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Neurodegenerative diseases, which are characterized by progressive neuronal
loss and cognitive decline, are a significant concern for the aging population.
Neuroinflammation, a shared characteristic of these diseases, is implicated in
their pathogenesis. This article briefly summarizes the role of magnesium, an
essential mineral involved in numerous enzymatic reactions and critical for
neuronal bioactivity, in the context of neuroinflammation and cognitive
decline. The potential neuroprotective effects of magnesium, including the
mechanisms of neuroprotection by magnesium through maintaining neuronal
ion homeostasis, reducing inflammation, and preventing excitotoxicity, are also
described. Additionally, we discuss the impact of inadequate magnesium on
neuroinflammation and its potential as a therapeutic agent for attenuating
cognitive decline to improve neurodegenerative conditions.
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Introduction

As the global population ages, neurodegenerative diseases, which are characterized by
an ongoing loss of neuron structure and function, are becoming increasingly public health
burdens. These disorders, including dementia (along with vascular dementia), amyotrophic
lateral sclerosis (ALS), Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease,
often result in cognitive decline, which severely impacts the quality of life of affected
individuals. The insidious nature of these diseases and the lack of curative interventions
highlight the need for novel therapeutic strategies. The global prevalence of dementia,
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primarily Alzheimer’s disease, is expected to double every 20 years,
reaching 81.1 million by 2040 (1, 2). Similarly, Parkinson’s disease,
the second most common neurodegenerative disorder, affects 2-3%
of the population aged >65 years (3, 4). These statistics highlight the
escalating public health challenge of neurodegenerative diseases.
Neuroinflammation, a common feature of neurodegenerative
diseases, is recognized as a critical player in the pathogenesis of
these disorders (5, 6). The inflammatory response in the brain is a
double-edged sword. Whereas acute inflammation can be beneficial
for neuronal repair and recovery, chronic inflammation can lead to
persistent neuronal damage and eventually to neurodegeneration
(7). Inflammatory processes in the brain are primarily mediated by
microglia shown in Figure 1. Upon activation, microglia release
proinflammatory cytokines, including interleukin 1 (IL-1P),
tumor necrosis factor -oo (TNF-at), IL-6, IL-18, and IL-12, reactive
oxygen species (ROS), and other neurotoxic substances, including
nitric oxide, glutamate, and prostaglandins, as well as enzymes such
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FIGURE 1

The role of magnesium in neuroinflammation. Magnesium deficiency activates microglia, resulting in the release of proinflammatory cytokines and
toxic substances, which contribute to oxidative stress. Additionally, magnesium deficiency triggers calcium influx, inducing the release of substance
P (SP), further exacerbating oxidative stress to increase neuroinflammation and ultimately contributes to cognitive decline.

Frontiers in Endocrinology

02

10.3389/fendo.2024.1406455

as matrix metalloproteinases (MMPs) (7). Given the critical role of
neuroinflammation in neurodegeneration, modulating the
inflammatory response could reduce disease progression and is
likely to improve clinical outcomes.

We conducted a literature search using PubMed, Google
Scholar, and Scopus databases. The search was performed using
the keywords: “neuroinflammation”, “magnesium”,
function” and “neurodegenerative diseases”. We included peer-

reviewed articles in English published between 2000 and 2023.

“cognitive

Neuroinflammation
and neurodegeneration

Neuroinflammation is partly mediated by the activation of glial
cells and the release of proinflammatory mediators in the brain (8). It
plays a crucial role in the pathogenesis of neurodegenerative diseases.
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Magnesium has been shown to modulate neuroinflammation (9, 10). It
is recognized for its diverse roles in maintaining human health,
specifically in modulating inflammatory signaling pathways within
the neurological landscape. Magnesium plays a crucial role in over 600
enzymatic reactions in the human body (11). According to Workinger,
“Magnesium is a critical mineral in the human body and is involved in
~80% of known metabolic functions” (12). The concentrations of
magnesium in serum and cerebrospinal fluid (CSF) are regulated to
maintain normal physiological function. Normal serum magnesium
levels typically range from 0.75 to 0.95 mmol/L (13), while in CSF, they
range between 0.77 and 1.17 mmol/L (14). Magnesium levels are
generally higher in CSF as compared to the serum levels, perhaps due
to the active transport of magnesium across the blood-brain barrier
(15); the blood-brain barrier and the choroid plexus help regulate
magnesium levels in the CSF. In magnesium deficiency state, CSF
concentrations decline, although such reduction lags behind and is
usually less pronounced than the changes noted in plasma levels of
magnesium (15). Serum magnesium levels are crucial for
neuromuscular function, enzyme activity, and bone structure (16).
Magnesium in CSF plays a vital role in supporting various functions of
the central nervous system. Decreased CSF magnesium levels
correspond with reduced concentrations of extracellular brain
magnesium and have been associated with epilepsy (14).
Additionally, magnesium is well known for its implication in
multiple neurological disorders (17). For instance, magnesium sulfate
supplementation has been associated with reduced neuroinflammation
in a rat model of Alzheimer’s disease (10). Studies involving animal
models suggest that magnesium deficiency may trigger greater
recruitment of phagocytic cells (18). These cells could lead to
generation of more ROS, leading to the production of various
cytokines, such as TNF-o, which are key players in the inflammatory
response (18). In Alzheimer’s disease, neuroinflammation is a
pathological feature exacerbated by the accumulation of amyloid-beta
plaques through the activation of inflammatory proteins including IL-
1, IL-6, and TNF-o. Interestingly, magnesium supplementation has
been shown to reduce the levels of these proinflammatory cytokines
and increase the levels of anti-inflammatory mediators in the
hippocampus of a rat model of Alzheimer’s disease, suggesting
modulation of an inflammatory responses (19). However, due to the
complexity of the immune system in the brain, with the involvement of
microglia, astrocytes, and various cytokines and chemokines,
dampening inflammation alone might not be sufficient. Chronic
neuroinflammation results in an adverse cascade of events, causing
neuronal damage, disrupting synaptic functionality, and leading to
cognitive impairment. When this inflammatory response is sustained,
it results in the overproduction of proinflammatory cytokines. This
hyperreactive state disrupts the delicate balance of synaptic plasticity
(the ability of synapses to strengthen or weaken over time) thereby
diminishing key cognitive functions like memory retention and
learning (20).

Furthermore, prolonged inflammation triggers oxidative stress,
wherein excess free radicals lead to neurotoxicity and cellular
damage (9). This accelerates the progression of neurodegenerative
processes, as observed in diseases such as Alzheimer’s disease and
Parkinson’s disease, which are characterized by the accumulation of
disease-specific proteins in the brain, amyloid-beta and alpha-
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synuclein, respectively (21). Additionally, inflammation-induced
oxidative stress and resultant neuronal damage have been
identified as significant contributors to cognitive decline following
traumatic brain injury. These findings illustrate the detrimental link
between chronic neuroinflammation and cognitive decline.

Magnesium deficiency syndromes

Hypomagnesemia (typically below 0.61 mmol/L) can cause a
wide range of disorders and has significant neurological
consequences. The causes of hypomagnesemia can be related to
gastrointestinal disorders, including chronic diarrhea, malabsorption
syndromes (e.g., celiac disease, inflammatory bowel disease), chronic
pancreatitis, and excessive vomiting. Similarly, renal disorders,
including tubular dysfunction, diabetic nephropathy (leading to
increased urinary magnesium loss), and the use of certain
medications (e.g., diuretics, proton pump inhibitors, and some
antibiotics), can cause hypomagnesemia. Alcoholism, severe burns,
chronic stress, hyperaldosteronism, and prolonged parenteral fluid
administration without magnesium supplementation can also lead to
hypomagnesemia. Magnesium plays a key role in neural function, and
its inadequacy can lead to various neurological symptoms and
complications, including neuromuscular hyperexcitability, muscle
twitches and cramps, tremors, and seizures. Of clinical importance,
the severity of neurological symptoms often correlates with the
severity of magnesium deficiency. Patients with mild hypomagnesia
(below 0.61 mmol/L) may cause subtle symptoms, while severe
hypomagnesia (below 0.49 mmol/L) can lead to more pronounced
neurological manifestations. Severe magnesium deficiency syndromes
can be associated with cognitive and mood disturbances, headaches,
migraines, and neuropathy (numbness and tingling sensations,
particularly in the extremities). The long-term complications of
severe magnesium deficiency have also been linked to nystagmus
(involuntary eye movements) and neurodegenerative diseases,
possibly mediated by neuroinflammation. It is essential to maintain
an optimal balance of magnesium, along with other minerals and
vitamins, throughout life to support normal physiologic functions,
including neurological health (22-25).

Role of magnesium
in neuroinflammation

In the nervous system, magnesium is essential for maintaining
neuronal ion homeostasis, modulating synaptic plasticity, and
regulating neurotransmitter release (26). Kang et al. highlighted
the integral role of this mineral in managing the activity of N-
methyl-D-aspartate (NMDA) receptors (27). Their findings
emphasize the significance of this interaction in maintaining the
balance of glutamate, an excitatory neurotransmitter. If left
unchecked, glutamate can potentially tip the scale toward
inflammation. Kramer et al. suggested the aftereffects of
magnesium deficiency (28). According to their findings,
insufficient magnesium can trigger an increase in substance P, a
neuropeptide that propagates inflammatory pain (28).
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Other researchers have highlighted the complex interplay
between magnesium and calcium within neurons (9). By
restraining calcium influx into neurons, magnesium helps prevent
events that could otherwise lead to intensified inflammation and
neuronal injury. Whereas low levels of this mineral are associated
with chronic inflammation, restoring magnesium balance has been
shown to potentially counteract this condition (29). Apart from
managing neurotransmitter activity, magnesium has been found
to play a crucial role in modulating immune responses, particularly
by interacting with nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) (19). This research provides compelling
evidence of the role of magnesium as an NF-kB inhibitor, a
transcription factor that regulates the expression of pro-
inflammatory cytokines, including TNF-o. and IL-6 (19). By
inhibiting NF-kB activation, magnesium can dampen the
resultant proinflammatory gene expression, thereby reducing the
overall inflammatory response within the brain (19). A meta-
analysis by Veronese et al. revealed magnesium’s anti-
inflammatory effects, marked by reductions in plasma fibrinogen
and other markers, such as tartrate-resistant acid phosphatase type
5 (TRACP 5) and tumor necrosis factor-ligand superfamily member
13B (TNFSF13B) (30). Additionally, it was also noticed that ST2
protein and IL-1 levels went down. However, the study revealed no
significant changes in IL-6 or total antioxidant capacity levels,
indicating a selective impact of magnesium on various
inflammatory markers (30). Of clinical significance, measuring
circulating ionized magnesium appears to be a more accurate
indicator of magnesium supplement bioavailability compared to
assessing total magnesium levels in plasma (31). Although the role
of magnesium in regulating neurotransmission and immune
responses is well established, it also plays a crucial role in
maintaining brain health by acting as an antioxidant. Research
findings suggest that magnesium may contribute to neutralizing
ROS to delay the progression of neurodegenerative disorders (32).

Although magnesium is not considered a component of the
antioxidant defense system, research indicates that magnesium
deficiency may increase oxidative stress markers. These markers
encompass oxidative modification products of lipids, proteins, and
DNA. Furthermore, a significant association was observed between
magnesium deficiency and weakened antioxidant defense
mechanisms. This relationship between magnesium deficiency
and oxidative stress involves multifaceted mechanisms at both the
systemic and cellular levels, including inflammation, endothelial
dysfunction, mitochondrial dysfunction, and excessive fatty acid
production (32). The studies suggest that magnesium may possess
inherent antioxidant properties, although not as a conventional
antioxidant molecule such as vitamin C or vitamin E. One notable
mechanism highlighted is magnesium’s role in stabilizing the
critical antioxidant enzyme superoxide dismutase (SOD) (32).
SOD substantially mitigates oxidative damage by converting
harmful superoxide radicals into less reactive molecular species.
This stabilization of SOD by magnesium provides a unique and
essential link between magnesium and the antioxidant defense
system (32).
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Magnesium and neuroprotection

Neuroprotective agents are substances that can potentially preserve
neuronal structure and function. These substances help prevent or slow
the progression of neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s disease. These agents work through various mechanisms,
including reducing neuroinflammation, shielding against oxidative
stress, and modulating neurotransmission (33).

Many preclinical and clinical studies have suggested the potential of
magnesium as a neuroprotective agent (Figure 2). Magnesium is present
both intracellularly and extracellularly, with its intracellular presence in
compartments such as the nuclei, mitochondria, and endoplasmic
reticulum being crucial for central nervous system functions,
including synaptic connectivity (34). Intracellular magnesium can
modify synaptic properties, influencing various neuronal processes.
For instance, recent research by Liu’s group reported that presynaptic
intracellular magnesium plays a crucial role in mediating the transition
between two synaptic configurations: one involved in information
encoding and learning, and the other in information storage and
memorization (35). Research has demonstrated that magnesium can
enhance cognitive function and synaptic plasticity in animal models of
Alzheimer’s disease, offering optimism for addressing cognitive decline
(10). Additionally, a study conducted on a rat model of Alzheimer’s
disease demonstrated that magnesium sulfate supplementation
improved cognitive function, synaptic plasticity, and dendritic spine
morphology (10). Moreover, intracellular magnesium levels have been
shown to correlate with Parkinson’s disease activity. In 1-methyl-4-
phenylpyridinium (MPP+) model of Parkinson’s disease, the
application of MPP+ induced an increase in intracellular magnesium
concentration, which inhibited cellular ROS production, maintained
ATP generation, and preserved cell viability, thereby protecting neurons
from MPP+ toxicity (36). In demyelination rat models, a mutation in
the mitochondrial magnesium uptake gene disrupted magnesium
homeostasis in oligodendrocytes, affecting ATP production and
leading to axonal demyelination (37). Besides supporting myelin
formation, intracellular magnesium also enhanced oligodendrocytes’
tolerance against cellular stress, increasing resistance to a hypoxic-
ischemic injury (38). Although preclinical studies suggest that
magnesium has potential neuroprotective effects, translating these
findings to humans presents numerous challenges. Differences in
metabolism, blood—brain barrier permeability, and magnesium
bioavailability between humans and animal models may affect its
efficacy in clinical settings. Additionally, the optimal dosage, duration
of treatment, and form of magnesium (e.g, magnesium sulfate,
magnesium citrate, etc.) that are both effective and safe for humans
require rigorous clinical trials. A gap exists between demonstrating
neuroprotection under controlled laboratory conditions and achieving
measurable, meaningful outcomes in diverse human populations with
varying stages of neurological conditions. Supplementation with
magnesium sulfate increased brain magnesium contents and
attenuated memory deficits induced by intracerebroventricular
administration of streptozocin (ICV-STZ). Furthermore, magnesium
reduces tau hyperphosphorylation, a hallmark of Alzheimer’s disease,
and modulates the PI3K/Akt signaling pathway (10). Additionally,
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Potential role of magnesium in reducing neuroinflammation and maintaining cognitive health.

magnesium supplementation has been associated with improved
neurological outcomes in models of acute brain injury, demonstrating
its relevance in central nervous system injuries (39). Moreover, in an
experimental setting involving a rat model of sciatic nerve injury, a diet
rich in magnesium was found to stimulate neurological function
recovery and enhance nerve regeneration, revealing its potential in the
treatment of peripheral nerve disorders (39). The neuroprotective effects
of magnesium are believed to stem from its capacity to regulate
neuronal calcium homeostasis, thus reducing excitotoxicity, and its
ability to modulate neuroinflammatory processes (10). The mechanisms
by which magnesium exerts its effects (e.g., calcium homeostasis
regulation, reduction in excitotoxicity, anti-inflammatory actions)
suggest that its neuroprotective properties could be applicable to a
wide range of neurological conditions. However, this also raises
questions about specificity and targeted therapy. For instance,
although reducing tau hyperphosphorylation is promising for treating
Alzheimer’s disease, it is unclear how these mechanisms interact in the
presence of other neurodegenerative disorders or comorbidities. The
multifunctional nature of magnesium might mean that its efficacy could
vary greatly depending on the specific pathological context.
Additionally, magnesium appears to influence nitric oxide production;
nitric oxide is a molecule critical for regulating cerebral blood flow and
neuronal damage.

Between 2002 and 2008, several randomized clinical trials
explored the potential of magnesium sulfate for neuroprotection in
preterm births and its effects on cerebral palsy (40). Although these
studies did not consistently achieve statistical significance for their
primary outcomes, they indicated that magnesium sulfate exposure
significantly reduced the likelihood of cerebral palsy in preterm
infants. A similar clinical study by Temkin et al, 2007 involving
499 participants aimed to test whether magnesium treatment
favorably affects outcomes in head-injured patients (41). The
results show that participants who were randomly assigned to the
lower dose magnesium group performed significantly worse than
those in the placebo group. Therefore, there was greater mortality
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with the magnesium dose than with the placebo. These findings
highlight a discrepancy between preclinical expectations and clinical
observations, suggesting that the magnesium infusions given to
patients within 8 hours of traumatic brain injury did not have a
neuroprotective effect on traumatic brain injury (41). However, other
studies have claimed that intravenous magnesium infusion and
hyperbaric oxygen therapy could reduce the clinical symptoms of
brain injury (42-44). Therefore, additional pre-clinical and clinical
research is needed to provide stronger scientific validation.

Another study investigated the combined effects of magnesium
supplementation and treadmill exercise on memory deficits in aged
rats (45); combined approach led to improved memory function in
the aged rats. In the context of central nervous system injury, a
comprehensive review highlighted the significant decrease in blood
and brain (free) magnesium concentrations following both direct
and indirect neurotrauma (46). A decrease in magnesium was
associated with neurological deficits and oxidative stress,
emphasizing the importance of magnesium homeostasis in central
nervous system injury. The administration of magnesium salts, such
as magnesium sulfate and magnesium chloride, increased brain
(free) magnesium concentrations and improved functional
outcomes (46).

The cognitive lifeline:
magnesium supplementation

Research has demonstrated that magnesium supplementation
can effectively increase extracellular magnesium levels, particularly
in the serum, which may help inhibit the aggregation of calciprotein
particles and reduce vascular calcifications, helping manage
conditions such as chronic kidney disease (47). However, the
effects on intracellular magnesium levels are more complex and
require a long-term, consistent approach to supplementation. This
slow adjustment is necessary because of the body’s regulatory
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mechanisms, which ensure that cellular functions remain stable
and effective.

In neurological disorders such as Alzheimer’s disease and
Parkinson’s disease, the neurodegenerative process has occurred
for many years, potentially reducing the responsiveness of these
disorders to the benefits of magnesium. Magnesium impacts
calcium regulation and neurotransmitter functions, which are
implicated in the pathophysiology of these diseases. In
Parkinson’s disease, abnormal magnesium levels are linked to
transporter dysfunctions, suggesting that supplementation could
stabilize these transport mechanisms and potentially slow disease
progression (48).

Conversely, in acute neurological conditions such as stroke or
traumatic brain injury, rapid onset and progression do not allow
magnesium levels to be corrected in a timeframe that influences
immediate outcomes. In these cases, emergency treatments focus on
restoring blood flow or reducing inflammation rather than
correcting metabolic imbalances. The slow cellular uptake and
regulatory effects of magnesium are less practical here because the
therapeutic window is very narrow, and the rapid physiological
changes postinjury require immediate interventions that go beyond
magnesium supplementation. Therefore, while chronic neurological
disorders could benefit from sustained magnesium research owing
to their slow progression, acute disorders would receive minimal
benefit from such research. This is due to need for immediate and
aggressive treatment in acute conditions, where the timing and
rapid action are critical.

Magnesium supplementation varies significantly in form and
administration, each tailored for specific clinical scenarios. Oral
magnesium, available in forms such as oxide, citrate, and glycinate,
is commonly used for long-term management of conditions such as
cardiovascular health and migraine prophylaxis. These forms are
preferred for their high bioavailability and ease of administration,
making them ideal for ongoing, nonemergency supplementation.
Conversely, intravenous magnesium, primarily known as
magnesium sulfate, is used in emergency settings where rapid
correction of magnesium levels is critical. This form is used in
acute medical conditions such as severe asthma, eclampsia, or
life-2threatening arrhythmias. Direct administration into the
bloodstream provides an immediate therapeutic effect, which is
crucial in life-saving interventions. Topical magnesium, often in the
form of oils or gels, is used for local applications such as muscle
soreness and cramps. While it offers the advantages of bypassing the
gastrointestinal system and avoiding some side effects associated
with oral forms, its systemic absorption and overall efficacy are
less documented.

The relationship between magnesium intake and cognitive
function is a promising research area. A study from the National
Health and Nutrition Examination Survey (NHANES) 2011 to 2014
investigated the associations of vitamin D status and magnesium
with cognitive status in older adults (49). The study found that
higher serum 25-hydroxyvitamin D [25(OH)D] levels, linked with
magnesium metabolism, were associated with reduced risk of
declining cognitive function. Specifically, an inverse association of
higher serum 25(OH)D levels with cognitive function was observed
primarily among participants with a daily total magnesium intake
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of <254 mg or <375 mg. Essential roles of magnesium in the
activation of vitamin D has been explained in various research
publications (49-53). The associations between serum 25(OH)D
and risk of mortality may be modified by the intake level of
magnesium (49). Nevertheless, some studies reportered that there
were no clear associations for cognitive function with overall
magnesium intake (54). Although not directly focused on
magnesium, research has highlighted the potential cognitive
benefits of other dietary components. For instance, a study
conducted in Qatar revealed that habitual consumption of nuts
(almonds, cashews, Brazil nuts, and walnuts), which are rich in
magnesium, is positively associated with cognitive function,
especially among older adults (55).

Furthermore, a multicenter study of hemodialysis patients
revealed a U-shaped association between serum magnesium levels
and mild cognitive impairment. Both lower and higher serum
magnesium levels were observed to increase the risk of mild
cognitive impairment in this specific population. The optimal
range of magnesium levels for the lowest risk of mild cognitive
impairment was identified as 1.12-1.24 mmol/L (56). This
discrepancy suggests that while the current reference range for
serum magnesium (0.75-0.95 mmol/L) may be adequate for typical
physiological functions, higher levels would be necessary for
optimal cognitive health. This indicates that standard ranges
might not fully address the specific needs of the brain and
neurological health. Therefore, maintaining serum magnesium
levels at the higher end of the range could provide potential
neuroprotective benefits. The empirical data from specialized
populations like hemodialysis patients delineate magnesium’s
potential as a cognitive lifeline. The observed associations
between magnesium levels and cognitive outcomes highlight the
significance of this mineral and raise questions about optimal intake
levels for cognitive preservation.

Magnesium glycinate, known for its high bioavailability,
ensures that magnesium is efficiently absorbed into the
bloodstream and, consequently, available to the body and brain
(57). Although direct studies on the impact of magnesium glycinate
on cognitive function are limited, its role in enhancing sleep quality
and reducing anxiety could indirectly support cognitive health by
promoting restorative sleep and lowering stress levels, both of which
are beneficial for cognitive performance and neuroprotection (58).
Magnesium L-threonate has been specifically studied for its unique
ability to increase magnesium concentrations in the brain, thus
directly influencing cognitive functions. Rats supplemented with
magnesium L-threonate showed a significant increase in synaptic
density in regions of the brain associated with memory and
learning, translating to a 15% improvement in maze navigation
tasks compared to controls. This study demonstrated that this form
of magnesium could reverse certain aspects of brain aging and
improve synaptic density, suggesting that magnesium has
promising implications for delaying and treating cognitive decline
associated with aging and neurodegenerative diseases (59).

The existing body of research underscores the need for more
rigorous, long-term clinical trials to provide conclusive evidence. A
study by Nosheny et al. emphasized the role of dyadic cognitive
reports and subjective cognitive decline in early Alzheimer’s disease
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research and trials (60). Although this study did not focus on
magnesium directly, it highlighted the importance of long-term
monitoring and the complexities in data interpretation, suggesting
that similar rigorous methodologies should be applied to studies on
magnesium. Furthermore, research by Planche et al. on brain
atrophy subtypes during aging indicated that certain atrophy
patterns might predict long-term cognitive decline and future
Alzheimer’s disease (61).

Conclusion

The role of magnesium in cognitive health and neuroprotection is
both compelling and complex, a testament to the sophisticated nature
of the nervous system and its interplay with essential nutrients.
Research has revealed that magnesium is a critical player in
maintaining and regulating neurobiological behaviors. In fact, its
ability to mediate inflammatory signaling pathways and inhibit the
activation of NF-xB provides a basis for its potent anti-inflammatory
effects. By reducing oxidative burden and inflammation (two
phenomena significantly contributing to cognitive decline),
magnesium helps to preserve neuronal integrity. Epidemiological and
clinical research consistently stresses the importance of adequate
magnesium levels for improving cognitive health. Studies have
shown a direct correlation between magnesium intake and cognitive
function in healthy individuals. Although existing studies have laid a
substantial foundation, they also highlight the need for further in-depth
research, including more comprehensive, long-term clinical trials to
determine the therapeutic potency of magnesium in improving
cognitive health to provide safe and compassionate patient care (62),
to reduce the burden of neurodegenerative diseases.
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Abstract: Magnesium is one of the most abundant essential minerals in the body. Magnesium
supplements mostly have low bioavailability, except magnesium L-threonate. In 2010, a novel
magnesium compound, magnesium L-threonate (Magtein®) was identified and was shown to raise
the magnesium levels in the brain and neurons effectively. In this double-blind, placebo-controlled
study, Magtein®PS, a magnesium L-threonate (Magtein®)- and phosphatidylserine-based formulation
additionally containing vitamins C and D, was tested for its cognitive benefits in 109 healthy Chinese
adults aged 18-65 years. Subjects were randomly assigned to receive either Magtein®PS or placebo
(starch) capsules, at a dose of 2 g/day. “The Clinical Memory Test”, the standard test commonly used
in Chinese hospitals and academic institutes for cognitive evaluation, was administered before and
30 days after subjects received the supplement. Subjects receiving Magtein®PS showed significant
improvements over the control group in all five subcategories of “The Clinical Memory Test” as
well as the overall memory quotient scores. The older participants showed more improvement than
younger participants. Results indicated significant benefits of Magtein®PS in improving memory
and cognition in healthy Chinese adults.

Keywords: magnesium L-threonate; magnesium; Magtein®; Magtein®PS; memory; cognition

1. Introduction

Magnesium (Mg) is the second-most abundant intracellular mineral, and it is required
as a cofactor for over 300 enzymatic reactions and is, thus, necessary for the biochemical
functioning of numerous metabolic pathways in the body, including energy generation
in every cell, protein production, gene regulation, bone and teeth maintenance, as well
as the proper functioning of the brain and nervous systems. Mg is abundant in the food
supply and can be found in foods such as grains, cereals and dark leaves, including
spinach and cabbage [1]. Despite an abundance in the food supply, intake of Mg in the
Chinese population has been shown to be below the 330 mg/day recommended by the
China Nutrition Society [2]. For example, the average intake of dietary magnesium was
reported to be 205 mg/day, in 2373 adults from Guangxi, China, of both sexes [3]. Therefore,
supplementation may be warranted. Mg supplementation has been shown to improve
symptoms of migraine headaches, Alzheimer’s disease, stroke and to have a beneficial
effect on subjective anxiety in subjects prone to mental stress [4,5]. Higher intake of Mg
has been associated with lower depression symptoms [6]. A relationship between Mg and
anxiety has also been identified. For example, test anxiety, related to exposure to stressful
exam conditions, increases urinary Mg excretion, resulting in a partial reduction in serum
Mg levels [7]. A study based on data from the National Health and Nutrition Survey
(NHANES) between 2011 and 2014 included 2508 participants aged 60 years and older.
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After adjusting for multiple confounding variables, they found that total magnesium was
independently associated with significantly higher global cognitive scores [8]. Although
there is an established need for supplementation, most magnesium compounds available
on the market have low bioavailability and do not lead to increased magnesium levels in
the brain because they cannot cross the blood-brain barrier easily [9,10]. Thus, it is of great
interest to identify a Mg supplement that can elevate brain Mg levels.

In a 2010 publication in the journal Neuron, scientists from the Massachusetts Institute
of Technology (MIT) reported their discovery of a magnesium compound called magnesium
L-threonate (Magtein®) that can effectively deliver magnesium to brain cells [11]. According
to the study, magnesium L-threonate (Magtein®) has greater bioavailability compared to
other magnesium supplements. Indeed, when compared to other sources of magnesium,
such as chloride, citrate, glycinate and gluconate, magnesium L-threonate (Magtein®)
demonstrated higher absorption and higher retention [12,13]. In addition, magnesium
L-threonate (Magtein®) was able to significantly elevate magnesium concentrations (7% to
15% of initial value in 24 days) in cerebrospinal fluid in rats when administered orally, while
other magnesium compounds could not [11]. The increased brain levels are most likely
due to the increased absorption and the related higher circulating levels of magnesium.
In humans, L-threonic acid is an ascorbic acid metabolite [14], having been identified in
plasma [15], in the aqueous humor [16], in the urine [17,18] and in the brain [13]. In addition
to its endogenous occurrence, L-threonic acid can be found in a wide variety of foods, such
as canned mushrooms, fruit juice and processed meats [19] as a major part of vitamin C
metabolites.

In a rodent model, Slutsky and colleagues reported that after one month of magnesium
L-threonate (Magtein®) supplementation, the concentration of magnesium in the brain
increased, and there was a significant improvement in memory and learning in both young
rats and in elderly rats. In addition, magnesium L-threonate improved memory recovery
in elderly rats. Magnesium L-threonate supplementation did not influence body weight,
motility or the amount of water and food intake. The possible mechanisms of action of
magnesium L-threonate on cognitive functions is via the activation of the NMDA receptors,
which leads to increased synaptic density and improved memory [11].

Based on these preclinical results, it would be of great interest to investigate the effects
of magnesium L-threonate in a human population. A randomized, double-blind, placebo-
controlled study in older American adults (between ages 50 and 70) was published in
2016 [20]; supplementation with magnesium L-threonate significantly improved overall
cognitive scores as compared to placebo (p = 0.003; Cohen’s d = 0.91). Cognitive fluctuation
was also reduced. Aging is associated with magnesium deficiency. A previous study has
shown a beneficial effect of magnesium in an older population [21].

Phosphatidylserine (PS) is a natural component of neuronal cell membranes and is re-
quired for healthy nerve cell membranes and myelin [22]. Exogenous PS (300-800 mg/day)
is absorbed efficiently and crosses the blood-brain barrier and safely slows, halts or reverses
biochemical alterations and structural deterioration in nerve cells. PS also supports human
cognitive functions, including short-term memory, consolidation of long-term memory, the
ability to create new memories, the ability to retrieve memories, the ability to learn and
recall information, the ability to focus attention and concentrate, the ability to reason and
solve problems, language skills and the ability to communicate [22].

Vitamin B6 deficiency can lead to negative magnesium balance due to increased
magnesium excretion [23]. Additionally, vitamin B6 helps facilitate intestinal absorption of
magnesium [24]. Therefore, vitamin B6 might have synergistic effects with Mg supplement
for treating magnesium deficiency [25].

Vitamin C and D have been added to magnesium L-threonate in a clinical study in
patients with mild to moderate dementia, which showed significant improvements in
cognition [26]. Vitamin D has been shown to promote Mg reabsorption in the kidney [27],
promote Mg absorption in the GI tract [28] and low vitamin D levels have been associated
with increased risk of AD [29,30]. Thus, the ingredients in the Magtein®PS-based formula
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could potentially provide synergistic effects by increasing magnesium absorption, increas-
ing brain magnesium levels and increasing cognitive functions. It is the purpose of this
study to assess changes in cognitive function with the supplementation of Magtein®PS in
healthy adults.

2. Materials and Methods

Magtein®PS, a magnesium L-threonate (Magtein®) and phosphatidylserine-based
formula was provided by Magceutics, Inc. (Fremont, CA, USA) with the following compo-
sition:

Magtein®PS (each capsule):

Magnesium L-threonate (Magtein®): 400 mg

Vitamin D3: 80 IU

Vitamin C: 12 mg

Vitamin B6: 4 mg

Phosphatidylserine 50 mg

Magtein®PS and placebo (starch) specification: 0.504 g/capsule, recommended dose
was 2 g/person/day. Daily dosage was 2 capsules in the morning and 2 capsules in the
evening before sleep.

2.1. Subject Selection

This study was approved by the Ethics Committee of Safety Assessment and Research
Center for Drug, Pesticide and Veterinary Drug of Jiangsu Province (NO. GZ01020150029-
5). It was conducted in the Center for Health Safety of Nanjing Medical University and
its affiliated hospital located in Hefei, Anhui, China. Subjects were chosen from healthy
volunteers (meaning they were free of any diseases as listed below in the exclusion criteria)
aged 18 to 65 years old willing to participate by signing the consent form. All subjects were
without previous experience participating in similar tests randomized and matched for
education level and age. Subjects were screened for basic health parameters by interview
and clinical examination. Subjects who reported the following diseases were excluded:
heart disease; high blood pressure (>140/90 mmHg); renal or hepatic impairment/disease;
diabetes; bipolar disorder; Parkinson’s disease; Alzheimer’s disease; dementia; thyroid
disease; affective disorder or psychiatric disorder diagnosed clinically; immune disorder
(such as HIV / AIDS); diagnosed cancer. In addition, the following subjects were excluded:
taking drugs containing magnesium such as magnesium sulphate and magnesium chloride;
planning a pregnancy or pregnant; values of clinical laboratory examination exceeded
normal values.

Comparison analyses were performed in two aspects: before/after within each group,
between groups. Experimental group and control group were randomized with age, gender,
education balanced. Subjects were randomized based on cognitive function (MQ) using
Block randomization. Results of 102 subjects were collected at the end of trial, 51 for
Magtein®PS group, and 51 for control group. Double blind was achieved by making sure
the shape and weight of the placebo and active product were the same in shape and weight
and deidentified. One researcher who did not interact with the subject knew the identity of
the products.

2.2. Testing Methods

The commonly used clinical cognition test, “The Clinical Memory Test” (CMT), pub-
lished by the Institute of Psychology of the Chinese Academy of Science in 1996, was
applied to 109 healthy volunteers. “The Clinical Memory Test” (CMT) is the standard test
commonly used in Chinese hospitals and academic institutes for memory and cognitive
evaluation. It consists of 5 subtests: directed memory (DM), paired-association learning
(PAL), free recall of pictures (FRP), recognition of meaningless figures (RMF), portrait-
features memory (PFM) (28). The scaled scores from these five categories of tests, the
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total score (TS), as well as the memory quotient (MQ) of each participant were recorded at
baseline and 30 days after the supplementation.

Directed memory (DM) was assessed by presenting 24 words with a recorder; subjects
were then required to memorizel2 words from the same category as directed by the
recorded guide. One set included a set of fruits and animals, and the other set included a
set of vegetables and clothes. Then, there were 12 mixed words which did not need to be
remembered but were close to the words that did need to be remembered. For example: The
words in the fruit category that were required to be remembered were mixed with various
common non-fruit words, such as duck eggs and tofu. The subjects are then asked to recall
the mixed words after the second test. This is designed to assess short term memory after
hearing words.

Paired-association learning (PAL) was assessed by using 6 pairs of logically connected
words and 6 pairs of words without logical connection. Each pairing was tested three times
in different order to assess learning, memory and logic.

Free recall of pictures (FRP) is used to assess recall memory. The test is conducted by
presenting two groups, each containing 15 stimulating pictures; the pictures are images of
daily necessities and other familiar objects, presented in an ordered fashion. Subjects are
asked to recall the pictures.

Recognition of meaning]less figures (RMF) is used to assess short term memory through
vision. The target stimuli are five types of meaningless graphics, curve closed, straight line
closed, curve straight line, curves not closed and straight lines not closed. Training starts
with four figures from targeted stimuli group, presentation 1 s flowed by an interval of 1 s
and presented in sequence; then, mixed 20 pictures of target stimuli group with 20 pictures
of other groups, presented in a random order for 3 s followed by an interval of 3 s, requiring
the participant to recognize the targeted stimuli group figures.

Portrait-features memory (PFM) is designed to test for more complicated memory
involving several parts of the brain. Six face sketch portraits, each showing for 9 s, with an
interval of 3 s, showing the “surname”, “career” and “hobby” of the portrait at the same
time (such as surname Wu, actor, loves swimming), presented in sequence and repeated
once. Then, presenting in another order, we asked the participant to say the last name,
career and hobby when presenting each portrait.

Memory quotient (MQ) is a cognition score adjusted for age and education. CMT test
is the standard test used in hospitals and research institutions in China for memory and
cognition abilities.

Measurements from these 5 categories can be converted into scale points. The sum of
the scaled scores from these five categories is the total score (TS) of the participant. From
the table of the published CMT book, based on the participant’s age and educational status,
memory quotient (MQ) can be found corresponding to TS of this individual.

2.3. Data Analysis

Parallel comparisons between groups were analyzed by using t-test of two samples’
mean. Self-reference data were analyzed by using paired ¢-test. When variance was uneven,
data conversion was conducted by using t-test and rank sum test. Effective rate and total
effective rate were calculated via x? test. In the case that the total number of cases in the
four-square table was less than 40, or the total number of cases was equal to or greater than
40, but the theoretical number was equal to or less than 1, the exact probability method was
used instead.

2.4. Instruments

The following instruments were used to evaluate general health of the participants at
baseline. Automatic biochemical analyzer (A25Biosysems); automatic hematology analyzer
(BC-3000 Plus); automatic urine analyzer (Uritest-300); B-ultrasound set (RH-3200); X-ray
machine (Imax-1500z); ECG machine (AIKD-B-12).
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2.5. Safety Parameters

The following tests were measured for all participants as safety parameters: Gen-
eral health indicators: mental condition, sleep, diet, excretion, heart rate, blood pressure;
Blood /urine test: blood test includes white blood cells, red blood cells, hemoglobin and
platelets; Blood biochemical test: checking list includes serum total protein, albumin,
alanine, aminotransferase, aspartate aminotransferase, urea, creatinine, cholesterol, triglyc-
erides, blood glucose; Chest X-rays, ECG, B-ultrasound tests: only performed once at the
beginning of the study.

3. Results

There were a total 109 participants enrolled in the study, including 54 subjects for the
experimental group and 55 subjects for the control group. A total of 102 subjects finished
this trial, 51 subjects for the experimental group and 51 subjects for the control group. Three
subjects in experimental group and four subjects in control group failed to follow up due
to loss of contact; they did not provide any reason for their lack of participation. The total
drop-out rate was 6.42%.

3.1. Subject Characteristics

Data from 102 subjects were collected, which includes the experimental group con-
sisting of 51 subjects, 24 male and 27 female, average age 41.04 years, and the control
group consisting of 51 subjects, 19 male and 32 female, average age 42.47 years. As seen in
Table 1, the differences of memory quotient (MQ), age, gender, education level between
experimental group and control group was not statistically significant (p > 0.05).

Table 1. Baseline distribution comparison of two groups before clinical trial.

Index Experimental Group Control Group p*
MQ 60.31 +11.35 60.75 + 12.31 0.854
Age (years) 41.04 +9.41 42.47 +9.40 0.444
Male/Female 24/27 19/32 0.423

* p represents the comparison between experimental group and control group.

It indicates that the two groups are comparable in MQ), age, gender and education
level at the beginning of the study. No abnormality was observed from chest X-rays, ECG
or abdominal B-ultrasound tests from subjects in either group.

3.2. Safety Parameters between Experimental Group and Control Group

To assess the impact of Magtein®PS on recognized safety endpoints, mental condition,
sleep, diet and bowel habits were monitored throughout the study and categorized as
good, normal. Blood pressure and heart rate were also tested and are shown in Table 2.
There were no significant differences in these parameters between those in the experimental
group compared to those in the placebo group, indicating that Magtein®PS had no negative
effect on the parameters evaluated.

Table 2. General comparison between two groups before and after clinical trial.

Experimental Group Control Group

Before Clinical Trial After Clinical Trial Before Clinical Trial After Clinical Trial

Good Normal Bad Good Normal Bad p! Good Normal Bad Good Normal Bad p!t

Cgf\g?:f(}n 50 1 0 51 0 0 1.000 51 0 0 51 0 0 1.000
Sleep condition 50 1 0 51 0 0 1.000 51 0 0 51 0 0 1.000
Appetite 50 1 0 51 0 0 1.000 51 0 0 51 0 0 1.000
Exercise 50 1 0 51 0 0 1.000 51 0 0 51 0 0 1.000




Nutrients 2022, 14, 5235 6of 11
Table 2. Cont.
Experimental Group Control Group
Before Clinical Trial After Clinical Trial Before Clinical Trial After Clinical Trial
Good Normal Bad Good Normal Bad p! Good Normal Bad Good Normal Bad p!t
Systolic blood
pressure 120.00 £ 8.60 119.31 £ 7.36 0.184 119.65 £ 7.40 119.65 £ 7.40 0.124
(mmHg)
Diastolic blood
pressure 76.24 £+ 3.94 76.25 = 3.82 0.957 76.55 £ 3.60 76.55 £ 3.60 0.203
(mmHg)
Heart rate 69.39 £ 9.69 70.37 £ 7.56 0.070 71.20 £9.87 70.82 £9.87 0.583
p ! represents the self-comparison before and after clinical trial.

As shown in Table 3, the blood biochemical levels of participants in both groups were
in the normal range before and after the study. Urine tests from both groups were also
normal before and after the study. Therefore, Magtein®PS had no negative effects on blood
or urine biochemical parameters.

Table 3. The effect of Magtein®PS on levels of human blood and urine biochemical parameters.
Before Clinical Trial After Clinical Trial
Index Experimental Experimental
Group Control Group p Group Control Group p

Leukocyte (10°/L) 6.15+1.73 590 +£1.17 0.389 6.25 + 1.42 5.87 £ 1.46 0.180

RBC (102 /L) 4.56 £ 0.6 4.38 £ 0.44 0.084 4.62 £ 0.53 4.46 £+ 0.46 0.110

Platelet (10°/L) 176.2 + 48.65 176.2 + 48.21 1.000 188.61 £ 50.6 200.22 £ 46.34 0.230

Hemoglobin (g/L) 136.27 + 17.79 130.9 +17.93 0.132 135.94 + 16.57 130.59 £ 19.36 0.137

Total protein (g/L) 71.70 + 3.82 71.05 + 3.09 0.352 74.54 + 5.38 75.35 £ 3.78 0.384

Albumin (U/L) 46.38 £ 2.46 45.39 £2.29 0.067 48.15 £ 4.67 48.51 £2.53 0.627

__ Alanine 20.68 + 15.00 23.7 + 25.11 0.464 20.1 + 12,92 240042738 0359
Aminotransferase (U/L)

AsPartat"(*[}r/ai‘)sammase 19.39 + 5.61 202 +12.23 0.671 19.04 + 4.97 2088+ 1266 0335

Urea (mmol/L) 56+ 1.6 531+£1.32 0.325 5.03 £1.36 490 +1.38 0.624

Creatinine (umol/L) 62.73 £11.16 59.61 £ 14.62 0.229 72.78 £+ 13.80 68.8 £15.9 0.180

Blood sugar (mmol/L) 5.68 £ 0.5 6.08 + 1.68 0.101 4.72 £ 0.57 517 £1.23 0.071

Cholesterol (mmol/L) 5.37 £ 0.69 5.18 £ 0.88 0.213 4.67 £0.85 453 +0.88 0.408

Triglyceride (mmol/L) 1.55+1.83 1.31 +0.71 0.385 1.61 +1.45 1.63 +1.85 0.953

Urine test Normal Normal Normal Normal

p represents the self-comparison before and after clinical trial.

Thus, within the parameters assessed in this study it can be concluded that Magtein®PS
is safe for humans, at least in this study.

3.3. Cognitive Parameter between Experimental Group and Control Group

3.3.1. Between-Group Analysis

As seen in Table 4, after 30 days, the average score for directed memory (DM), paired-
association learning (PAL), free recall of pictures (FRP), recognition of meaningless figures
(RMF), portrait-features memory (PFM) and memory quotient (MQ) in the Magtein®PS
group was significantly higher compared to the placebo group (p < 0.001).
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Table 4. Effects of Magtein PS and placebo on CMT Scores and MQ score by treatment.
CMT Item Period Magtein® PS Placebo p-Value ®
Mcan £+ SD p-Value 2 Mcan £+ SD p-Value 2
DM Dwso oz OW jgyiag 0 001
PAL [1)3;3300 182'?377132.2661 <0.001 8%.277 f 23?9556 0.263 fd?(?()Sl
FRp Dwso  lesisy 001 lgxiiy 003 001
RME Dwso i OW paiiis  osw oo
PEM [1)33300 193;?7251529482 <0.001 3138 : i:; 0.017 <()d?()5(;11
MO Dwso  ssiizis  OWL  G7ligy 0 o001

Notes: 2 p-value comparison within the two study groups, ® p-value comparison of changes from baseline between
the two study groups. Abbreviations: CMT: Clinical Memory Test; DM: directed memory; PAL: paired-association
learning; FRP: free recall of pictures; RMF: recognition of meaningless figures; PEM: portrait features memory;
MQ: memory quotient.

3.3.2. Within Group Analysis

Within study comparison revealed that the average score of the Magtein®PS group
after the trial was significantly higher than before the trial for all clinical memory tests
(p < 0.001). There was no significant improvement of the average score for any clinical
memory test in the placebo group before and after the trial (p > 0.05). Moreover, for PFM,
the score was significantly worse after the trial when compared to before the trial in the
placebo group (p = 0.017). Figure 1 summarizes the overall results on all clinical memory
tests, including the 5 subcategories as well as the overall MQ scores.

Scaled DM Scaled
Score Score

2 * 20
20 *r

15
15

10
10
5 5
0 0

DO D30 DO D30

PAL

I B
20

*
*
15
10
5
0

DO D30 DO D30

DO D30 DO D30

Scaled
Score

Scaled
Score

30 20
15

SR 1 HEGE | IHE

DO D30 DO D30 DO D30 DO D30 DO D30 DO D30

RMF PFM MQ

100

Figure 1. The significant impact of Magtein®PS on cognition. *: p value (p < 0.001), Grey box: placebo;
black box: Magtein®PS. DO = Day 0, D30 = Day 30.

3.4. Benefit of Magtein®PS on the Cognitive Function Increases with Age

A further analysis was conducted to assess any potential age-related differences in
this study. As seen in Figure 2, Magtein®PS supplementation led to improved MQ in all
age groups, and the impact is positively associated with age (p < 0.001): the older the
participants, the higher the improvement from Magtein®PS intake.
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Change in MQ by Treatment

* Placebo
Magtein®ps

Change in MQ

Figure 2. The effect of Magtein®PS on MQ increases with age p value (p < 0.001).

4. Discussion

The benefits associated with the individual ingredients of Magtein®PS, a magnesium
L-threonate (Magtein®) and phosphatidylserine-based formulation additionally containing
vitamins C and D suggest a plausible synergistic benefit. Therefore, in this study, we tested
a formula containing the above listed ingredients. We found that the group receiving
Magtein®PS demonstrated significant improvements (p < 0.001) in all categories of the
cognition tests measured (Table 4, Figures 1 and 2), consistent with our synergistic hypoth-
esis. Interestingly, the older participants experienced the highest improvement in cognition
(Figure 2).

A previous publication of a double-blind, placebo-controlled human clinical examining
the effects of Magtein® in older participants demonstrated significant elevation of brain
Mg levels as well as cognitive abilities in the supplemented group as compared to the
placebo [20]. It is interesting to note that the effective elemental magnesium levels used for
the observed benefits of magnesium L-threonate (Magtein®) were 108-144 mg/day which
is below the RDA of 350-420 mg/day. Thus, supplementation even when combined with
dietary intake would likely be within safe limits.

Even though, in this study, we only assessed cognitive function, it is reasonable that
the benefits of Magtein® may provide benefits for multiple applications. For example, it has
been suggested that magnesium supplementation may be ideal for those with treatment-
resistant depression [31]. Results as to the connection of magnesium intake, magnesium
levels and depression are mixed. This is thought to be due to methodology in that most
studies do not measure brain magnesium levels. Brain levels of magnesium are found to
be lower in in patients with depression as well as other forms of mood disturbances [31],
suggesting that a magnesium supplement that could readily cross the blood-brain barrier
would be beneficial over those that do not readily cross the blood-brain barrier. Increasing
brain levels of magnesium would provide potential for many psychological and neuro-
logical conditions such as migraine headaches, Alzheimer’s disease, stroke and subjective
anxiety in subjects prone to mental stress. Perhaps this explains the benefits experienced
with magnesium supplementation in subjects with these conditions [4,5].

The potential for a benefit is supported by evidence related to a mechanism of action
indicating that magnesium plays a key role in the regulation of N-methyl-D-aspartate
(NMDA) receptor excitability in the brain. NMDA causes degeneration of neurons and
magnesium intake supports healthy neurons by blocking the activity of NMDA. Blocking
NMDA is thought to be a potential prevention for cognitive impairment and Alzheimer’s
disease [32]. Additionally, magnesium deficiency has been shown to increase inflammatory
mediators leading to neuroinflammation which is said to enhance progression of cognitive
impairment and dementia [33]. A recent meta-analysis of 17 randomized controlled trials
showed that Mg supplementation significantly decreased serum C-reactive protein (CRP)
and increased nitric oxide (NO) levels, an important vasodilator [34]. In the brain, NO
enhances blood flow and has a key role in intracellular signaling in neurons [35] The
proposed mechanisms of action combined with epidemiological data showing a relationship
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between total magnesium and significantly higher global cognitive scores [8] support
the findings of our study. The finding that the older subjects demonstrated the greatest
improvement could be explained by lower brain levels of magnesium or perhaps a great
degeneration of the neurons responding more notably to the increased magnesium.

The limitations of this study include a small sample size, just 51 people in the treatment
group contributing to a small number of people in each age group when sub-analyses were
conducted. Additionally, brain levels of magnesium were not assessed in this study, which
may have been interesting to determine. Serum magnesium levels were not measured
in this study as the value was not central to the purpose of this study. Further, it has
been suggested that serum levels may not be the best indicator of brain levels; it may be
interesting to measure this in future studies. This was not a diverse population as all study
subjects were Chinese. Though subjects were instructed not to change their normal diet,
we cannot entirely control for potential changes in dietary intake of magnesium during the
study time period. Future studies could consider a larger, more diverse subject population.
Sub-analysis for age, gender and other factors known to correlate with magnesium levels
may also be interesting to evaluate. Despite a few limitations, our study was well powered
and cognitive function was evaluated using a well-known and validated assessment tool.

5. Conclusions

This double-blind, placebo-controlled study demonstrates that Magtein®PS is well
tolerated and safe within the parameters of this study. Our data supported the benefits of
Magtein®PS on improving learning, recall, memory and cognitive abilities in this group of
healthy Chinese adults. Furthermore, the benefits of Magtein®PS were observed among all
ages, with older people demonstrating the most improvement. These findings may support
cognitive function as well as other benefits in all age groups, especially older adults.
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Abstract.

Background: Cognitive impairment is a major problem in elderly, affecting quality of life. Pre-clinical studies show that
MMFS-01, a synapse density enhancer, is effective at reversing cognitive decline in aging rodents.

Objective: Since brain atrophy during aging is strongly associated with both cognitive decline and sleep disorder, we evaluated
the efficacy of MMFS-01 in its ability to reverse cognitive impairment and improve sleep.

Methods: We conducted a randomized, double-blind, placebo-controlled, parallel-designed trial in older adult subjects (age
50-70) with cognitive impairment. Subjects were treated with MMFS-01 (n =23) or placebo (n=21) for 12 weeks and cognitive
ability, sleep quality, and emotion were evaluated. Overall cognitive ability was determined by a composite score of tests in four
major cognitive domains.

Results: With MMFS-01 treatment, overall cognitive ability improved significantly relative to placebo (p =0.003; Cohen’s
d=0.91). Cognitive fluctuation was also reduced. The study population had more severe executive function deficits than age-
matched controls from normative data and MMFS-01 treatment nearly restored their impaired executive function, demonstrating
that MMFS-01 may be clinically significant. Due to the strong placebo effects on sleep and anxiety, the effects of MMFS-01 on
sleep and anxiety could not be determined.

Conclusions: The current study demonstrates the potential of MMFS-01 for treating cognitive impairment in older adults.

Keywords: Alzheimer’s disease, cognitive impairment, cognition, composite score, L-threonate, magnesium, mild cognitive
impairment, randomized clinical trial, sleep disorder, synaptic density

INTRODUCTION of life [2, 3]. Although the neuropathological process

underlying cognitive impairment remains elusive, the

Cognitive function declines with aging [1]. Cog-
nitive impairment in elderly is a major problem that
can affect activities of daily living (ADL) and quality
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best correlate to cognitive impairment is brain atro-
phy [1, 4]. Brain atrophy is associated with neuronal,
axonal, and synaptic loss. So far, the best structural pre-
dictor of cognitive decline is the degree of synaptic loss
[5]. Since synapses are the elemental units of neural
communication, synapse loss and reduction of synap-
tic plasticity should have a major impact on neural
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signaling, resulting in impaired cognition. Therapeu-
tic strategies that prevent net synapse loss and increase
synapse density may have great potential for cognitive
impairment.

In our pre-clinical studies, we found that the level of
brain magnesium is a critical factor controlling synapse
density and plasticity. Elevating neuronal intracellu-
lar magnesium can increase functional synapse density
and plasticity in cultured hippocampal neurons [6, 7].
Mechanistically, we found that intracellular magne-
sium in neurons serves as a critical second messenger
controlling neuronal energy supply and functional
synapse density [7]. In an intact rodent, treatment with
conventional magnesium salts is ineffective at elevat-
ing brain magnesium and improving memory function
[8]. This is because active transport systems tightly
control the amount of magnesium that crosses first
from digestive tract into blood, and then from blood
to cerebrospinal fluid (CSF) [9]. In human, increas-
ing blood magnesium by up to 300% only changes
CSF magnesium by less than 19% [10]. To overcome
this problem, we developed L-Threonic acid Magne-
sium salt (L-TAMS, formerly MgT), a compound that
can effectively enhance CSF magnesium concentra-
tion via oral intake [8]. L-TAMS treatment increases
synapse density in brain regions critical for executive
function and memory, such as the prefrontal cortex
and hippocampus [8, 11-13]. Furthermore, L-TAMS
treatment increases the number of NR2B contain-
ing NMDA receptors, resulting in an enhancement of
synaptic plasticity in aging rats and Alzheimer’s dis-
ease (AD) model mice [8, 14]. At a functional level,
L-TAMS treatment reverses cognitive impairment in
aging rats and AD model mice [8, 14]. The increase
of synapse density in aging rats is linearly correlated
with memory improvement [8]. L-TAMS treatment
also enhances fear memory extinction and prevents fear
memory over-generalization, leading to a reduction of
anxiety in rats [13, 15].

Here, we conducted a randomized, double-blind,
placebo-controlled trial to evaluate the efficacy and
safety of a treatment regimen consisting of 12 weeks
of oral intake of MMFS-01, a compound containing
L-TAMS, in older adults with cognitive impairment.
We used three inclusion criteria, including subjective
memory complaints (SMC), sleep disorder, and anxi-
ety, to select subjects who had cognitive impairment.
Their cognitive impairment was later confirmed by
an object cognitive test (Trail Making Test - Part B).
Sleep and anxiety disorder were used as inclusion
criteria to increase the chance of recruiting subjects
who had cognitive impairment with an underlying

neurodegenerative condition. This was necessary
because previous studies show that SMC is not a good
sole indicator of mild cognitive impairment (MCI).
Many people who think they have memory issues actu-
ally have a normal cognitive profile when tested with
objective memory tests. There is only a 30% chance
that someone with SMC has MCI [16]. It is common
that patients with brain atrophy not only have MCI but
also have neuropsychiatric symptoms [17]. The com-
mon core non-cognitive symptoms in MCI patients are
anxiety [18, 19] and sleep disorder [20, 21]. 47% of
MCT patients have anxiety symptoms [22], and 83%
of those with MCI and anxiety develop AD compared
to only 41% of those with MCI without anxiety [23].
Recent studies show sleep disorder is strongly cor-
related with cognitive impairment [20], and even the
chance of getting AD [24].

Our efficacy evaluation included determination of
body magnesium status, tests of cognition in four
domains (executive function, working memory, atten-
tion, and episodic memory), and measurements of
sleep quality and emotional state [25].

MATERIALS AND METHODS
Study design

This was a 12-week parallel-designed, randomized,
single-site, double-blind, placebo-controlled clinical
trial that compared MMFS-01 and placebo. MMFS-01
is a compound containing L-TAMS, trademarked
under the name ClariMem®.

Farticipants

Subjects were men or women between 50 and 70
years of age with self-reported complaints of cogni-
tion (memory and concentration), and with anxiety
and sleep disorder. Subjects had a Mini-Mental State
Examination score (MMSE) equal to or greater than
24. Sleep difficulties defined by a score of greater than
5 on the Pittsburgh Sleep Quality Index (PSQI), and
the presence of mild-to-moderate anxiety, with scores
>12 and <28 on the Hamilton Anxiety Questionnaire
sub-score A (HAM-A), were required for inclusion in
the study [26].

Exclusion criteria included active heart disease;
uncontrolled high blood pressure (>140/90 mmHg);
renal or hepatic impairment/disease; Type I or II
diabetes; bipolar disorder; Parkinson’s disease; AD;
dementia; unstable thyroid disease; diagnosed major
affective disorder; psychiatric disorder (hospitalized in
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the past year); immune disorder (such as HIV/AIDS);
a history of cancer (except localized skin cancer with-
out metastases or in situ cervical cancer) within 5
years prior to screening; current use of calcium channel
blockers, SSRIs or anxiolytics other than benzodi-
azepines as needed, with “as needed” defined as less
than 5 times per month; current use of any medications
that are known to interact with magnesium including
loop, thiazide, or potassium-sparing diuretics, muscle
relaxants, penicillamine, corticosteroids, magnesium-
containing antacids or other magnesium containing
products; use less than 7 days before the randomiza-
tion visit of calcium channel blockers, any anxiolytics
or SSRIs; current use of antibiotics (a washout period
of 2 weeks was allowed); presence of an unstable dose
of medication (defined as fewer than 90 days at the
same dose); presence of an allergy or sensitivity to any
ingredient in the test product; hepatic or renal dys-
function as evidenced by ALT, AST, AP being >2
times the upper limit of normal or serum creatinine
value >2.0 mg/; history of drug or alcohol abuse in
the past 12 months or had begun/stopped smoking <6
months ago or had plans to begin/quit smoking; possi-
bility that the subject may become pregnant as shown
by lack of birth control use, pre-menopausal status
or absence of hysterectomy; status of pregnancy, lac-
tation or plans to become pregnant during the study
period; participation in another research study either
presently or within 30 days prior to the screening visit;
any condition, abnormality, medication usage or clin-
ically significant clinical laboratory findings that, in
the opinion of the investigator, would compromise the
safety of the subject or the quality of the study data.
Subjects were allowed to take medications if the med-
ication was not part of the exclusion criteria and the
dose was unchanged at least 90 days before screening
and throughout the study.

Subjects stopped taking any dietary supplements at
least 7 days prior to randomization, and maintained
cessation during the study. They refrained from alcohol
consumption or exercise for at least 24 hours prior to
each test visit. No changes to the methods, including
eligibility requirements and dosing, were made after
commencement of the trial.

Recruitment and randomization

Subject randomization began in November 2012,
and recruitment was completed in June 2013. A
total of 51 subjects (age 50-70) were recruited by
Miami Research Associates (MRA) and enrolled in a
randomized double-blind, placebo-controlled trial

conducted at MRA (Miami). Data for all subjects
at every time point were collected by MRA at their
Miami clinical laboratory.

Before the study began, the protocol, informed-
consent form, and other information provided to
subjects and caregivers were reviewed and approved
by the Aspire IRB (September 20, 2012). Subjects
were randomly assigned to the MMFS-01 or placebo
group in a ratio of 1:1, using a block-2 randomization
schedule. Subjects received a sequential number corre-
sponding to the order in which they entered the study.
Study sponsors, investigators, research coordinators,
attending care teams, and subjects were blinded to
treatment group. The consulting statistician locked the
database of data elements and unblinded it by access-
ing the table of randomized assignments and merging
them into the data tables.

Dosage

Dosage was set to correspond to approximately
25 mg/kg/day. To accomplish this, subjects between
50 and 70 kg took 1.5 g/day, and subjects between 70
and 100kg took 2 g/day of MMFS-01. At conclusion
of the study, 8 subjects (35 percent) were taking 1.5 g of
MMEFS-01 per day, and 15 subjects (65 percent) were
taking 2 g of MMFS-01 per day.

Power analysis

Enrollment for this study was targeted at 50 sub-
jects (25 per group). Prior to this study, this compound
was given open-label to a small number of subjects
(L-TAMS has self-affirmed/FDA-affirmed GRAS
status). These subjects’ subjective feeling was a signif-
icant improvement in anxiety, sleep, and mental clarity.
They had significant improvement in anxiety based on
the HAM-A questionnaire. Therefore, we powered the
analysis in this trial by reduction of HAM-A score. We
predicted the treatment would lead to a 50% reduc-
tion in HAM-A score, with a SD of HAM-A scores
of approximately & 10 score points [27]. Assuming a
serial coefficient correlation of about 0.5 for HAM-A
scores at baseline and 12 weeks, the within-group
SD of the 12-week changes would also be £ 10 score
points. With the use of an unpaired Student #-test with
a significance level of 0.05, a total enrollment of 50
subjects (40 completers if 20% attrition) was required
for the study to be able to detect differences of about
a 45% reduction in HAM-A score. We assumed an
attrition rate of 20% in line with previous experi-
ence by the contract research organization that ran
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the study, MRA. Even if the attrition rate had been
as high as 32%, there would have been enough ana-
lyzable subjects (34 subjects) to provide 87% power in
detecting a clinically meaningful 50% HAM-A score
reduction.

Efficacy endpoints

Efficacy assessments were made at Baseline Visit,
Week 6 Visit, and Week 12 Visit. The change in the
body’s magnesium status was quantified by assessing
blood magnesium concentration (plasma Mg?*), urine
magnesium concentration normalized by the estimated
glomerular filtration rate (uMg?*/GFR), and intracel-
lular magnesium concentration (Red Blood Cell; RBC
Mg?*). The key functional efficacy outcome measures
included measurements of cognitive abilities, sleep
quality, and affect.

TMT-B test

The Trail Making Test — Part B (TMT-B) assesses
executive function as well as impulsivity, visual search,
visual attention, and motor speed [28]. In the test, sub-
jects were required to connect a series of label circles
that constituted a trail. Scores were calculated as the
inverse of the time (in milliseconds) it took the subject
to complete the task (all 25 circle connections), repre-
senting speed. Scores from subjects unable to complete
the task in the maximum allotted time (360 seconds),
or from those who quit prior to the maximum allot-
ted time, were scaled to the time to complete 25 circle
connections before converting to speed. Six out of 44
(13%) subjects did not complete the task at least once
with a total of 9 occurrences, 5 at baseline, 3 at Week
6, and 1 at Week 12. Higher speeds reflected better
performance.

DigitSpan test

The DigitSpan test assesses working memory per-
formance. Scores were based on the length of the
longest sequence of digits (consecutive numbers) sub-
jects could remember and thus ranged from 0 without
an upper bound, with higher scores reflecting better
performance.

Eriksen Flanker Congruent/Incongruent test

The Eriksen Flanker Congruent/Incongruent test
assesses attention, that is, cognitive processes involved
in detection and recognition of targets in the presence

of distracting information [29]. A target directional
arrow was flanked by either arrows in the same
(congruent) or opposite direction (incongruent). The
average time to correctly select the target arrow’s direc-
tion was recorded. The incongruent task was more
difficult than the congruent task because the congruent
task did not require response inhibition and was less
confounded by training effects. Therefore, the response
times in the congruent condition were subtracted from
those in the incongruent condition to remove training
effects and discern effects on attention. The opposite of
this difference was reported so higher scores reflected
better performance.

Face-Name association test

Finally, the Face-Name Association test assesses
hippocampal-dependent episodic memory [30].
Twenty faces with twenty fictional popular first names
were shown on screen. Subjects were then asked to
remember and later recognize each face and name
pair when presented with the same or novel face
and name pairs. Using signal detection theory, the
hit rate, false alarm rate, and sensitivity index (d’)
were calculated, where d’ =2Zpit rate)-Z(false alarm rate)-
d’ showed how well the subject distinguished old from
new. Hit rate was defined as a correct identification
of an old face and name pair and false alarm as an
incorrect identification of a new face and name pair.
Higher scores reflected improved performance with
scores above three indicative of a near perfect score.

Composite score

Scores from several cognitive tests, evaluating
four domains of cognition—executive function, work-
ing memory, attention, and episodic memory—were
combined to produce a composite score to assess
overall cognitive ability [25]. The cognitive tests
included TMT-B for executive function [31], Dig-
itSpan for working memory capacity [32], Face-Name
Association for episodic memory [33], and Eriksen
Congruent/Incongruent Flanker [29] for attention.

The composite score was calculated as the aver-
age of the four individual z scores (Z). z scores were
calculated for each subject on each test using the for-
mula 7 = x;l’f” , where p;, is the mean of all subjects
(MMFS-01 and placebo combined) at baseline and o3
is the standard deviation (SD) of all subjects at base-
line. Baseline means and SDs were used to convert
the raw scores of Week 6 and Week 12 to z scores in
order to determine the treatment effects (change from
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baseline) of MMFS-01 versus placebo for each subject
for each test.

Effect size (Cohen’s d) was determined for each of
the cognitive endpoints at Week 6 and Week 12 using
the formula B B

COhen’S d — (Xn,AMMFSfm)_(Xn.AP[az‘eho)

O pooled
was the mean of the change from baseline values in
the MMFS-01 or placebo group at either Week 6 or
Week 12 and 0007 Was the pooled SD of the change
from baseline of the MMFS-01 and placebo groups at
either Week 6 or Week 12. Pooled SD was calculated
using the formula

, where X,

O pooled =

\/ [(nMMFS—Ol — 1) (Gammrs—01)* + (1 pracebo — 1) (@ APlacebo)z]

[("MMFS—OI + M Placebo) — 2]

Sleep

Sleep quality was measured with PSQI [26]. PSQI is
a self-rated questionnaire which assesses sleep quality
and disturbances over a 1-month time interval. Higher
scores indicated worse sleep quality. Based on previ-
ous research, a global PSQI score greater than 5 yields
a diagnostic sensitivity of 89.6% and specificity of
86.5% (kappa=0.75, p less than 0.001) in distinguish-
ing good and poor sleepers [26].

Emotion

Affective personality was assessed with the HAM-A
and the Positive and Negative Affect Schedule
(PANAS). The HAM-A is a rating scale used in both
clinical and research settings to measure the severity
of psychic and somatic anxiety symptoms [34]. It did
not provide any standardized probe questions and was
administered by a clinician (subject did not complete
the questionnaire by his/herself). Scores ranged from 0
to 56 where <17 indicated mild severity, 18 to 24 mild
to moderate severity, 25 to 30 moderate to severe sever-
ity, and >30 severe severity. The PANAS is a self-rated
tool used to measure positive and negative affect over
a 1-week time interval, and consists of two 10-item
scales, one for Positive Affect and the other for Nega-
tive Affect [35]. Subjects were asked to rate different
feelings and emotions using the following Likert scale:
1 =very slightly or not atall, 2 = alittle, 3 = moderately,
4 = quite a bit and 5 = extremely. Scores for each scale
ranged from 10 to 50. Higher positive affect scores
represented more positive affect, and thus, better out-
comes. Higher negative affect scores represented more
negative affect, and thus, worse outcomes.

Cognitive ability fluctuation analysis

The fluctuation of cognitive ability over time was
evaluated by calculating variance of the change in com-
posite score from Week 6 to Week 12 of individual
> X week 12— X week 6)*

subjects, with the formula o2 = P
The fluctuations of cognition of the placebo group and
the MMFS-01 group were calculated separately.

Tolerability and safety

Safety evaluations included recording all adverse
events, results of laboratory tests (comprehensive
metabolic panel, uric acid, and complete blood count
with differential), vital signs, body weight, and subjec-
tive remarks.

Adverse events were listed, MedDRA encoded,
grouped by general type of event (gastrointestinal, neu-
rologic, cardiac, etc.), and cross-tabulated by event
type and product group. The principal investigator cat-
alogued adverse events as mild, moderate, or severe
according to the following definitions: Mild (causing
no limitation in normal activities), Moderate (causing
some limitation in normal activities), and Severe (caus-
ing significant limitation in or the inability to perform
normal activities). A central laboratory conducted all
laboratory evaluations. Of the 47 adverse events, 13
events, occurring in 10 subjects, were judged by the
principal investigator to be probably or possibly related
to the study product. Probably and possibly-related
adverse events were considerably more prevalent in
the placebo group than in the MMFS-01 group (9
and 4 events, in 6 and 4 subjects, respectively). The
predominant adverse events were related to gastroin-
testinal function (affecting 5 of 25 subjects (20.0%)
in the MMFS-01 group and 4 of 26 subjects (15.4%)
in placebo group, p =0.726) or infections/infestations
(affecting 4 of 25 subjects (16%) in the MMFS-01
group and 6 of 26 subjects (23%) in placebo group,
p=0.726).

Statistical analysis

The safety population consisted of subjects who
received at least one dose of any study product, and
who had any subsequent encounter with the study
site. The efficacy population included all subjects
who completed all scheduled visits, had no protocol
deviations that in the judgment of the principal inves-
tigator would have invalidated their efficacy data (see
product compliance section below). Only data from
subjects that completed all visits were included in the
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statistical analysis; therefore, there were no missing
data values in the dataset, and imputation was not
required.

Statistical analyses for cognitive tests and body mag-
nesium status variables were performed with SPSS and
R. For categorical variables, difference in the distri-
bution of categories between the different treatment
groups was tested for nominal significance by the
Chi-Square test, in SPSS or GraphPad Prism. Formal
statistical tests were performed for cognitive endpoints
and magnesium status using a univariate analysis of
covariance (ANCOVA) model at Week 6 and Week 12
with baseline values as a covariate. For safety end-
points, changes were tested for significance by the
paired Student #-test, or the non-parametric Wilcoxon
signed-ranks test if necessary. Differences in adverse
event patterns between product groups were tested by
the Fisher’s Exact test.

Longitudinal repeated measures ANCOVA analyses
using observed data without any data imputation were
used to determine the overall effect from baseline of
MMFS-01 compared to placebo. The model included
the categorical fixed effects of treatment (MMFS-01
versus placebo), week (6 and 12), and treatment-
by-week interaction, as well as the continuous fixed
covariate of baseline measurement. Normality of dis-
tribution and equality of variance were determined
using the Shapiro-Wilk’s test and Levene’s test, respec-
tively. For endpoint values that violated either test,
additional bootstrapping was employed, using resam-
pling methods. In the ANCOVA analyses, in order to
simulate the F-distribution under the null hypothesis,
resampling techniques were used to permute the treat-
ment labels, time point labels, and baseline values. For
each of the 10,000 random permutations, F-statistics
for the ANCOVA model were computed, and used to
compute a percentile p-value for the dataset. Boot-
strapping was used for TMT-B, Mg?t Urine, and
MgZJr Plasma. In one exception, to determine treat-
ment differences at Week 6 and Week 12 between the
MMFS-01 and placebo groups for percent change in
RBC magnesium concentration, an analysis of vari-
ance (ANOVA) model was used instead of ANCOVA.

As this was not a pivotal Phase-III clinical trial,
it was not required to control the study-wise Type-
1 error rate to a specified alpha level. Each efficacy
endpoint was considered an independent question of
interest, with a hypothesized difference, and was tested
independently using a two-tailed 0.05 alpha level
(p <0.05 required for a conclusion of statistical sig-
nificance). No interim analysis was performed for this
study.

To determine outliers, individual data for each test
was analyzed. If a baseline score was greater than 2
SDs away from the mean then that data point was con-
sidered to be an outlier, and therefore excluded. Of
the four cognitive tests, outliers were only found on
the Flanker test. Out of 44 baseline data points, 3 sub-
jects were removed (1 MMFS-01, 2 placebo) from the
analysis of the Flanker test. Additionally, we found
some ceiling effects in the Face-Name test, in which
some subjects had a near perfect baseline score (>3).
Therefore, we set 3 as the threshold for the ceiling
baseline Face-Name score. Out of 44 data points, 3 sub-
jects were removed (2 MMFS-01, 1 Placebo) from the
analysis of the Face-Name test. We removed the contri-
bution of any excluded subject to the composite score
so the excluded data points did not erroneously skew
the composite score. Except for outliers and scores at
the ceiling, all data were included for all subjects for
all outcome measurement analyses.

Product compliance

Compliance was measured via the pill counting
method, by documenting the number of calendar days
between visits and the number of pills that should have
been taken. Subject compliance was recorded as a per-
cent of the prescribed amount for each visit and then
averaged to produce an overall compliance figure. Per
the original protocol, 80-120% compliance was con-
sidered acceptable. Of 44 subjects in the per protocol
population, 41 returned their unused pills and were in
the acceptable range. The remaining 3 did not return
their pills, but were determined to be within the accept-
able range of compliance based on the estimation of
the PI, using MRA staff’s familiarity with the sub-
ject and/or subject’s compliance during other testing
phase(s) of the study to make this decision. Therefore,
all 44 subjects were considered compliant.

Funding and sponsor involvement

The study was funded by Neurocentria Inc., CA,
USA, and designed jointly by Neurocentria and MRA.
The study was executed and data was collected by
MRA who vouched for its integrity, with Dr. Diane
Krieger (MRA) serving as the Principal Investigator.
Statistical analysis of several efficacy variables includ-
ing affective, sleep quality and clinical impression
tests, and all safety variables including adverse events
was carried out by MRA. Neurocentria conducted
statistical analysis for cognitive tests and body mag-
nesium status variables. Neurocentria wrote the paper
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through an iterative review process. ClinicalTrials.gov
number, NCT02363634.

RESULTS
Study population

The mean subject age was 57.3 £5.2 years, with
71% female. Baseline demographic and background
characteristics are summarized in Table 1; there
were no significant differences in these characteristics
between the treatment and control groups. 66.7% of
the subjects (34 of 51) had coexisting medical condi-
tions at baseline. The most common conditions were
gastrointestinal (10 subjects; 19.6%). None of the sub-
jects were taking CNS medications and there were no
significant differences between groups in the presence
of coexisting diseases or medication use.

25 subjects received MMFS-01 (Neurocentria, Inc.,
Fremont, California, USA), and 26 received placebo.
7 subjects (14%) discontinued the study prematurely:
2 (7.7%) in the MMFS-01 group and 5 (19%) in the
placebo group (Fig. 1). Withdrawn consent was the
primary reason for discontinuation. The remaining 44
subjects completed the study and were included in the
efficacy analysis.

Table 1
Baseline characteristics according to treatment group
Characteristic Placebo MMFS-01
(n=26) (n=25)

Age-y=xSD 57.6+4.4 57.1+6.0
Gender - no. (%)

Male 8 (31%) 7 (28%)

Female 18 (69%) 18 (72%)
Ethnicity - no. (%)

Hispanic 25 (96%) 22 (88%)

Non-Hispanic 1 (4%) 3 (12%)
Race - no (%)

African-American 3 (12%) 2 (8%)

Caucasian 23 (88%) 23 (92%)
Medical History - no. (%)

Cardiovascular 10 (38%) 9 (36%)

Dermatological 0 (0%) 3 (12%)

Ears/Nose/Throat/Mouth/Eyes 6 (23%) 6 (24%)

Endocrine/Metabolic 7 (27%) 5 (20%)

Gastrointestinal 14 (54%) 11 (44%)

Musculoskeletal 8 (31%) 12 (48%)

Neurological 10 (38%) 11 (44%)

Renal/Genitourinary 1 (4%) 5 (20%)
CNS Medication - no. (%) 0 (0%) 0 (0%)
Height - cm & SD 159.7+£9.7 161.0£9.1
Weight - kg + SD 73.2+12.9 73.1+10.4
MMSE Score + SD 282+1.3 27.8+1.6

Efficacy

The effects of MMFS-01 on body magnesium levels

We determined the change in body magnesium
status by quantifying magnesium in urine (excre-
tion), plasma (extracellular), and RBC (intracellular).
Excreted magnesium was measured to estimate the
relative amount of absorbed magnesium, because mag-
nesium excreted in urine is proportional to absorbed
magnesium, provided that the subject has normal kid-
ney function for mineral reabsorption (i.e., the higher
the absorption of magnesium, the higher the excre-
tion) [36]. Treatment with MMFS-01 for 12 weeks
resulted in a significant increase in the excretion
rate of magnesium relative to placebo (p=0.027).
Plasma magnesium concentration is tightly controlled
by homeostatic mechanisms, and plasma magnesium
concentration is hardly changed by conventional oral
magnesium supplementation [37]. While magnesium
was initially higher in the plasma of subjects tak-
ing MMFS-01 (Week 6) versus placebo, there was
no difference between the two groups at Week 12,
due to a change in plasma magnesium concentra-
tion in the placebo group from Week 6 to Week
12. This difference is indicated by a significant
treatment X time interaction between MMFS-01 and
placebo (p <0.05). Finally, RBC magnesium concen-
tration increased in MMFS-01 treated subjects from
baseline to Week 12 (3.3 £ 1.9%) and from Week 6 to
Week 12 (3.0 +2.0%) compared with a reduction in
placebo treated subjects at Week 12 (-0.6% =+ 1.8%)
and from Week 6 to Week 12 (-3.6 £2.1%, p=0.019).
The body magnesium results are summarized in
Table 2. These results suggest that the dosage of
MMFS-01 was effective at loading magnesium into
the body.

The effects of MMFS-01 on cognitive abilities

The effect of MMFS-01 on cognitive ability was
evaluated in four cognitive domains: executive func-
tion, working memory, attention, and episodic memory
by administration of the Trail Making, DigitSpan,
Flanker, and Face-Name tests, respectively, at Base-
line, Week 6, and Week 12 (Table 3). These cognitive
tests were chosen based on the current consensus
that multiple domains of cognition should be eval-
uated to determine cognitive impairment [38]. The
cognitive domains we selected were similar to those
included in the Alzheimer’s Disease Cooperative Study
- Preclinical Alzheimer Cognitive Composite (ADCS-
PACC), are in line with recent recommendations by the
U.S. Food and Drug Administration, and are reliable
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1,100 subjects
phone-screened

83 subjects screened on-site

51 subjects randomized

4/\»

25 Assigned to 26 Assigned to
MMFS-01 Placebo

5 Prematurely discontinued the study

2 (7.7%) Had adverse event(s)
2 (8.0%) Prematurely discontinued the study .
g due to withdrawn consent —» | 2(7.7%) Withdrew consent

1(3.8%) Was lost to follow-up

v v
23 (92%) completed 21 (81%) completed
treatment treatment

Fig. 1. Study assignment and outcomes. All subjects who withdrew were evaluated for the presence of an adverse event. If an adverse event
was determined as the reason for withdrawn consent then “had adverse event(s)” was listed as the reason for premature discontinuation.

Table 2
Change from baseline in physiological measures
Week 6 Week 12
Endpoint Baseline change from p value change from p value Total Treatment
Score baseline (between groups) baseline (between groups) p value

Physiological
Mg?* Urine (mg/ml)

MMFS-01 0.061 +0.003 0.026 £ 0.007 0.025 4+ 0.007 " "

Placebo 0.062 £ 0.006 0.012 +0.006 0-140 0.005 +0.007 0.048 0.027
[Mg?+] Plasma (mg/dL)

MMEFS-01 2.04+0.033 0.100+0.032 " 0.065 +0.030

Placebo 2.06+0.041 -0.00240.043 0.026 0.05240.035 0.808 0-119
[Mg?+]; RBC (mg/10"! cells)

MMFS-01 1.154+0.038 0.003 +0.026 0.0324+0.023

Placebo 1.19+0.035 0.049+0.026 0.217 —0.009 £0.021 0.262 0.829

Mean + SEM. *significant p <0.05.
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for testing cognitive deficits and improvements [39,
40].

MMFS-01 treatment resulted in a significant over-
all treatment effect in TMT-B (p =0.047; Table 3 and
Fig. 2A). Performance speed in TMT-B (Fig. 2A),
reflecting executive function and cognitive processing,
improved from baseline at Week 6. The mean improve-
ment (MI) was 2.0 4+ 0.8 ms~! at Week 6 and 2.1 £ 0.8
ms~! at Week 12 in the MMFS-01 group, correspond-
ing to improvements of 19.1% (Week 6) and 19.9%
(Week 12). There was little improvement from baseline
in the placebo group at Week 6 (MI=0.1+0.5 ms™')
and Week 12 (MI=0.2 + 0.8 ms™!). These results cor-
respond to an effect size (Cohen’s d) of 0.58 at Week
6 and 0.51 at Week 12 (Table 3).

The DigitSpan test assesses working memory capac-
ity. Subjects receiving MMFS-01 improved their
DigitSpan scores (Table 3 and Fig. 2B) at Week 6
(MI=1.61+£0.48 consecutive numbers) compared to
those receiving placebo (MI=0.10 = 0.59 consecutive
numbers). This difference was significant (p =0.023,
Cohen’s d=0.61), representing a 13.1% net improve-
ment. At Week 12, the improvement persisted in the
MMFS-01 group (MI=1.43 £0.55 consecutive num-
bers), but there was an increase of the test scores in
the placebo group (MI=0.67 & 0.54 consecutive num-
bers). Therefore, the difference between the MMFS-01
and placebo groups was not significantly different at
Week 12 (p =0.225).

We used the Flanker test (Table 3 and Fig. 2C)
to evaluate attention capability. The opposite of
the difference between incongruent and congruent
test times was used to represent the test score (see
Materials and Methods for explanation). We observed
improved test scores relative to baseline in the
MMFS-01 group, but the improvements were not
statistically different from that of the placebo group
at either Week 6 or Week 12, and there was not an
overall treatment effect. Flanker test time improved
by 34.9% (Week 6) and 38.2% (Week 12) in subjects
receiving MMFS-01; however, times of subjects
receiving placebo also improved at Week 6 (14.3%)
and Week 12 (32.3%). These results suggest that there
were significant training effects in this test, which
reduced the test’s utility for evaluating efficacy of
treatment.

We used the Face-Name association test to evaluate
episodic memory (Table 3 and Fig. 2D). In subjects
receiving MMFS-01, test scores did not significantly
change from baseline at Week 6 (7.1%, p=0.460),
but improved significantly from baseline at Week 12
(37.6%, p=0.003). However, similarly, the test scores

in the placebo group did not improve at Week 6,
but increased from baseline by 16.2% at Week 12,
although not significantly (p =0.207). Despite a 21.4%
net improvement at Week 12 with MMFS-01 treat-
ment, improvement in the MMFS-01 group was not
significantly better than improvement in the placebo
group (p=0.089, Cohen’s d=0.44).

Finally, to evaluate the overall cognitive ability of
each subject, we calculated the composite score of all
subjects at baseline, Week 6, and Week 12. Each indi-
vidual score from each cognitive test was converted to
a z score and the z scores from the four tests were aver-
aged (Z) to obtain the composite score for each subject.
The cognitive tests we selected evaluated major
domains of overall cognitive ability (Table 3 and
Fig. 2E). The composite score Z of subjects treated
with  MMFS-01 improved significantly compared
to placebo at Week 6 (p=0.017) and Week 12
(»=0.003), and had a significant overall treatment
effect (p=0.001). Subjects treated with MMFS-01
had a MI of 0.41 £0.12 z at Week 6 and 0.60 +0.13
Z at Week 12 compared to 0.06 = 0.08 z at Week 6
and 0.03£0.14 7 at Week 12 for subjects treated
with placebo. The effect size was 0.74 at Week 6
and 0.91 at Week 12. Based on the typical scale for
effect size where 0.2—0.5 is small, 0.5-0.8 is medium,
and >0.8 is large [41], the improvement of overall
cognitive ability induced by MMFS-01 treatment was
robust [41].

To determine if improvement in overall cognitive
ability persisted from Week 6 to Week 12 in individual
subjects we plotted the composite score change from
baseline at Week 6 versus the change from baseline at
Week 12. The degree of improvement at Week 6 was
significantly correlated with the degree of improve-
ment from baseline at Week 12 (R=0.72, p<0.001;
Supplemental Figure 1B). Conversely, in the placebo
group, there was no correlation between change in
composite score at Week 6 and change in composite
score from baseline at Week 12 (R=0.07, p=0.753;
Supplementary Figure 1A). This analysis suggests that
the treatment effects of MMFS-01 persisted in individ-
ual subjects.

MMFS-01 treatment reduces fluctuation in overall
cognitive ability

Fluctuation of cognitive ability is an early sign of
cognitive impairment [42]. It is reported that 85%
of MCI patients have fluctuations over time in their
cognitive ability [43]. To evaluate if the subjects’ cog-
nitive ability fluctuated, for each subject we plotted the
composite score change from baseline at Week 6 and
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Table 3

Change from baseline in cognitive measures

Week 6

Baseline Score
(Mean 4+ SEM)

Endpoint change from p value
baseline (between

groups)

Effect Size
Cohen’s d
(95% C.I.)

Week 12
change from p value Effect Size  Total Treatment
baseline (between  Cohen’s d p value
groups) (95% C.1.)

Cognitive TMT-B (ms™!)

MMFS-01 10.6+£1.0 20+£0.8 2.1+£0.8 "

Placebo 12409 01105 0.066 0.58 (-0.03-1.17) 02108 0.116 0.51 (-0.10-1.10) 0.047
DigitSpan (consecutive #s)

MMFS-01 11.524+0.59 1.61£0.48 « 1.43+£0.55

Placebo 11.05 +0.50 0.10+0.59 0.023* 0.61 (-0.01-1.20) 0.67 L 0.54 0.225 0.30 (-0.3-0.89) 0.064
Flanker: —1(Incongruent - Congruent) (s)

MMFS-01 0.13£0.03 0.04 £0.03 0.05+0.03

Placebo 0.09%0.02 001 40.02 0.964 0.27 (-0.89-0.35) 0.0310.02 0.440 0.15 (-0.76-0.47) 0.660
Face-Name (d’)

MMFS-01 1.70£0.14 0.12+0.16 0.64+0.19

Placebo 1574014 0041018 0.484 0.10 (-0.51-0.72) 025+0.19 0.089 0.44 (-0.18-1.05) 0.103
Overall Cognitive Ability (z)

MMFS-01 -0.025+0.12 0.41£0.12 N 0.60+0.13 o o

Placebo -0.002+0.11 0.06 +0.08 0.017% 074 (0.12-1.34) 0.03+0.14 0.003™ 051 (0.27-1.51) 0.001

Mean + SEM. *significant p <0.05. **significant p <0.01.

Week 12 (Fig. 3A-D). In the placebo group, subjects’
composite scores changed dramatically both positively
and negatively from baseline (Fig. 3A, C), confirming
the existence of cognitive variance in subjects in the
current study. Interestingly, in the MMFS-01 treated
group, changes from baseline at both Week 6 and Week
12 were mostly positive (Fig. 3B, D). Thus, MMFS-01
treatment appeared to reduce negative fluctuations in
overall cognitive ability.

To quantify the effect of MMFS-01 on the fluctuation
of cognitive ability, we compared the variance of com-
posite scores between MMFS-01 and placebo groups
(Fig. 3E). We calculated variance of individual sub-
jects’ composite score between Week 6 and Week 12
(see Methods for equation). We did not use change from
Baseline to Week 6 to avoid the pre-existing cognitive
fluctuation prior to treatment. Variance of the compos-
ite scores in the placebo group was o> =0.53 whereas
variance in MMFS-01 treated group was 02 =0.22, a
reduction of 57.6%. This analysis included all subjects,
even those whose composite score did not improve
at Week 6 (n="7 of 23), so any delayed improvement
that occurred from Week 6 to Week 12 contributed
to this variance. When we only considered subjects
whose composite score improved at Week 6 (n=16 of
23), variance was even smaller (62 =0.14), represent-
ing a 72.8% reduction in variance (Fig. 3E). Therefore,
MMEFS-01 treatment might also help reduce cognitive
fluctuation.

Change in intracellular magnesium predicted the
improvement of cognitive abilities

We noticed that the composite scores of subjects in
the treatment group did not improve uniformly and
in particular, four subjects had little or no improve-
ment after 12 weeks of treatment. Our pre-clinical
studies indicate that the increase in intracellular mag-
nesium concentration in neurons is essential for the
increase in synapse density (unpublished data) and ele-
vation of CSF magnesium is an important intermediary
molecule in the mechanism of action through which
our compound leads to an improvement in cognitive
abilities [8]. In principle, the increase in intracellular
magnesium in neurons should be a predictor of the
improvement of cognitive abilities. Unfortunately, cur-
rent technology does not permit safe quantification of
intracellular magnesium of neurons in human. There-
fore, we decided to use intracellular magnesium of
RBCs as a surrogate marker. Although intracellular
magnesium in peripheral cells may not be a true indi-
cator of brain magnesium, it provided a reference for
the loading effectiveness of magnesium into cells.

Remarkably, the percent change of RBC intracellu-
lar magnesium concentration predicted, with statistical
significance, the enhancement in overall cognitive abil-
ity (composite score) in the MMFS-01 group (R =0.49;
p=0.021; Fig. 3G), but not in the placebo group (R =
0.22; p=0.334; Fig. 3F). Controlling for the effects of
baseline composite score (see below), the correlation
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Fig. 2. Cognitive endpoints for MMFS-01 and placebo. Change from baseline (dashed line) was evaluated at Week 6 and Week 12 for MMFS-01
(red line) and placebo (black line) treated groups in four cognitive tests: TMT-B (A), DigitSpan (B), Flanker (C), and Face-Name (D). TMT-B
is presented as speed (milliseconds) to complete 25 circle connections, DigitSpan as the number of consecutive numbers (consec. #s) repeated
without error, Flanker as the opposite of the difference between Congruent time and Incongruent time —1 (IC-C) in seconds, and Face-Name as
relative d” score. The opposite of change in IC-C is shown to illustrate positive change for improvement in the task. Overall cognitive ability
(composite score) is the average of the z scores (Z) of the four cognitive tests, presented as the change in composite score from baseline (E).
Asterisk over individual time points denotes significance between MMFS-01 and placebo only at that time point whereas asterisk over line
between Week 6 and Week 12 denotes a significant overall treatment effect. *p <0.05, **p <0.01. All values are mean + SEM.

between the percent change of RBC intracellular mag-
nesiumconcentrationand the change in composite score
at Week 12 further improved (denoted as R’ =0.54;
p=0.012; Fig. 3G), with no significant change in the
placebo group (R’ =0.25, p=0.294; Fig. 3F).

There was also a small but non-significant inverse
correlation between baseline composite score and the

change in composite score at Week 12 in the MMFS-01
group (R=-0.34; p=0.126; Fig. 3I), that was not
present in the placebo group (R=-0.18; p=0.442;
Fig. 3H). Controlling for the percent change of intra-
cellular magnesium, the correlation between baseline
composite score and change in composite improved
nearly to statistical significance in the MMFS-01 group
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(R*=-0.42; p=0.060; Fig. 3I) but not in the placebo
group (R’=-0.21; p=0.380; Fig. 3H). These data
suggest that MMFS-01 might be more effective at
improving the overall cognitive ability of subjects with
greater cognitive deficits.

Clinical significance of MMFS-01

Analysis of data from the cognitive tests demon-
strated that the improvement of cognitive abilities by
MMFS-01 treatment was statistically significant. We
carried out further analysis to determine the clinical
significance of MMFS-01 treatment. One way to quan-
tify clinical significance is to determine how much
cognitive deficit is reversed by comparing test scores
with normative data of age-matched subjects. Unfor-
tunately, normative data for our composite score is
not available. However, normative data for TMT-B
is available from cognitively competent subjects from
age 18 to 89 years (referred to hereafter as Tombaugh
study), and performance on TMT-B declines with age
[44]. We compared results from our study with data
from the Tombaugh study. Subjects in our study took
significantly longer (125.7£17.65s) to complete the
TMT-B task than age-matched (average age 50-70
years) cognitively normal subjects in the Tombaugh
study (75.0£ 1.3 s; p<0.0001), confirming that sub-
jects in our study indeed had executive function decline
(Fig. 4A), and a mild cognitive impairment.

To quantify how much cognitive impairment was
reversed, we plotted average speed of performance on
TMT-B as a function of age. The youngest age group,
age 18-24, performed the fastest, so all other age groups
werenormalized tothe 18-24 age group. Strikingly, per-
formance of cognitively normal subjects on the TMT-B
task declined linearly with age (R=-0.99, p=107%),
at a rate of 1.04% per year (Fig. 4B). Average TMT-B
speed for all subjects we studied was about 10% lower
than age-matched controls. Following 12 weeks of
MMEFS-01 treatment there was an average increase of
10.3 £ 3.8% in TMT-B speed, such that their speed was
close to that of their age-matched controls.

With this data, we assigned each subject a “brain
age” that corresponded to that subject’s speed relative
to the normative TMT-B data. The difference between
each subject’s actual age and brain age was repre-
sentative of the degree of executive function decline.
For example, a 50-year-old subject who performed
approximately 10% worse on the TMT-B test than a
normal 50-year-old had a brain age that corresponded
approximately to a cognitively normal 60-year-old,
and therefore had a 10-year deficit. The average age
of all subjects who completed the current study was

57.8 £0.8 years (Fig. 4B blue arrow), but their aver-
age brain age at baseline was 68.3 + 3.0 years (Fig. 4B,
red arrow), suggesting that the subjects in the cur-
rent study had about 10 years of cognitive impairment.
After 6 weeks of treatment, the average brain age of
the MMFS-01 group deceased from 69.6 +4.2 years
to 60.6 £ 5.6 years, an improvement of 9.0 £ 3.5 years
(Fig. 4C, top right panel), and persisted after 12 weeks
of treatment with 9.4+3.5 years of improvement
(Fig. 4B, green arrow; 4C, bottom right panel). In con-
trast, there was little change in the average brain age in
the placebo group, improving 0.6 2.3 years at Week
6 (Fig. 4C, top left panel) and 0.8 = 3.5 years at Week
12 (Fig. 4C, bottom left panel). These data demon-
strate that MMFS-01 treatment was effective in our
subjects at reversing cognitive impairment almost back
to normal ability relative to age.

Using elevation of RBC intracellular magnesium as
a biomarker to screen for responders, we found that
15 of 22 subjects in the MMFS-01 group (68.2%)
responded to MMFS-01 treatment. When the brain age
of only the responders was calculated, the improve-
ment at Week 12 was 14.6£3.9 years, indicating
an even greater reduction in cognitive impairment
among magnesium responders than all subjects receiv-
ing MMFS-01. On the other hand, these data also show
approximately 30% of the subjects did not respond to
MMFS-01 treatment.

Safety and tolerability

The effects of MMFS-01 on sleep quality and
emotion

We also evaluated the effects of MMFS-01 treatment
on neuropsychiatric symptoms (Table 4). Subjects in
the placebo group had significant changes in affect,
anxiety, and sleep at Week 6 and Week 12, as reflected
by the subjective tests HAM-A, PANAS: Positive
Affect, PANAS: Negative Affect, and PSQI, suggest-
ing that there were significant placebo effects on
all three. MMFS-01 treatment had similar effects on
affect, anxiety, and sleep, but was not significantly bet-
ter or worse than placebo. Therefore, in this trial, using
these subjective measures, MMFS-01 treatment did not
have an effect on sleep or anxiety. Importantly though,
MMEFS-01 treatment did not make anxiety, sleep dis-
order, or affect worse.

Adverse events

The safety population was composed of 25 subjects
in the MMFS-01 group and 26 subjects in the placebo
group. A total of 47 adverse events were observed
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panel) and Week 12 (bottom right panel) and placebo group at Week 6 (top left panel) and Week 12 (bottom left panel). Each arrow indicates
an individual subject, ordered as subject number determined by the order in which each enrolled in the study. Green arrows indicate brain age
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Table 4
Change from baseline in emotional and sleep measures
Week 6 Week 12
Endpoint Baseline p value p value p value p value
Score change from (change from (between group change from (change from (between group
baseline baseline) difference) baseline baseline) difference)
Emotional
HAM-A
MMFS-01 17.1+£3.0 -63+3.6 <0.001*** 0.876 -73+5.8 <0.001*** 0.396
Placebo 1724+£25 -6.1+34 <0.0017** ’ -8.6+4.1 <0.001*** '
PANAS: Positive Affect
MMFS-01 28.3+6.6 47+£52 <0.001*** 0.648 39+7.0 0.014* 0.596
Placebo 27.7+8.1 3.8+8.1 0.046* ’ 5.1+£82 0.01* ’
PANAS: Negative Affect
MMFS-01 248+64 -7.6£75 <0.001*** 0556 -83+89 0.001** 0371
Placebo 2394+60 63459 <0.001*** ’ -6.4+9.0 0.008** ’
Sleep
PSQI
MMFS-01 13.7+£2.6 42438 <0.0017** 0415 -4.8+4.5 <0.001*** 0279
Placebo 129+24  -32+£37 <0.001*** ’ -6.1+3.3 <0.001*** ’
Mean + SEM. *significant p <0.05. **significant p <0.01. **significant p <0.001.
Table 5
All adverse events observed in the study
Adverse Event # of Events # of Subjects
MMFS-01 Placebo MMFS-01 Placebo
(n=25) (n=26) (n=25) (n=26)
Gastrointestinal disorders 5 6 5 4
General disorders and administration site conditions 0 2 0 2
infections and infestations 4 7 4 6
injury, poisoning and procedural complications 0 1 0 1
Musculoskeletal and connective tissue disorders 3 0 3 0
Nervous system disorders 1 7 1 5
Psychiatric disorders 1 3 1 3
Respiratory, thoracic and mediastinal disorders 2 2 2 1
Skin and subcutaneous tissue disorders 0 1 0 1
Surgical and medical procedures 0 1 0 1
Vascular disorders 1 0 1 0
All Organ Systems 17 30 13 15

among 28 of the 51 subjects in the safety population,
experienced approximately equally among subjects in
placebo and MMFS-01 groups (15 and 13 subjects,
respectively; Table 5). Individual events were consid-
erably more prevalent in the placebo group than in
the MMFS-01 group (30 and 17 events, respectively).
Most adverse events were mild, and no serious adverse
events were observed during the course of the study.
No significant changes in body weight, systolic blood
pressure, diastolic blood pressure, or heart rate were
observed. For additional tolerability and safety infor-
mation, see Materials and Methods section.

DISCUSSION

This study sought to determine the effects of MMFS-
01, a synapse density enhancer, on cognitive ability,

sleep disorder, and anxiety in older adult subjects with
cognitive impairment. The inclusion criteria we chose,
including SMC, sleep disorder and anxiety, of which
the latter two are strongly associated with cognitive
impairment [18, 20], enriched our population for those
who had an underlying cognitive impairment. Indeed,
the subjects recruited in this study had a mild cognitive
impairment (approximately 10 years) compared to age-
matched controls from normative data (Fig. 4). There-
fore, the results from this study are more appropriately
interpreted as a reduction of cognitive impairment than
as an enhancement of cognitive function.

MMFS-01 treatment resulted in an improvement
in multiple individual cognitive domains. After 6
weeks of treatment with MMFS-01, we observed
improvements in executive function (TMT-B), and
working memory (DigitSpan), both associated with
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the prefrontal cortex, and after 12 weeks, we observed
improvement in episodic memory, associated with the
hippocampus [11, 12]. These observations suggest that
the mechanisms of action of MMFS-01 might work at
different time scales in different brain areas.

Although there was a significant overall improve-
ment in executive function (p =0.047, Cohen’sd=0.51
at Week 12), it was unclear how this improvement
would impact the subject’s daily function. It is com-
mon practice in evaluating clinical trial data to not only
evaluate effect size but to also evaluate clinical sig-
nificance. For example, in Parkinson’s disease clinical
trials, a total score change of 8 points in the Unified
Parkinson’s Disease Rating Scale is considered to be
clinically significant because it demonstrates a mean-
ingful functional improvement in patients’ quality of
life even though statistical significance can be achieved
with a lower score change [45]. Here, we show that the
improvement on the TMT-B test reflected an approxi-
mate 9-year improvement in executive function, which
might have a meaningful effect on the subject’s quality
of life.

Even though the improvement in executive func-
tion was clinically significant, each of the individual
cognitive tests only provided information on one
cognitive domain. To evaluate the efficacy of new ther-
apies for reducing cognitive impairment, one needs
to evaluate the change of overall cognitive ability.
Conventionally, overall cognitive ability is determined
by a composite score calculated from a set of cog-
nitive tests [46, 47]. Currently, a standardized set of
individual cognitive tests has not been established.
Cognitive domains that decline significantly with age
include attention/working memory, executive function,
episodic memory, and visuo-spatial ability [46]. Sev-
eral attempts have been made to establish composite
tests that can be used to quantify overall cognitive abil-
ities across these domains. The Alzheimer’s Disease
Cooperative Study-Preclinical Alzheimer Cognitive
Composite (ADCS-PACC), the Alzheimer’s Preven-
tion Initiative composite cognitive test score, and the
UCSD Performance-Based Skills Assessment (UPSA)
are some of the examples [25, 48, 49]. Our study
evaluated the same cognitive domains (albeit without
evaluation of visuo-spatial ability). Each test we chose
to evaluate specific domain function is extensively used
and highly sensitive, as each has a large dynamic range
with limited ceiling and floor effects [46]. Thus, the
composite score in the current study should be valid to
represent overall cognitive ability.

We determined that MMFS-01 improved overall
cognitive ability (composite score) both in absolute

terms and compared to the placebo group. The effect
size for change in overall cognitive ability was robust
(d=0.91 at Week 12), generating enough statistical
power in a sample size of only 44 subjects. The effect
size was significantly larger for overall cognitive abil-
ity than for individual cognitive tests. The possible
interpretation is that subjects in the MMFS-01 group
who improved in one domain typically improved in the
other domains, whereas, in the placebo group, subjects
who improved in one domain often had no change or
decreased in the other domains.

The consistency in improvement among the differ-
ent cognitive domains for individual subjects in the
MMFS-01 group was in line with our observation
that MMFS-01 reduced fluctuations in cognitive ability
(Fig. 3). Cognitive fluctuation is a known phenomenon
in those with cognitive impairment and is likely due to
variations in the activity of neural networks [42, 43].
These fluctuations can have a dramatic impact on sub-
ject’s performance on cognitive testing over time [50].
Indeed, large fluctuations in cognitive ability over time
were observed in subjects in the placebo group. The
reduction in cognitive fluctuation with MMFS-01 treat-
ment might be a more noteworthy observation than the
increase in overall cognitive ability because fromaclin-
ical perspective it might be mostimportant to reduce the
number of “bad days” a patient has. This might resultin
higher overall functionality and quality of life. If so, the
reduction of cognitive fluctuation may be a meaningful
outcome measure and could be included as an efficacy
endpoint in future clinical trials.

Since not all subjects responded to MMFS-01 treat-
ment, a biomarker that predicts responders would be
ideal in a clinical setting. Our pre-clinical work indi-
cates that the mechanism of action of MMFS-01 is
increased structural and functional synapse density,
mediated by an elevation of neuronal intracellular
magnesium concentration [7, 8]. Consistent with this
mechanism, we identified a biomarker—the percent
change in RBC magnesium concentration at 12 weeks
of treatment—that predicted treatment response (or
lack thereof). If confirmed, the biomarker can poten-
tially be used to predict the outcome of MMFS-01
therapy and help identify the subjects who are more
likely to benefit from MMFS-01 treatment.

At the onset of this trial, in addition to determining
the effects of MMFS-01 treatment on cognitive abil-
ity, we also sought to determine its effects on emotion
and sleep. The large placebo effects observed in this
study, typical in these types of trials [51], is unfortu-
nate because it prevented us from determining the true
effects of MMFS-01 on emotion and sleep (Table 4).
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With the current subjective measures it is difficult to
determine the effects of MMFS-01 on emotion and
sleep. One possible way to solve this problem is to use
objective evaluators of emotion. For example, our ani-
mal studies show that L-TAMS treatment can enhance
fear extinction [13], and such experiments can be done
in humans [52]. We plan to use more objective mea-
sures to test the effects of MMFS-01 treatment on
anxiety and sleep in a future trial.

This trial also evaluated the safety of MMFS-01.
Importantly, the adverse event profile was similar
between the MMFS-01 and placebo groups, with
nearly all events classified as mild and none as serious.
This is promising because any treatment for age-
related cognitive decline or any other pre-AD cognitive
impairment needs to have an extremely good safety
and tolerance profile, since patients will likely take the
medicine for many years.

There is currently no effective way to reverse age-
related cognitive decline or MCI. Numerous efforts
with different approaches have had minimal effect.
For example, pharmacological or dietary supplemen-
tal treatments using cholinesterase inhibitors, statins, or
vitamin E are ineffective at reducing cognitive deficits
or delaying onset of AD in MCI patients [53-56]. The
only treatment showing consistent positive results is
physical exercise, but with a modest effect size (in the
Cohen’s d=0.30 range) [57-59]. Recent studies utiliz-
ing mental exercise therapy have shown some exciting
potential [60—65], albeit with small effect sizes. Inter-
estingly, we found in our pre-clinical studies that a
combination of L-TAMS treatment and environmen-
tal enrichment/physical exercise can further enhance
the cognitive ability of aging rodents (unpublished
observation).

Study limitations

Although this study showed strong efficacy of
MMFS-01 for improving cognitive ability, one caution
we have is that the population of subjects we studied
not only had cognitive impairment but also had com-
mon neuropsychiatric symptoms including anxiety and
sleep disorder. Therefore, we do not know whether
our compound will be equally effective in people with
cognitive impairment but without neuropsychiatric
symptoms. Nevertheless, since approximately 50% of
MCI patients have anxiety [22], even if MMFS-01 only
works for this subtype of MCI patients, it still would
represent a significant portion of MCI patients. There
are several other limitations to our study that should be
considered when interpreting the results. One of them

is the relatively small sample size recruited at only one
study site. Due to the inhomogeneity of human genetic
background and environment, a larger trial size with
more geographical locations and more ethnic diver-
sity is needed. Another important limitation is trial
length. A longer trial will help determine the long-term
outcome of MMFS-01 treatment and whether MMFS-
01 will delay onset to AD/dementia. Finally, it is not
known if MMFS-01 can reverse cognitive impairment
in those with more severe cognitive deficits, such as
AD. To evaluate this, we are currently testing MMFS-
01 in another trial with mild and moderate AD patients.

CONCLUSIONS

In summary, the current study demonstrated efficacy
of MMFS-01, a compound designed to increase brain
synapse density, on restoration of cognitive abilities.
This study highlights the importance of increasing neu-
ronal intracellular magnesium, a key intermediary of
synapse density control, on improving cognitive abili-
ties in older adults.
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