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Abstract

Magnesium is an element of great importance functioning because of its association with many cellular physiological functions.
The magnesium content of foods is gradually decreasing due to food processing, and magnesium supplementation for healthy
living has become increasingly popular. However, data is very limited on the bioavailability of various magnesium preparations.
The aim of this study is to investigate the bioavailability of five different magnesium compounds (magnesium sulfate, magnesium
oxide, magnesium acetyl taurate, magnesium citrate, and magnesium malate) in different tissues. Following a single dose 400 mg/
70 kg magnesium administration to Sprague Dawley rats, bioavailability was evaluated by examining time-dependent absorption,
tissue penetration, and the effects on the behavior of the animals. Pharmacokinetically, the area under the curve calculation is
highest in the magnesium malate. The magnesium acetyl taurate was found to have the second highest area under the curve
calculation. Magnesium acetyl taurate was rapidly absorbed, able to pass through to the brain easily, had the highest tissue
concentration level in the brain, and was found to be associated with decreased anxiety indicators. Magnesium malate levels
remained high for an extended period of time in the serum. The commonly prescribed dietary supplements magnesium oxide and
magnesium citrate had the lowest bioavailability when compared to our control group. More research is needed to investigate the
bioavailability of magnesium malate and acetyl taurate compounds and their effects in specific tissues and on behavior.

Keywords Magnesium acetyl taurate - Magnesium malate - Magnesium citrate - Magnesium oxide - Magnesium sulfate -
Anxiety - Brain - Muscle

Introduction

Magnesium is the eight most common element found on our
planet [1]. It is also the fourth most abundant element in ver-
tebrates and the second most common element in the cell
following potassium in eukaryotic cells. There is an average
of 0.4 g/kg (total of 24 g in a 70-kg adult) magnesium in the
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human body [2]. Approximately 99% of the total body mag-
nesium is localized in the bone, muscle, and the soft tissue
surrounding them; of which 50-60% is found in the bones [3].
One third of the magnesium found in bones tissue act as a
reservoir, regulated to maintain normal blood magnesium
levels [4]. The magnesium content of the bone decreases with
age, leading to a decline in its storage function [1].
Extracellular magnesium constitutes 1% of the total body
magnesium and is mostly found in serum and red blood cells.
Seventy percent of the magnesium in serum is ionized, 20% is
protein-bound, and 10% is bound to anions such as phosphate,
bicarbonate, citrate, and sulfate [3, 4].

Magnesium is a vital component of cells, involved in many
physiological functions [2]. It is the most frequently found
metal ion cofactor in enzymatic systems, including DNA/
RNA polymerases and all enzymes functioning in ATP me-
tabolism. In cells, the presence of magnesium is critical for the
stability of polyphosphate compounds. Under normal condi-
tions, biologically active ATP is bound to a magnesium ion [2,
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4]. ATP metabolism is essential for muscle contraction and
relaxation, normal neurological function, and release of neu-
rotransmitters. Mg affects muscle performance through its
fundamental role in muscle contraction/relaxation and energy
metabolism [5]. The most common manifestation of magne-
sium deficiency is muscular cramps. In addition, it is essential
in the regulation of vascular tone, heart rhythm, platelet-
activated thrombosis, and bone formation [6]. It has been sug-
gested that magnesium deficiency has related with both anx-
iety and depressive disorders. Some studies demonstrated
magnesium’s anxiolytic effects in both rodent models and
humans [7].

Approximately 30-40% of the dietary magnesium is
absorbed from the digestive tract with a variability between
~10 and 65% depending on the physiological need.
Absorption occurs mostly in the small intestine, but also con-
tinues in the colon. In humans, magnesium absorption partic-
ularly occurs in the distal segment of the small intestine; how-
ever, radioisotope-labeled magnesium has been detected in
plasma 1 h after ingestion, indicating that absorption begins
in the upper regions of the small intestine, such as duodenum
and jejunum [8]. The presence of fibers in the diet that can be
fermented by intestinal bacteria increases Mg absorption from
the large intestine [9]. Following absorption from the digestive
tract, magnesium enters the bloodstream. However, the rate of
magnesium transport across cell membranes is not the same in
all tissues of the human body; the rate is higher in the heart,
liver, and kidney and lower in the skeleton, red cells, and brain
[10]. Magnesium easily crosses the blood-brain barrier [2].

The recommended daily dose of magnesium is 310 mg for
women 19-30 years of age and 320 mg for women 31+ years
old and 400 mg for men aged 19-30 and 420 mg for men 31+
years [11]. Food and water are the major sources of magne-
sium intake. It is abundant in green leafy vegetables, cereals,
nuts, and legumes. Nonetheless, the magnesium content of
foods has decreased in the last century [12, 13]. Processed
and refined foods are poor sources of the nutrient, reducing
its content up to 85%. Cooking (especially boiling) also de-
creases the magnesium content in foods [14]. In addition to a
magnesium-poor diet, deficiency can occur secondary to
chronic alcohol usage, lengthy hospitalizations, or chronic
diseases such as type 2 diabetes, obesity, and metabolic syn-
drome. Magnesium uptake can be increased by a magnesium-
rich diet or magnesium supplementation. Decreased intake or
absorption and chronic diseases caused magnesium deficien-
cy, in which taking a dietary supplement becomes necessary.

The magnesium element forms compounds with organic or
inorganic molecules and mostly exists as magnesium salts in
nature. Organic and inorganic compounds are the two main
classes of chemical compounds. With a few exceptions, an
organic compound is defined as containing C-H bonds and
is associated with living organisms and life processes.
Inorganic compounds include salts, metals, minerals, and
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other elemental compounds that do not contain carbon and
are not associated with living matter. Production of inorganic
compounds is cheaper and they break down very easily in the
digestive tract. Yet they have a lower absorption rate when
compared to organic substances. When magnesium minerals
are consumed, they are quickly released and free to bind other
compounds such as phytates found in nuts, grains, and some
vegetables. Thus, the resulting new compounds are excreted
without absorption. The unbound magnesium mineral can al-
so irritate the digestive system and cause a laxative effect or
diarrhea [15-17].

Information on the bioavailability and efficacy of different
magnesium compounds is limited. The aim of this study is to
investigate the bioavailability of different organic (magnesium
citrate, magnesium acetyl taurate, and magnesium malate) and
inorganic (magnesium oxide and magnesium sulfate) magne-
sium compounds. Magnesium citrate and magnesium oxide
are the most prescribed Mg compounds as dietary supple-
ments. Magnesium acetyl taurate was shown to have an effect
on an experimental cataract model and is also recommended
for the treatment of migraine. Magnesium malate is used in the
treatment of fibromyalgia. We compared the bioavailability of
these widely used magnesium compounds and parenteral us-
age to oral intake.

Materials and Methods
Animals

Forty-nine adult outbred male Sprague Dawley rats (Dokuz
Eylul University School of Medicine, Experimental Animal
Laboratory, Izmir, Turkey) were used in this study. All rats
were housed in individual cages with free access to water and
laboratory chow. They were kept in a 12-h light/12-h dark
cycle at constant room temperature (22 = 1 °C) and humidity
(60%). Dokuz Eylul University School of Medicine Animal
Care Committee approved all experimental procedures.

Rats were divided into six groups: (1) Control group (n =
7), (2) magnesium sulfate (n=7), (3) magnesium oxide (n =
7), (4) magnesium citrate (n = 7), (5) magnesium acetyl taurate
(n=17), (6) magnesium malate (n = 7).

Experimental Design The details of experiment are summa-
rized in Fig. 1. The effects of magnesium on the body were
investigated 6 h after magnesium administration (400 mg/
70 kg—recommended daily dose for men) [18]. Elementary
magnesium levels of all compounds were calculated and then
dissolved using phosphate-buffered saline (PBS). Also, our
aim was to compare parenteral form with peroral; therefore,
magnesium sulfate was administered intraperitoneally, while
the other magnesium compounds were given orally. The mag-
nesium sulfate group was subject to the experiments 2 h after



Timeline (Bioavailability) of Magnesium Compounds in Hours: Which Magnesium Compound Works Best?

Fig. 1 Timeline of experiments
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magnesium administration. All magnesium compounds were
given in 1-ml volume/each rat. Control animals were given the
same volume of PBS orally.

We looked at different tissues to assess the bioavailability
of magnesium. We utilized two established animal anxiety
models to assess the effects of magnesium in the brain tissue:
open-field arena and elevated plus-maze apparatus. The re-
cording and analyses were completed by 4.1.106 version
Noldus Ethovision XT video-tracking system. In order to as-
sess the effects of magnesium in the muscle tissue, we
assessed locomotor activity, muscle strength levels, and motor
coordination. Eight hours after administration of magnesium
[19], blood samples were drawn under carbon dioxide anes-
thesia; later, brain was separated from the cerebellum and
magnesium level was measured in the whole brain. While
measuring Mg in muscle tissue, gastrocnemius was removed
because it contains muscle fibers of type 1 and type 2.

Open-Field Test

This test has been commonly used to assess spontaneous lo-
comotor activity and anxiety. As part of our series of experi-
ments, exploratory behavior of the rodents was evaluated in
the open-field test. The open field consists of an area of 1 x

1 m surrounded with a wall 50 cm in height, and a video
camera installed 2.5 m above the apparatus. Each rat was
placed in the center of the open field and then locomotor
activity (ambulation) was measured for 5 min in a soundproof
observation room illuminated with controlled light (100 Ix)
[20].

Elevated Plus Maze

This is another established model for anxiety in rodents. This
test causes anxiety in the animal and therefore is more accurate
for the assessment of anxiety. The elevated plus-maze appara-
tus consists of a central platform (5 cm % 5 cm) with two open
arms (50 cm long, 10 cm wide, and 0.5 cm high borders) and
two closed arms (50 cm long, 10 cm wide with 40 cm high
walls) that were elevated 50 cm above the ground. Rats were

Behavioral tests were
performed (Open field,
elevated plus maze
testing, rotarod, grip
strength)

placed on the platform facing the open arm and were observed
for 5 min. The total number of entries into the open and closed
arms as well as the time spent in each arm was measured [21].

Forelimb Grip Strength Measurement

The muscle strength of the subjects was measured using a
muscle strength meter. Rats were lifted from the tail to hold
the device bar with the forearms and then pulled gently from
their tail. The value given by the digital force indicator before
the release of the rod was defined as the grip force. The test
was repeated three times in succession and the highest value
was regarded as the holding force [22].

Rotarod: Assessment of Motor Coordination

The rotarod test device consists of 3-cm diameter cylinders,
separated by panels to prevent animals from seeing each other.
Five animals can be tested at the same time. The speed of the
bar was linearly increased from 4 to 20 rpm for 180 s. The
animals were trained to walk on the accelerating rotarod. Each
walking performance on the rotarod was timed by the counter
until the animal lost balance and fell down [23].

Blood, Brain, and Muscle Tissue Magnesium Levels

Blood, brain, and muscle samples were stored at — 85 °C until
they were analyzed. Magnesium level in the brain, plasma,
and muscle tissues was determined by atomic absorption spec-
trophotometry (following microwave oven digestion—210
VGP model, East Norwalk, Connecticut, USA), 8 h post ad-
ministration. Magnesium level was measured at different time
points using a Beckman Coulter AU 5800 analyzer (Beckman
Coulter, Brea, CA). Tissue magnesium concentration was cal-
culated per wet weight. Protein analysis was performed as per
manufacturer’s description of BCA protein assay kit (Cat No
E- BP-500, Elabscience, Wuhan, China). The erythrocyte
magnesium levels were calculated per protein (hemoglobin).
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Calculation of the Area Under the Curve

Bioavailability refers to the fraction of drug systemically
absorbed and it can be measured by quantifying area under
the curve (AUC) of a serum concentration against a time plot.
We calculated the AUC of the plot of serum magnesium levels
determined at different time points. (AUC = (C1 + C2)/(12-
tl) + (C2 + C3)/(13-t4) + (C3 + C4)/(t5-t4)).

Statistical Evaluation

All statistical procedures were performed by SPSS software
for Windows, Version 11.0 (SPSS, Chicago, IL). Differences
between groups were analyzed using one-way ANOVA with
the Bonferroni post hoc test when a statistically significant
difference was found between groups. Correlations among
groups were calculated using the Pearson correlation analysis.
Results are presented as mean = S.E.M, where p < 0.05 was
considered statistically significant.

Results

All results are summarized in Table 1. In the open-field test,
the magnesium acetyl taurate group demonstrated more activ-
ity in the center of the open-field arena compared to the mag-
nesium sulfate, magnesium oxide, magnesium citrate, and
control groups (p <0.05 for magnesium sulfate; p <0.001
for the other experimental groups) (Fig. 2a).

The magnesium acetyl taurate group demonstrated more
activity in the open arms of elevated plus-maze test when
compared to the magnesium malate, magnesium citrate, mag-
nesium oxide, and control group rats (p < 0.05 for magnesium
malate and magnesium citrate; p < 0.001 for magnesium ox-
ide, and control groups) (Fig. 2b).

No difference was observed in muscle strength or rotarod
performance between the experimental groups and control
(Fig. 2c, d).

As early as 4 h post administration, blood magnesium
levels were high in rats administered with magnesium malate
(indicating fast intestinal absorption), but no statistical differ-
ence was found between the magnesium malate and magne-
sium acetyl taurate groups. At the eighth hour, blood magne-
sium levels were significantly higher in the magnesium malate
group when compared to all other groups (p < 0.001) (Fig. 3a).
No difference was observed in erythrocyte magnesium levels
between the experimental and control groups (Fig. 3b).

The area under the magnesium curve is the difference be-
tween all magnesium compounds. Magnesium malate’s AUC
is much higher than all other groups (p < 0.0001). Magnesium
acetyl taurate and magnesium sulfate’s AUC are higher than
magnesium oxide and citrate (both p <0.0001) (Fig. 3c).

@ Springer

Brain magnesium levels were highest in the magnesium
acetyl taurate group when compared with others (comparison
with magnesium citrate p < 0.05; for other groups p < 0.0001)
(Fig. 4a). On the other hand, muscle magnesium levels were
lower in the magnesium acetyl taurate group when compared
with magnesium sulfate, magnesium oxide, magnesium cit-
rate, and control groups (all of p <0.001) (Fig. 4b).

We found strong positive correlations between brain mag-
nesium levels and time spent in open arms of the elevated plus
maze (= 0.541, p =0.0001). We also found intermediate neg-
ative correlations between muscle magnesium levels and dis-
tance in the open-field arena and also open arms of the elevat-
ed plus maze (r=—10.446, p=0.005; and r=—0.468, p=
0.003, respectively).

Discussion

This study compared the bioavailability of three organic and
two inorganic (intraperitoneal and peroral) Mg compounds.
Bioavailability was assessed by investigating tissue magne-
sium levels and also evaluated behavioral effects.

To understand the bioavailability of Mg in the brain, we
conducted two established experimental anxiety models for
rodents, and Mg has been previously used with success in
these models in reducing anxiety in rodents. We were able to
demonstrate that among the magnesium preparations we test-
ed, the magnesium acetyl taurate group demonstrated the low-
est anxiety indicators as per open-field test and elevated plus-
maze test markers (by entering more often into the center cells
of the open-field arena and by spending more time in the open
arms of elevated plus-maze test); the magnesium acetyl taurate
group also had the highest Mg concentration in brain tissue
after 8 h, strongly indicating an efficient blood-brain barrier
passage. However, blood and muscle magnesium levels were
low in the magnesium acetyl taurate group when compared to
the other experimental groups. Serum levels were the highest
in the magnesium malate group.

Literature on the bioavailability of various Mg compounds
is limited. To our knowledge, there is no previous study in-
vestigating and comparing the immediate physiological and
behavioral effects of various magnesium preparations and
their corresponding blood/tissue magnesium levels. Most
studies so far have compared the bioavailability of up to three
different magnesium compounds and bioavailability has been
measured through the urinalysis [24-26]. After oral adminis-
tration, magnesium is absorbed from the intestines, and in-
creased levels in the blood would not suffice, it would need
to pass through the cell membrane and get inside the cell in
order to participate in normal physiological functions.
Therefore, we have used both peroral and parenteral adminis-
tration of inorganic magnesium supplements. In our experi-
ments, we did not observe any differences between the control
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Table 1 Behavioral tests results and tissue and blood magnesium levels in 8 h
OF T-maze Blood Mg Muscle Mg Brain Mg
Time spend in Time spend (mg/dL) (mg/g tissue) (mg/g tissue)
middle area (sec) open arms (sec)
Control 52+0.2 88+1.6 33+£0.5 327.4+1.4 1893+ 1.6
MgSO4 6.3£0.6 38.6 £ 5.6%% 34+£03 328.5+2 178.6 3.7
MgAT 11.4£2.1% 39.8 +5.5% 3.1£0.7 296.9 + 8.8%* 216.9 £2.9*
MgO 53+£0.7 8.0+0.8 32+£0.7 3262 +3.4 1829+1.5
MgC 3.8+£0.4 232429 34x1.1 3249+25 198.8 7.1
MgM 100+ 1.1 219+25 3.7+£0.8% 333.4+£5.6 180.6 3.9

*p < 0.05 compared with control; **p < 0.001 compared to control and MgO

group and the inorganic magnesium groups (magnesium ox-
ide and magnesium sulfate), which can be interpreted as the
low bioavailability of these compounds [15, 17]. We showed
that the magnesium acetyl taurate (an organic compound)
group had the highest brain magnesium levels, followed close-
ly by magnesium malate. Magnesium is an essential mineral
for the homeostasis of all living cells. It is a cofactor in over
300 biochemical reactions, regulating nucleic acid and protein
synthesis, ATP synthesis, nerve and muscle cell functions, and
body temperature [2, 27]. Magnesium is also important in

psychoneuroendocrine systems that attenuate stress hormone
release and modulate the activity of the hypothalamus—pitui-
tary—adrenocortical axis [7, 28].

Magnesium depletion is associated with affective mood
disorders, anxiety, and depression. It was previously shown
that increased magnesium levels in the brain were associated
with anxiety-related behavior in mice [29]. Magnesium treat-
ment was shown to reduce anxiety in other rodent studies [30,
31]. In Poleszask’s study, organic and inorganic magnesium
compounds were compared and while magnesium sulfate did
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Fig. 2 Behavioral test results. a Open-field test result, percentage of
moving-time in open-field test. Asterisk indicates p <0.05 compared to
other groups. b Elevated plus-maze test result, total entries to open arms
of elevated plus maze. Single asterisk indicates p <0.001 compared to
control, MgC, MgO, and MgM. Double asterisks indicate p <0.001

compared to control and MgO. ¢ Forelimb grip strength measurement
results. d Rotarod test results. MgSO4 magnesium sulfate, MgT
magnesium acetyl taurate, MgO magnesium oxide, MgC magnesium
citrate, MgM magnesium malate
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Fig. 3 a Serum magnesium
levels. a Time point
measurements of serum
magnesium levels. Single asterisk
indicates p < 0.001 compared
with control, Double asterisks
indicate p <0.01 compared to
MgT. b Time point measurements
of erythrocyte magnesium levels.
¢ Plasma magnesium AUC
calculation results. Single asterisk
indicates p < 0.001 compared to
other groups, Double asterisks
indicate p <0.001 compared to
control, MgO, MgC, MgT, and
MgM. AUC the area under the
curve, MgSO4 magnesium
sulfate, MgT magnesium acetyl
taurate, MgO magnesium oxide,
MgC magnesium citrate, MgM
magnesium malate

not affect anxiety, magnesium hydroaspartate (an organic
compound) was shown to decrease anxiety levels in mice
[30]. Consistent with these results, in our study, inorganic
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compounds did not affect anxiety either while magnesium
acetyl taurate—an organic compound—reduced anxiety.
Other organic magnesium compounds (magnesium citrate
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Fig. 4 Tissue magnesium levels. a
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and magnesium malate) had no effect on anxiety indicators.
There were differences in the magnesium administration
method of our study and Poleszask’s [30]. In Poleszask
et al., all organic magnesium compounds were given intraper-
itoneal. In our study, we mainly used oral administration.
Level in brain tissue was only shown to be increased in the
magnesium acetyl taurate group.

We did not observe any effect on muscle tissue after
magnesium supplementation in the acute period. There are
some reports on magnesium supplementation in fibromy-
algia patients. A magnesium reduction in the muscle cells
of fibromyalgia has previously been reported [32].
Abraham and Flechas treated fibromyalgia patients with
a daily magnesium malate supplementation of 300—
600 mg, for 8 weeks, and reported improvement in the
fibromyalgia symptoms of the patients [33]. In our study,
acute magnesium administration did not affect muscle tis-
sue magnesium levels in our magnesium malate group.
We also did not find any difference in muscle strength
of the magnesium malate group when compared to its
controls. Our results support a previous study data dem-
onstrated no correlation between that serum magnesium
level and muscle strength [34]. Magnesium is distributed

to the bone, muscle, and brain tissue after getting into the
bloodstream through the gastrointestinal tract [35].
Therefore, we particularly chose to investigate its bio-
availability in muscle tissue directly and in brain tissue
through its presumed behavioral manifestations.

One limitation of our study is that we could not collect
urine to measure excretion of magnesium. In order for us
to do this, rats must have been kept alone in metabolism
cages for collection of urine. This would have caused
isolation stress and would have likely adversely affected
our behavioral test results. Being able to measure urine
magnesium would have allowed us to calculate the entire
magnesium metabolism.

In our study, we were surprised to find magnesium oxide
and magnesium citrate compounds—commonly prescribed
by doctors—had the lowest bioavailability measured, and in
most cases, no significant difference from the control group
was observed. It is known that magnesium is rapidly separated
from the compound in both of these magnesium forms and
free magnesium quickly binds to many intestinal contents
such as food. During our experiments, our rats had free access
to food; thus, our findings may indicate a lower bioavailability
of the magnesium compound.

@ Springer



Uysal et al.

Conclusion

Today, the reduced nutrient content of foods makes micronu-
trient reinforcement necessary. Magnesium is one of the mi-
croelements that must be taken as supplement if it is deficient
in the body. In this study, we demonstrated that orally admin-
istered magnesium acetyl taurate detected in the brain was
quickly absorbed, able to pass through to the brain easily,
and had measurable effects on anxiety indicators as specifical-
ly evidenced by strong positive correlation between brain
magnesium levels and time spent in open arms of the elevated
plus maze. Another notable findings were that magnesium
taurate levels remained high for a long time in the serum.
We used single dosing (daily recommended dosing) in this
study; dose-dependent responses of these magnesium com-
pounds would require further investigation. In addition, fur-
ther work is needed to explain the effects of these magnesium
compounds on the body of long-term applications.
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