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ABSTRACT
Objectives: Inadequate dietary magnesium (Mg) intake is a growing public health concern. Mg is
critical for diverse metabolic processes including energy production, macromolecule biosynthesis,
and electrolyte homeostasis. Inadequate free Mg2+ ion concentration ([Mg2+]) in the brain is
associated with several neurological and behavioral disorders. Elevating [Mg2+]in the brain using
oral Mg supplementation has proven to be challenging due to the tight regulation of Mg2+

transport to the brain. This study explored the effect of short-term moderate reduction in
dietary Mg intake (87% of normal Mg diet for 30 days) on [Mg2+] in the cerebrospinal fluid (CSF)
([Mg2+]CSF) and red blood cells (RBCs) ([Mg2+]RBC) in adult male rats. In addition, we investigated
the effectiveness of magnesium-rich blend of Swiss chard and buckwheat extracts (SC/BW
extract) in increasing brain [Mg2+] compared to various Mg salts commonly used as dietary
supplements.
Methods: Animals were assigned to either normal or low Mg diet for 30 - 45 days. Following this,
animals maintained on low Mg diet were supplemented with various Mg compounds. [Mg2+]CSF
and [Mg2+]RBC were measured at baseline and following Mg administration. Anxiety-like
behavior and cognitive function were also evaluated.
Results: The present study showed that a short-term and moderate reduction in Mg dietary intake
results in a significant decline in [Mg2+]CSF and [Mg2+]RBC and the emergence of anxiety-like
behavior in comparison to animals maintained on normal Mg diet. Supplementation with SC/
BW extract significantly elevated [Mg2+]CSF and improved animal performance in the novel
object recognition test in comparison with animals maintained on reduced Mg intake and
supplemented with various Mg compounds.
Discussion: These observations indicate that brain [Mg2+] is more sensitive to a short-term and
moderate reduction in Mg dietary intake than previously thought and emphasizes the
importance of dietary Mg in replenishing brain Mg2+ reserves.

KEYWORDS
Magnesium deficiency;
central nervous system;
cerebrospinal fluid;
magnesium threonate;
bioavailability; free
magnesium ion; anxiety;
cognition

Introduction

Magnesium (Mg) compounds commonly used in diet-
ary supplements have demonstrated poor delivery of
Mg to the central nervous system (CNS) [1,2]. Bioa-
vailability of either organic or inorganic Mg com-
pounds is dependent on its solubility, stability
constant, and the general health of the subject’s gastro-
intestinal tract (GI). Patients are often unaware of the
status of their GI health and/or the presence of any GI
condition(s) that impede the proper absorption of the
Mg compound they may select as a dietary supplement
[3]. The assessment of Mg status is challenging, as
commonly used Mg measurements in the clinic do
not reflect Mg status in various tissues especially in
the brain [4,5].

There is a substantial need for effective dietary sup-
plementation of Mg in the United States population.
The recommended dietary allowance for Mg is 320
and 420 mg for adult females and males, respectively
[6]. In the past 100 years, the dietary intakes of Mg in
the United States have declined from about 450–
500 mg/day to 175–225 mg/day [3,7]. Further, it is esti-
mated that about 60% of adults in the United States con-
sumed below the established recommended daily
allowance and that 45% are Mg deficient [5,6,8].

Subclinical Mg deficiency is common in the general
population and is associated with the development
and progression of several diseases including cardiovas-
cular, neurological, and metabolic diseases and early
mortality [3,9–19]. Suboptimal Mg status is the result
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of either inadequate dietary Mg intake, poor absorption
and/or increased elimination from the body. However,
insufficient dietary Mg intake is arguably the leading
factor accounting for suboptimal Mg status.

The effect of moderate reduction in dietary Mg intake
on general health and particularly on CNS function is
often underestimated. It has been previously shown
that short-term (2–4 weeks) moderate reduction in diet-
ary Mg intake (30–35% normal diet) leads to progressive
decrease in brain intracellular free Mg ion concen-
trations ([Mg2+]) in a rat model [20]. In humans, a
reduction in brain [Mg2+] is associated with neurologi-
cal disturbances and increased susceptibility to brain
injury [2,19,21–26].

[Mg2+] is higher in the cerebrospinal fluid (CSF)
([Mg2+]CSF) than in plasma. The active transport system
that maintains this concentration gradient limits the
amount of Mg2+ that crosses the blood brain barrier.
Human and animal studies show that boosting brain
[Mg2+] via chronic oral Mg supplementation is challen-
ging [27–30]. The intravenous infusion of Mg sulfate
(MgSO4) in rats for 5 days, increased plasma [Mg2+]
three-fold but failed to elevate [Mg2+] in the brain
[28]. Intravenous infusion of MgSO4 for 60 min in 2-
day and 40-day old new born swine showed significant
increases in plasma [Mg2+] in both age groups, but had
no effect on brain [Mg2+] [31]. In humans, a 100%–
300% increase in blood [Mg2+] via intravenous infusion
of MgSO4 resulted in only 10%–19% elevation in [Mg2
+]CSF [32]. Mercieri et al. showed that increasing
serum [Mg2+] over 80% of the baseline value did not
change [Mg2+]CSF in neurologically healthy patients
[33]. Taken together, this raises questions on the selec-
tion of Mg supplement(s) suitable for replenishing and
maintaining healthy brain Mg2+ stores in individuals
with suboptimal dietary Mg intake.

A recently developed Mg compound (magnesium-L-
threonate, Mg threonate) significantly increased [Mg2+]
in the brain when added to drinking water [2] or admi-
nistered as a bolus gavage in adult rats [1]. This is a sig-
nificant finding as Mg salts commonly used in dietary
supplements have poor delivery of Mg2+ to the brain
[1,2].

Mg intake from diet remains the ideal approach to
maintain optimal Mg status. Mg in food matrices is
bound to various organic and inorganic compounds
(multiform of Mg) and may provide a more effective
approach to improve Mg status in the brain and various
other tissues [34–38]. About 15–20% of Mg in mature
leaves is bound to chlorophyl and about 75% is associ-
ated with protein synthesis through its roles in riboso-
mal structure and function [34,36]. A small percentage
of leaf Mg is either free, ionic Mg2+, or Mg complexed

with organic acids, amino acids, and adenosine tripho-
sphate (ATP) [36,38]. Based on recent NHANES
2015–2016 data, the mean daily amounts of dietary
Mg consumed for male and female aged 20 years and
over are 345 and 272 mg, respectively [39]. This rep-
resents a deficit in established recommended daily
allowance of about 17% for male and 15% for female
aged 20 years and over. Having this, we posed the two
questions. (1) does a short-term moderate reduction
(13%) in Mg dietary intake alter [Mg2+]CSF and [Mg2
+] in red blood cell (RBC) ([Mg2+]RBC)and impact
behavioral outcomes (2) would a plant-based sup-
plement made from Swiss chard and buckwheat extracts
(SC/BW extract) rich in naturally occurring Mg elevate
[Mg2+]CSF and [Mg2+]RBC?

We utilized a proprietary blend of organic buckwheat
and Swiss chard extracts as a plant-based multiform
source of Mg to leverage both the benefits of organic
cultivation and the natural mineral composition of
these cultivars. Both Swiss chard and buckwheat plants
are rich in Mg [40–44]. Organically grown foods tend to
have more dry matter and higher levels of certain min-
erals such as Mg in comparison to conventionally grown
produce [45,46].

Materials and methods

Animals

Healthy male Sprague Dawley rats (150–175g weight
on arrival; Envigo (Indianapolis, IN)) were used in
the study. Animals were assigned unique identifi-
cation numbers and group housed (2–3 rats per
cage) in ventilated cages with micro-isolator filter
tops. All rats were maintained at a temperature
between 20°C and 23°C with 50% humidity on a
12h light/dark cycle. Food and water were available
ad libitum. Testing was performed during the light
part of the cycle. All studies were approved by the
Institutional Animal Care and Use Committee
(IACUC) established at PsychoGenics Inc. according
to the rules set out by the Public Health Service
Office of Laboratory Animal Welfare (IACUC
180_0313 and IACUC 204_0613).

Study design

Two studies were conducted with different groups of
animals. In both studies, the animals were assigned to
one of two diets obtained from LabDiet (St. Louis,
MO, U.S.A.): normal dietary Mg (LabDiet 5001, con-
taining 0.23%Mg) (Control diet) or 87% normal dietary
Mg (LabDiet 5008, containing 0.2% Mg) (Mg deficient
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diet (MgD)). The control diet (LabDiet 5001) contains
25% protein, 5% fat, 5.3% fiber and provides 4.09
Kcal/g. The Mg deficient diet (LabDiet 5008) contains
23.5% protein, 6.5% fat, 3.8% fiber and provides
4.15 Kcal/g. In the first study, the animals were kept
on their assigned diet for 30 days after which the first
CSF collection (baseline, day 0) was performed.
Twenty-four hours after the initial CSF baseline collec-
tion, animals maintained on 87% normal dietary Mg
(MgD) were divided into 5 treatment groups and
received either vehicle (MgD + vehicle), SC/BW extract
(MgD + SC/BW extract), Mg threonate (MgD +Mg
threonate), Mg citrate (MgD +Mg citrate) or Mg glyci-
nate (MgD +Mg glycinate). Animals maintained on
normal Mg diet received vehicle (control diet + vehicle).
Animals received 14 days of treatment and on the 15th
day (post-intervention, day 15), the second CSF collec-
tion was performed.

In the second study (Table 1), the animals were kept
on their assigned diet for 30 days and behavioral tests
were conducted on days 30–44 (baseline tests, day 0).
Twenty-four hours after the completion of the last
behavioral test, animals maintained on low Mg diet
were divided into 4 treatment groups and received
either vehicle (MgD + vehicle), SC/BW extract (MgD
+ SC/BW extract), Mg threonate (MgD +Mg threo-
nate), or Mg citrate (MgD +Mg citrate). Animals main-
tained on normal Mg diet also received vehicle as
treatment (control diet + vehicle). Animals received 45
days of treatment with behavioral tests conducted
during the last 14 days (post-intervention, day 45)
(Table 1).

In both studies, animals were maintained on their
assigned diets throughout the study. All treatments
were given twice per day (BID) via oral gavage (PO).
Water was used as the vehicle. A total of 14–15 rats
were used in each group. The administration of the
treatments twice per day ensures optimal bioavailability
of Mg and minimizes possible GI adverse events. Intes-
tinal absorption of Mg from food and supplements is
affected by the amount of Mg ingested where the per-
cent of Mg absorbed decreases as the dose of Mg
ingested increases [47].

Magnesium compounds

The following Mg compounds were used: magnesium
threonate (Magceutics Inc., U.S.A.), magnesium citrate
(Jost Chemical CO., U.S.A.), and magnesium glycinate
(Innophos Nutrition, U.S.A.). The SC/BW juice extract
containing 15.75 mg elemental Mg/g dry weight
(1.575% w/w) was obtained from Standard Process
Inc. (Palmyra, WI, U.S.A.). The Swiss chard and buck-
wheat used in this study are grown on the Standard Pro-
cess Inc. organic farm in Wisconsin. The green leaves of
the Swiss chard and whole buckwheat plant (aerial
parts) are juiced and dried on site using Standard Pro-
cess Inc. proprietary processes. The main micro and
macronutrient content in one-gram dry weight of the
SC/BW extract: fat (0.086 g), carbohydrate (0.83 g),
protein (0.17 g), vitamin K1 (6.21 mcg), Calcium
(3.45 mg), iron (1.03 mg), phosphorus (5.2 mg), and
potassium (65.5 mg). All Mg compounds and SC/BW
powder were dissolved in water and administered via
oral gavage at a dose of 20 mg elemental Mg/kg twice
per day (40 mg/kg/day).

CSF and RBC collections

Baseline collections (day 0): Rats were anaesthetized
with isoflurane and placed in a stereotaxic frame. The
atlanto-occipital membrane was exposed, and a micro-
needle was inserted into the cisterna magna via the
atlanto-occipital membrane. Approximately 25–50 µL
of CSF was slowly extracted and immediately frozen
on dry ice and then stored at −80°C. A small piece of
moist collagen foam was used to seal the punctured
membrane. The exposed muscle and skin were sutured
in layers and the animal placed in a warmed chamber to
recover from anaesthesia before returning to home cage.
Animals received 5 mg/kg carprofen sub-cutaneous as
post-operative analgesic and again at 24 h. For RBC iso-
lation, 200 ul of blood from tail vein was collected into
lithium heparin tubes. The whole blood was centrifuged
at 500× g for 10 min at 4°C. The haematocrit and plasma
levels were marked. The plasma and buffy coat were dis-
carded, and the tube filled with saline to the original

Table 1. Study design and timeline for behavioral tests.
Baseline Treatment

Day 1 to 30 Day 31 to 37 Day 38 to 44 Day 1 to 29 Day 30 to 36 Day 37 to 44

Normal or low Mg chow x x x x x x
Treatment x x x
Novel object recognition Baseline Treatment
Spontaneous alternations Baseline Treatment
Elevated plus maze Baseline Treatment
Body weight Body weight twice weekly

NUTRITIONAL NEUROSCIENCE 3



plasma level, capped and gently inverted to mix. The
RBCs were centrifuged at 500× g for 10 min at 4°C
and the supernatant was aspirated and discarded. This
saline wash was repeated two more times for a total of
3 saline washes. The RBC pellet was then frozen on
dry ice. All samples were stored at −80°C and shipped
on dry ice to Pronexus Analytical (Bromma, Sweden)
for [Mg2+]CSF and [Mg2+]RBC analysis.

Terminal collections (day 15): In the morning of the
day after the completion of 14 days of treatment (day
15), animals were anaesthetized with Pentobarbital
(60 mg/kg) prior to terminal CSF and RBC collections.
The atlanto-occipital membrane was exposed and
∼0.1 mL of CSF was extracted from the cisterna
magna and frozen on dry ice. For RBC isolation,
1.5 mL of blood collected by cardiac puncture was trans-
ferred into lithium heparin tubes. Whole blood was cen-
trifuged at 500× g for 10 min at 4°C. The haematocrit
and plasma levels were marked. Plasma and buffy coat
were discarded, and the tube filled with saline to the
original plasma level, capped and gently inverted to
mix. The RBCs were centrifuged at 500× g for 10 min
at 4°C and the supernatant was aspirated and discarded.
The saline wash was repeated two more times for a total
of three washes. The RBC pellet was then frozen on dry
ice. All samples were stored at −80°C and shipped on
dry ice to Pronexus Analytical for [Mg2+]CSF and [Mg2
+]RBC analysis.

Spectrophotometric analysis of free Mg2+ ions in
the CSF and RBC

[Mg2+]CSF and [Mg2+]RBC were quantified with spectro-
photometric calmagite method using a commercially
available kit (Biolabo, France). Briefly, 200 µl of calma-
gite reagent was pipetted into each well of a 96-well plate
(ThermoFisher Scientific, U.S.A.), thereafter 2 µl of
standard Mg2+ solution (for calibrations) prepared in
artificial CSF or 2 µl of either CSF or RBC samples
were pipetted to the respective wells. The plate was cen-
trifuged at 2500 rpm for 60 s and shaken in an orbital
shaker for 3 min. The plate was placed into a Labrox
Multimode reader (Labrox, Finland) and the absor-
bance was read at 530 nm. The calibration standards
and the samples were analyzed in triplicate. Pronexus
Analytical (Bromma, Sweden) conducted the analysis
of [Mg2+]CSF and [Mg2+]RBC.

Behavioral tests

Elevated plus maze
The elevated plus maze (EPM) test measures anxiety-
like behavior in rodents [48]. The maze (Hamilton

Kinder) consists of two closed arms (15.75 cm h ×
10.8 cm w × 50.17 cm l) and two open arms (10.8 cm
w × 50.17 cm l) forming a cross, with a square center
platform (10.8 × 10.8 cm). All visible surfaces were
made of black acrylic. Each arm of the maze was placed
on a support column 85.09 cm above the floor. Anti-
static black vinyl curtains (7’ tall) surrounded the
EPM to make a 7’ × 7’ enclosure. Animals were allowed
to acclimate to the experimental room for at least 1 h
before the test. Following the appropriate pre-treatment
time, rats were then placed in the center of the EPM
facing the open arm for a 5-minute run. The time
spent, distance traveled, and the number of entries
were automatically recorded by the computer. The
EPM was thoroughly cleaned after each test. Data of
EPM test were expressed as the ratio of time spent in
open arms over total time in open or enclosed arms,
and the ratio of entries in open arms over total entries
in open or enclosed arms. Anxious animals limit their
open arm exploration. Animals with time in open arm
less than 0.5% in either baseline or post intervention
were regarded as outliers and eliminated from data
analysis.

Novel object recognition
The Novel Object Recognition (NOR) is a test of recog-
nition learning and memory retrieval, which takes
advantage of the spontaneous preference of rodents to
investigate a novel object compared with a familiar
one [49]. NOR test was conducted in an open-field
arena (40 × 40 cm) placed in a sound-attenuated room
under dimmed lighting. Each rat was tested separately.
All training and testing trials were videotaped and
scored by an observer blind to treatments. On Days 1
and 2, rats were allowed to freely explore the arena
(no objects inside) for a 5-minute habituation period.
On Day 3 (training and testing day), rats were placed
in the test arena in the presence of two identical objects
(Object A–A or Object B–B) for 3 min (first test, T1).
One hour later, the rats were again placed into the test
arena in the presence of one familiar object and one
novel object (Object A and Object B) for 3 min, and
the time spent exploring both objects is recorded. The
presentation order and position of the objects (left/
right) was randomized between rats to prevent bias
from order or place preference. Data of NOR test
(second test, T2) were expressed as Recognition Index
(RI), which is defined as the ratio of the time spent
exploring the novel object over the total time spent
exploring both objects (Novel/(Familiar + Novel) ×
100%) during the test session. Rats with recognition
index above 90% or below 30% during the first minute
of T2 were eliminated because they suggest strong
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(non-memory) bias between two objects. In addition,
the animals whose data fell above or below two standard
deviations from the mean were removed as outliers
from the final analysis.

Spontaneous alternation
Spontaneous alternation is a test to evaluate the animal’s
spatial working memory [50]. The plus-shaped maze
used in the present study consisted of four clear Plexi-
glas arms (each arm measures 60 × 15 × 15 cm, with a
15 × 15 cm central hub). The maze is set on a rotating
table and is randomly rotated after each testing trial.
The maze is also cleaned with 70% ethanol after each
trial. The test was conducted in a lit testing room con-
taining a moderate density of extra maze cues between
9 am and 3 pm. The rats were tested with a counterba-
lanced order in different testing days.

After being placed in the central hub, each rat was
permitted to move freely through the maze for
10 min. During that time, the number and sequence
of entries were manually recorded by the researcher.
An alternation is defined as entry into four different
arms on overlapping sets of five consecutive entries.

The percent alternations were calculated as the ratio
of number of alternations over total possible alterna-
tions multiplied by 100. Data on the total number of
arm entries were also analyzed. A rat must have at
least 12 arm entries to get a valid alternation score.
When the animal’s short-term memory is normal, it is
unlikely to enter an arm that was just visited. When
memory is impaired, the spontaneous alternation
score decreases.

Statistical analysis

Data presented in Figures 2, 4–8 were analyzed using
two-way mixed analysis of variance (ANOVA) with
day as repeated measure followed by simple main
effects with Tukey’s post hoc test where indicated.
Unpaired Student t-test was used for comparing [Mg2
+]CSF and [Mg2+]RBC and elevated plus maze data
between control andMgD diets (Figure 1(a–d)). Tukey’s
pairwise comparison was used for data presented in
Figure 3. Data are presented as mean ± SEM (standard
error of the mean). Statistical significance was defined
as p < 0.05. Significant differences in figures are marked
with different letters or with an asterisk (*). No signifi-
cant violation of model assumptions (normal distri-
bution, homogenous variance and sphericity) was
observed. All statistical evaluations were performed
using R Statistical Software Package Version 3.6.0. (R
Core Team, 2019) for Microsoft Windows.

Results

Short-term moderate reduction in dietary intake
of magnesium reduced [Mg2+]CSF and [Mg2+]RBC
and the emergence of anxiety-like behavior

Adult male rats maintained on 87% normal dietary Mg
intake for only 30 days (MgD diet group) demonstrated
a significant fall in measurable [Mg2+]CSF (p < 0.0001, n
= 72) and [Mg2+]RBC (p = 0.0344, n = 72) in comparison
to animals maintained on control diet (n = 14–15)
(Figure 1(a,b)). Interestingly, animals maintained on
what would be considered a moderate MgD diet showed
signs of anxiety-like behavior as assessed in the elevated
plus maze test. The MgD diet group showed a signifi-
cant decrease in the percent time spent in the open
arms (p = 0.0089, n = 60) and the percent entries to
open arms (p = 0.0307, n = 60) in comparison to ani-
mals maintained on control diet (n = 14) (Figure 1(c,
d)). There were no significant changes between MgD
and control diet groups in body weight (data not
shown), the novel object recognition test (Figure 7,
day 0) or spontaneous alternation (Figure 8, day 0),
indicating that a moderate reduction in dietary Mg
intake does not result in overt behavioral changes.
These findings indicate that the emergence of anxiety-
like behavior maybe the first symptom of reduction in
brain [Mg2+].

Effect of various Magnesium compounds on
[Mg2+]CSF and [Mg2+]RBC

CSF and RBC samples were collected at baseline (day 0)
and 24 h after the completion of a 14 days treatment
with various Mg compounds (day 15). Two-way
mixed ANOVA for [Mg2+]CSF indicated significant
effects of treatment (p = 0.0006) and treatment x time
interaction (p = 0.0029) but no significant time effect
(p = 0.715) (Figure 2). Simple main effect of treatment
indicated a significant treatment effect at day 0 (p <
0.0001) and 15 (p = 0.0279). Baseline [Mg2+]CSF (day
0) for MgD diet group was significantly reduced in com-
parison control diet (p < 0.05) (see also analysis pre-
sented in Figure 1(a)). At day 15, MgD + SC/BW
extract group showed significantly higher [Mg2+]CSF in
comparison to MgD + vehicle (p = 0.039). On the
other hand, simple main effect of time indicated a sig-
nificant increase in [Mg2+]CSF in MgD + SC/BW extract
(p = 0.0129) group and a decrease in control diet (p =
0.0184) (day 0 versus 15). It is interesting to note that
although it did not reach significance, [Mg2+]CSF in
MgD +Mg threonate group was higher at day 15 in
comparison to baseline values (Figure 2).
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Data from Figure 2 were calculated and presented in
Figure 3 as a percentage of baseline level and provide
visual comparison to [Mg2+]CSF data reported by
Slutsky et. al. (2010) [2]. At day 15, [Mg2+]CSF was
9.5 and 8.3% higher than baseline for MgD + SC/BW
extract and Mg threonate groups, respectively (p <
0.05) (Figure 3). In agreement with previous published
work [2], repeated CSF sampling in rats that did not
receive any magnesium supplementation (the two con-
trol groups) resulted in a 5-7% decrease in [Mg2+]CSF
by the second sampling point (day 15). Taking into
account this reduction in [Mg2+]CSF associated with
repeated CSF collection (about 5%), the actual increase
in [Mg2+]CSF with SC/BW extract and Mg threonate
should be around 14.5 and 13.3%, respectively. Other
magnesium compounds tested showed only marginal
elevation of [Mg2+]CSF in comparison to vehicle con-
trols (Figure 3).

For [Mg2+]RBC, two-way mixed ANOVA indicated a
significant effect of time (p < 0.0001) and no significant

effect of treatment (p = 0.1171) or treatment x time
interaction (p = 0.2846). The [Mg2+]RBC levels were
significantly higher at day 15 when compared to base-
line (Figure 4). The observed increase in [Mg2+]RBC in
all groups at day 15 is interesting. This study measured
the physiologically active free ionic Mg2+ levels that
tend to fluctuate based on various factors such as the
type of anesthesia [33], stress [33] and the circadian
rhythm [51]. In this study, the anesthesia used at base-
line (survival procedure) and day 15 (non-survival,
terminal procedure) were different. In addition, ani-
mals were gavaged twice per day for 14 days, which
is considered a mild stress that may have an impact
on [Mg2+]RBC. [Mg2+]CSF seemed more tightly regu-
lated than [Mg2+]RBC and was not affected by these
factors. Nevertheless, we noted that at day 15, [Mg2
+]RBC for animals treated with SC/BW extract tends
to be higher than MgD + vehicle and within the
range observed with control diet + vehicle group
(Figure 4).

Figure 1. Effect of a short-term moderate reduction of dietary Mg intake (87% normal dietary Mg) on [Mg2+]CSF (a) and [Mg
2+]RBC (b).

Figure 1(c) and (d) shows the effect on anxiety-like behavior as assessed by percent time spent in open arms and percent entries to
open arms of the elevated plus maze. Unpaired t test, *p < 0.05, **p < 0.01. Data presented as mean ± SEM.
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Effect of various magnesium compounds on
percent time spent in open arms and percent
entries in open arms of the elevated plus maze

Two-way mixed ANOVA for percent time spent in the
open arms (Figure 5) indicated significant main effects
of treatment (p = 0.0021) and time (p = 4.202e-08). No
significant effect of treatment x time interaction (p =
0.988) was observed. Post hoc analysis of the treatment
main effect indicated that the percent time spent in open
arms was significantly reduced for animals maintained
at MgD diet treated with vehicle (p = 0.0045), SC/BW
extract (p = 0.0049) and Mg citrate (p = 0.0144) in com-
parison to control diet at both day 0 and 45. Supplemen-
tation of various Mg compounds did not reverse the
anxiety-like profile induced by reduction of Mg intake
from the diet.

Two-way mixed ANOVA for number of entries in
open arms (Figure 6) indicated significant main effects
of treatment (p = 0.0051) and time (p = 0.0021). No sig-
nificant effect of treatment x time interaction (p = 0.67)
was observed. Animals in MgD + vehicle group showed
significantly fewer entries in comparison to animals
maintained on control diet (p = 0.0015).

Effect of various magnesium compounds on
Novel Object Recognition index

Two-way mixed ANOVA for recognition index (RI) in
the novel object recognition test (Figure 7) indicated a

significant main effect of treatment (p = 0.0266) and
no significant effects of time (p = 0.431) or treatment ×
time interaction (p = 0.237). The RI for animals treated
with SC/BW extract was significantly higher than MgD
+ vehicle group (p = 0.0358). Although not significant, it
is interesting to note that the RI for animals treated with
Mg citrate was higher than other groups.

Effect of various magnesium compounds on
spontaneous alternation

Two-way mixed ANOVA for percent spontaneous
alternation (Figure 8) did not indicate a significant
main effect of treatment (p = 0.6988), time (p = 0.7751)
or treatment × time interaction (p = 0.0853).

Discussion

Dietary Mg intake in the US population is suboptimal
and the resulting health consequences of poor Mg status
are often underestimated [9,52,53]. Subclinical Mg
deficiency is of particular concern with regard to CNS
health. Poor Mg status is considered a risk factor for
the development and progression of various neurologi-
cal diseases [17–19,21–23,25,54]. Elevation of Mg in the
CNS with oral supplementation is challenging due to
the tight regulation of Mg transport across the blood
brain barrier [2,30–32,55]. [Mg2+] in the brain is more
sensitive to a reduction in dietary Mg intake than was
previously thought [20,56]. Altura et al. reported that
rats maintained on 30-35% normal dietary Mg intake
for only 2–4 weeks showed a significant decrease in
brain [Mg2+] [20].

In the present study, rats maintained on 87% normal
Mg dietary intake for 4 weeks have demonstrated a signifi-
cant decrease in [Mg2+]CSF (Figure 1(a)). The 87% normal
Mg dietary intake (representing only 13% reduction in

Figure 2. [Mg2+]CSF for animals maintained on magnesium
deficient diet (MgD) or control diet before (day 0) and after
treatment (day 15) with various magnesium compounds. (a) sig-
nificantly different from MgD + vehicle (p < 0.05); (b) signifi-
cantly different from control diet (p < 0.05); (c) significantly
different from day 0 (p < 0.02); (d) significantly different from
day 0 (p < 0.02). n = 13–15 per group. Data presented as
mean ± SEM.

Figure 3. Elevation of [Mg2+]CSF before (day 0) and after treat-
ment (day 15) with different magnesium compounds. Data
from Figure 2 were calculated and presented as a percentage
of baseline level. *Significantly different from MgD + vehicle
and control diet groups, p < 0.05. Data presented as mean ±
SEM.
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dietaryMg intake) is particularly relevant as it matches the
estimatedMg dietary gap in the general population [6,39].
Slutsky et al. showed a drop in [Mg2+]CSF associated with
CSF sampling [2]. It is estimated that each CSF sampling
led to 15-30% loss of CSF Mg2+ and that this decrease in
[Mg2+]CSF is not readily replenished. We observed a simi-
lar drop in [Mg2+]CSF due to repeated CSF sampling as
demonstrated from the data obtained from control rats
(MgD+ vehicle and control diet + vehicle) (Figure 3).
These observations emphasize the challenges in maintain-
ing a healthy CNS [Mg2+] and the importance of adequate
dietary intake of Mg.

The ideal source of Mg is that obtained from whole
food. The present study showed that Mg in food
matrices (multiform of Mg) is an effective approach to
improving Mg status in the brain and eliminate the
often-daunting task of selecting a suitable Mg com-
pound as a dietary supplement.

Bioavailability of Mg compounds (organic or inor-
ganic) is dependent on solubility, stability constant of
the complex (the strength of the bond between Mg
and the organic/inorganic molecule bound to it) and
the general health of the subject’s GI tract. The patient’s
GI health status plays an important role in determining
the bioavailability of the Mg compound selected.
Approximately 45% of Mg obtained from the diet is
actually absorbed by the body and of this 45%, about
30% is absorbed in the ileum and colon and 15% in
the jejunum and duodenum [57]. Clinical conditions
that affect the health of the ileum and colon such as
Crohn’s disease and ileitis (inflammation of the ileum)
may reduce the bioavailability of Mg compounds that
are mainly absorbed at the ileum and colon such as
Mg oxide, Mg taurinate or Mg lactate.

The relationship between GI health and the selection
of Mg compounds has been demonstrated with a study
by Schuette et al. who compared the bioavailability of
Mg glycinate versus Mg oxide in patients who had under-
gone an ileal resection (surgical removal of part of the
ileum) procedure. This study found that patients with
ileal resection were at risk for Mg deficiency. Patients
with the largest ileum segment removed responded
poorly to Mg oxide (absorbed mainly at ileum) and
had a better outcome with Mg glycinate (absorbed
mainly at duodenum as a dipeptide). Patients with a
small ileum section removed responded equally to Mg
oxide and Mg glycinate indicating that both of these
forms have similar bioavailability in subjects with a
healthy GI tract [58].

We report, for the first time, that rats maintained on
only 87% normal dietary Mg intake (13% reduction) for

Figure 4. [Mg2+]RBC before (day 0) and after (day 15) treatment
with different magnesium compounds. *Significantly different
from baseline (day 0), p < 0.0001. n = 14–15 per group. Data pre-
sented as mean ± SEM.

Figure 5. Percent time spent in the open arms of the elevated
plus maze before (day 0) and after (day 45) treatment with
different magnesium compounds. *Significantly different from
control diet group, p < 0.05. n = 14–15 per group. Data pre-
sented as mean ± SEM.

Figure 6. Percent entries into the open arms of the elevated
plus maze before (day 0) and after (day 45) treatment with
different magnesium compounds. *Significantly different from
control diet group, p < 0.05. n = 14–15 per group. Data pre-
sented as mean ± SEM.
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4 weeks showed a significant decline in [Mg2+]CSF
(Figure 1(a) and Figure 2) and the emergence of
anxiety-like behavior (Figure 1(c,d), Figures 5 and 6)
in comparison to control animals placed on a normal
Mg diet. The MgD groups supplemented with SC/BW
extract and Mg threonate showed a significant increase
from baseline in [Mg2+]CSF in comparison to MgD +
vehicle and control diet + vehicle groups (Figure 2). As
expected, Mg citrate and Mg glycinate treatment
showed only a marginal and not significant elevation
of [Mg2+]CSF in comparison to MgD + vehicle and con-
trol diet + vehicle groups. The present data indicates
that naturally occurring multiform Mg found in the
plant-based supplement SC/BW extract is effective in

elevating [Mg2+]CSF similar to Mg threonate. These
results highlight the advantage of the whole food matrix
as a preferred source of Mg for the whole body and in
particular for the CNS. Whole food-based Mg sup-
plements such as SC/BW extract may provide an advan-
tage over dietary supplements with one form of Mg salt
especially for individuals with poor GI health status that
impacts Mg bioavailability.

Several studies showed that suboptimal Mg status is
associated with anxiety [21,23,59–62]. Our results are
in agreement with the reported correlation between
Mg dietary intake and anxiety. In the present study,
rats maintained on a moderate Mg deficient diet spent
significantly less time in and made fewer entries into
the open arms of the elevated plus maze compared to
rats maintained on control diet (Figure 1(c,d), Figures
5 and 6). There were no significant differences in body
weight, novel object recognition (Figure 7), and spon-
taneous alternation in the plus-maze (Figure 8) between
the MgD and control diet groups at baseline (day 0).
This indicates that a moderate reduction in dietary
Mg intake does not result in overt behavioral changes.
The emergence of anxiety-like behavior maybe the
first observable behavioral symptom of suboptimal diet-
ary Mg intake and [Mg2+] reduction in the brain.

Although SC/BW extract and Mg threonate treat-
ments elevated [Mg2+]CSF, they failed to reduce the
established anxiety observed following the reduction
in dietary Mg intake. A lengthier treatment may be
required to reverse anxiety or Mg replenishment may
be necessary but not sufficient. A higher dose might
be needed; however, this is not likely. The dose of
elemental Mg used in this study was 40 mg/kg/day
which is equivalent to about 400 mg/day for a subject
with a body weight of 65 kg (using a conversion factor
of 6.2 rat – human) [63]. This is a significant and ade-
quate dose for rats maintained at only 87% of normal
Mg intake. Additionally, SC/BW extract and Mg threo-
nate, at the dose used, resulted in a significant elevation
in [Mg2+]CSF but did not reverse the anxiety profile.

SC/BW extract significantly improved RI in the novel
object recognition test in comparison to control diet
group (Figure 7). Slutsky et al. showed that Mg threonate
treatment in rats improves RI [2]. In the present study,
Mg threonate treatment in rats maintained on reduced
Mg diet did not improve the RI (Figure 7). There are
notable differences between our study and that of Slutsky
et al. which could explain this discrepancy. In the present
study, animals were maintained on a reduced dietary Mg
intake during the course of the study andMg compounds
were given via oral gavage twice per day at a dose of
40 mg elemental Mg/day. In Slutsky et al. the rats were
maintained on a normal Mg diet and Mg threonate was

Figure 7. Recognition index (RI) in the novel object recognition
(NOR) test before (day 0) and after (day 45) treatment with
different magnesium compounds. *Significantly different from
control diet group, p < 0.05. n = 15 per group. Data presented
as mean ± SEM.

Figure 8. Spontaneous alternation (%) before (day 0) and after
(day 45) treatment with different magnesium compounds. n =
14–15 per group. Data presented as mean ± SEM.
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given via drinking water at an estimated dose of 50 mg
elemental Mg/day. It is important to note that the
observed beneficial effect on learning and memory with
the group that received the SC/BW extract treatment
might be the result of elevating brain [Mg2+] and the
possible effects of various other beneficial nutrients in
these cultivars such as polyphenols, antioxidants, min-
erals and vitamins.

Conclusions

Our results show that a short-term and moderate
reduction in dietary Mg intake within the estimated
gap of Mg intake reported in the United States popu-
lation leads to a significant decrease in [Mg2+]CSF and
the emergence of anxiety-like behavior in adult male
rats. Naturally occurring Mg found in SC/BW extract
elevated [Mg2+]CSF and improved learning and memory.
Although SC/BW extract and Mg threonate elevated
brain [Mg2+], they failed to reverse the observed
anxiety-like behavior. This study indicates that brain
[Mg2+] is more sensitive to a short-term and moderate
reduction in Mg dietary intake than previously thought
and emphasizes the importance of dietary Mg in replen-
ishing brain Mg2+ reserves.
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