids in the inner membrane of mitochondria?’.
Therefore, in our study, although Bax/Bcl ratios
increased as a result of Mg, Cyt-C may not have
been able to pass into the cytosol due to decreased
mitochondrial permeability. Various studies have
reported that Mg ions added to the medium in-
hibit Cyt-C and enzyme secretion from mitochon-
dria'®*. The authors hypothesized that positively
charged Mg ions bind negatively charged phospho-
lipids and proteins to form membrane resistance.
A recent in vivo study regarding the neurotoxin
effects on substantia nigra exhibited a decrease in
Mg entry into cells and an increase in Caspase-3
levels. Consequently, decreased Caspase-3 levels
and increased cell viability were noted when Mg
was added®. This finding also supports the sup-
pressive effect of Mg on Cyt-C and Caspase-3 ac-
tivities. The suppression of Caspase-3 activity by
Mg may have also been associated with its P2X7

nonselective cation channel blocking effect*. This
receptor channel is present in the central nervous
system and an increase in Caspase-3 positive cells
has been reported with its activation*'. Mg may
have terminated the cytosolic apoptosis cascade
by blocking P2X7.

Unlike most other cells, neurons are programmed
to remain alive throughout life. Therefore, they have
to be more resistant to apoptotic signals than other
cells. E3 ligases can degrade Cyt-C. PARC/CULDY,
one of the E3 ligases, is higher in neuronal cells than
in other cells. It was observed that Cyt-C was in-
creased in cells lacking this ligase, and Cyt-C was
rapidly degraded in cells with high ligase*. It is likely
that neurons use ligase and various Cyt-C-inactivat-
ing pathways to escape apoptosis.

Conclusions

According to the Bax/Bcl-2 ratio we recorded
in the hippocampus and striatum, we could claim
that MgG triggers the apoptosis cascade at the
initial stage. Additionally, we could not deter-
mine any enhancement in the Cyt-C, which is re-
quired to execute apoptosis. The Cyt-C level was
unaltered in the hippocampus and decreased in
the prefrontal cortex and striatum. Apoptosis can
be completed if Cyt-C exists in cytosol. The out-
come related with detected Cyt-C leads us to sur-
mise Mg is stimulatory in the initial phase of the
apoptotic cascade, but later steps of the cascade
are suppressed during Cyt-C release. Inhibition
of Cyt-C may be related to the direct action of
Mg or the ability of nerve cells to protect against
apoptosis. Our chemical findings were supported
by histological findings. There was not apoptosis
in the healthy brain cells in the control group; the
brain cells of the subjects that had received Mg
displayed the same appearance.

The existing literature indicates that Mg in-
creases neuronal apoptosis. Long-term use of
magnesium triggers the apoptotic cascade in the
brain, but our findings suggest that this cascade
is probably not complete. Further studies of Cyt-
C’s expression and activity in the cytosol during
apoptosis may clarify the course of the apoptotic
cascade.
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