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Abstract

Creatine is a dietary supplement with an extensive history of use in athletes
and more recently in various neurological and muscular pathologies. For both
indications, large doses (>30 g/day) of creatine monohydrate (CM) are required for
beneficial effects to manifest. Based on the doses required and the
physicochemical characteristics of creatine, oral absorption of CM is likely
incomplete. The research objectives of this dissertation were to determine the
absolute oral bioavailability and pharmacokinetic (PK) profile of CM and to
identify through in-silico simulations, alternative dosing strategies and
formulations resulting in improved oral bioavailability and/or tissue distribution.
The absolute oral bioavailability of CM was determined in rats at two different
doses (10 mg/kg and 70 mg/kg) and found to be 53% and 16% for low and high
dose CM, respectively. Using Gastroplus™ software, a physiology-based PK
(PBPK) model for CM was constructed and compared to the PK data obtained in
rats. With good agreement between the simulated and observed data in rats, the
model was then scaled-up to compare creatine plasma and tissue levels following
various dosing strategies (i.e. once daily vs. 4 times daily, and sustained release
(SR) vs. immediate release (IR)) in humans. While the model suggested that SR-
CM resulted in comparable plasma area under the curve (AUCg) with IR-CM, the
tissue levels were predicted to be significantly higher following SR-CM (41.3 %
and 18.3% increase in brain and muscle concentrations, respectively). The model
was also used to predict the impact of other creatine salt forms. For these
simulations, CM was compared to creatine hydrochloide (CHCI), creatine citrate
(CrC) and creatine pyruvate (CrPyr). Following administration of a large dose (20
g/day), AUCy., in plasma increased by 24.4, 52.1, and 56.3% for CrC, CrPyr, and
CHCL, respectively. In the brain, AUC,._, increased by 31.0, 55.1, and 70.1%, and



in the muscles by 20.1, 35.1, and 40.1%, for CrC, CrPyr, and CHCI, respectively.
Our results suggest that the oral bioavailability of CM is less than complete and is
dose-dependent. These studies suggest that newer forms and dosage formulations

of creatine will result in superior accumulation of creatine in the tissues.
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Chapter 1. Introduction

1.1. Introduction

Creatine, is a nitrogenous guanidine compound that is both synthesized
endogenously and found exogenously in various food sources such as meat and
fish. Since creatine’s isolation and extraction from animal skeletal muscle by
French chemist Michel Eugéne Chevreul in 1832, it has been one of the most
extensively studied dietary supplements. (1-3) The earliest reported use of creatine
as a potential ergogenic supplement appeared in the early 1990s as studies began to
report the beneficial effects of creatine on exercise performance, especially in
those sports requiring short, high-intensity exercises. (1, 2, 4-6) In a survey among
bodybuilders conducted in 2013, dietary supplements were used by all the
respondents, and creatine was among the most popular supplements consumed,
with 70% reporting current use of creatine supplements. (7) In 2012, The National
Health Interview Survey (NHIS) reported 34% use of creatine among children and
adolescents with the purpose of improving sports performance. (8) Creatine is now
widely used among recreational and professional athletes as an ergogenic
supplement with an annual market of more than 400 million United States dollars
worldwide. (9) Creatine monohydrate (CM), first marketed in the early 1990s, is
the form most commonly found in dietary supplement/food products and most
frequently cited in scientific literature. (10) However, the explosive growth in
creatine supplement sales has lead to the introduction of many different salt forms

of creatine.



1.2. Creatine Storage and Synthesis

In the body, the total amount of creatine is equal to both free creatine and
phosphocreatine (PCr), which together comprise the total creatine pool. The total
creatine content in the body equals approximately 120 g in a 70 kg adult. (11)
About 60% of the total creatine content in the body is PCr, and the remainder is
free creatine. (4) Creatine is distributed throughout the body with approximately
95% of creatine stored in skeletal muscle. The remaining 5% is distributed in other
tissues with the highest concentrations found in the brain, liver, and kidneys. (11)
Creatine and PCr break down (non-enzymatically) to creatinine (CRN), which is
then excreted in the urine. (12) Based on CRN excretion in the urine, the daily
amount of creatine lost from the body is estimated to be 1.7% (= 2 g) of the total
body creatine pool. (12) Using this estimate of creatine turnover, the recommended
minimum daily requirements of creatine for an average human are around 2 g, to
replenish the amount of creatine and PCr converted to CRN. (13)

There are two main sources of creatine, exogenous creatine obtained through
the diet especially in protein-based foods such as meat, fish, milk, and nuts (4, 13),
and endogenous creatine synthesized mainly in the liver and kidney. It is estimated
that the normal dietary intake of creatine in an omnivorous diet is around 1 g per
day (4, 13) with an additional 1 g coming from endogenous sources, Figure 1. (14)
The synthesis of creatine requires three amino acids, L-arginine, glycine, and L-
methionine. (14) The first and rate-limiting step of creatine synthesis is the transfer
of an amidino group from L-arginine to glycine to yield L-ornithine and
guanidinoacetic acid (GAA). (14) This step is catalyzed by the enzyme L-
arginine:glycine amidinotransferase (AGAT). (14) GAA is then methylated by the

action of a second enzyme, S-adenosyl-L-methionine:N-guanidinoacetate



methyltransferase (GAMT), to produce creatine, Figure 1. (14)

In mammals, the AGAT and GAMT enzymes are expressed in many tissues
including the pancreas, liver, kidney, and brain. (15) However, the tissue
localization of AGAT and GAMT is complex. In kidneys, AGAT is expressed in
high levels, whereas GAMT is expressed in relatively low (or undetectable) levels.
(12, 14, 15) In contrast, in the liver, AGAT is not detected, but GAMT is strongly
expressed. (14, 15) Based on the expression patterns of AGAT and GAMT and on
the fact that the rate of creatine synthesis is significantly reduced with
nephrectomy, (16) it is theorized that GAA 1is first formed in the kidney and then
transferred to the liver where creatine is formed. (14) However, the contribution of
other tissues to creatine synthesis is uncertain. The mammalian brain is also able to
synthesize creatine and all the main cell types of the brain (neurons,
oligodendrocytes, and astrocytes) express both AGAT and GAMT. (17-21)
However, it is still not known to what extent de novo synthesis of creatine in the

brain contributes to the total brain creatine content.



Figure 1. Endogenous creatine biosynthesis pathway. (14)

AGAT: L-arginine:glycine amidinotransferase. GAMT: S-adenosyl-L-

methionine:N-guanidinoacetate methyltransferase. SAM: S-adenosylmethionine.

SAH: S- adenosylhomocysteine.

0
"

Arginine e | ) )

Glycine

Guanidinoacetic

Kidney

ia "

Creatine e

Liver



1.3. Cellular Effects of Creatine

1.3.1. Cellular Energetic Effects (Creatine/PCr/CK System)

Adenosine triphosphate (ATP) is the universal energy currency for most of the
energy requiring processes in biological systems. (22) Excitable cells and tissues,
e.g. skeletal and cardiac muscle, all depend on the immediate availability of vast
amounts of energy that may be used in a pulsed or fluctuating manner. (22) Simply
increasing intracellular concentrations of ATP for energy storage is not the ideal
choice to meet the energy requirements of these cells and tissues, since local
[ATP], [adenosine diphosphate (ADP)] and [adenosine monophosphate (AMP)], as
well as the ATP/ADP ratio, are key regulators influencing many fundamental
metabolic processes. (22) Indeed, the level of ATP in excitable cells, such as
skeletal muscle, ranges from 2 to 5 mM. Based on these levels of ATP, muscle
contraction for example could only be sustained for few seconds. Instead, however,
large quantities of PCr are accumulated in these cells or tissues reaching up to 22
to 35 mM, thus providing a relatively large pool of cellular phosphate for
replenishing ATP. (11, 23)

The main function of creatine within the cell is to provide a readily available
source of phosphate for the replenishment of ATP. This is accomplished through
the creatine/PCr/creatine kinase (CK) energy system, which acts as a temporal
energy buffer. (14) This system plays an essential role in maintaining high energy
levels in the cells, especially under conditions of increased energy demand, where
the consumption of ATP exceeds the cells ability to synthesize it (e.g. short intense
exercise). (19) The creatine/PCr/CK system also plays an important compensatory

role under pathological conditions where reduced cellular oxygen or mitochondrial



dysfunction is present (e.g. myocardial infarction or neurodegenerative disorders).
(24)

Cellular energetics is highly balanced and regulated and capable of rapid
response to environmental demands. For instance, the rate of ATP hydrolysis can
be increased significantly in cells within seconds, however, even though the
cellular pools of ATP are rather small, the level of intracellular ATP remains
surprisingly constant. This can be explained by the complex action of the
immediately available creatine/PCr/CK system, which represents an extremely
efficient energy buffering system. (24) Synthesized creatine is transported through
the blood and taken up by tissues with high-energy demands. The enzyme CK,
which is a key enzyme in cellular energetics, catalyzes the reversible reaction
shown in Figure 2, in which creatine is phosphorylated resulting in PCr. (25, 26)
During short intense exercise, when cellular energy in the form of ATP is being
consumed, the stores of PCr are hydrolyzed and the phosphate liberated from this
reaction is available for phosphorylation converting ADP back into ATP, Figure 2.
(13) In muscles, the ATP regeneration capacity of CK is very high and
considerably exceeds both ATP utilization as well as ATP replenishment by
oxidative phosphorylation and glycolysis. (27)

There are 2 types of CK that are co-expressed together in a tissue-specific
manner. The first type is cytosolic CK, which consists of 2 subunits, B (brain type)
or M (muscle type). The subunit combinations give rise to 3 different dimeric
cytoplasmic isoenzymes, CK-MM, CK-BB, and CK-MB. Human M-CK is
selectively expressed in adult skeletal muscle and heart tissues, whereas B-CK is
expressed in adult heart, colon, and uterus but not skeletal muscle. (28) The second
type of CK 1s mitochondrial CK (Mi-CK), which resides in the mitochondria and
has two different isoenzymes, sarcomeric Mi-CK, which is striated muscle specific

and ubiquitous Mi-CK, which is found in most other tissues like brain and kidneys.



(14, 23) Cytosolic CK catalyzes the transfer of high-energy phosphate from PCr to
ADP, functioning as a temporal energy buffer in times of high ATP turnover. (23)
Additionally, some fractions of the cytosolic CK are functionally coupled to
glycolysis, and during periods of anaerobic exercise and recovery, preferentially
accepts glycolytic ATP to replenish the PCr pool. Moreover, other fractions of
cytosolic CK are specifically associated with ATP requiring processes at sites of
energy consumption, where ATP is directly regenerated in situ by CK, Figure 2.
(23)

Beside the function of the creatine/PCr/CK system as a temporal energy
buffer, it has been suggested that the creatine/PCr/CK system might also act as an
energy shuttle or transporter. (29) Distinct CK isoenzymes are associated with sites
of energy production (Mi-CK in the mitochondria) and ATP consumption
(Cytocolic CK). Mi-CK is bound to the outer side of the inner mitochondrial
membrane (IM) and localized along the cristac membranes. (29) At these sites, Mi-
CK octamers are forming micro-compartments with porin and adenine nucleotide
translocase (ANT) for energy transfer from ATP to creatine, followed by the
transport of PCr into the cytosol. (22, 23) ATP generated by oxidative
phosphorylation within the mitochondria is accepted by Mi-CK octamers,
transphosphorylated onto creatine, which is entering through the pore, to give PCr,
which then is exported into the cytosol to the sites of ATP consumption where it is
used to regenerate ATP. (22, 23, 30) Thus, under high workload, high-energy
phosphate would be shuttled from mitochondria to sites of energy consumption,
where it is then used by cytosolic CK to regenerate ATP locally in situ to fuel these
ATP-requiring processes and to keep local ATP/ADP ratios very high. (30) ADP
liberated by the Mi-CK reaction may directly be transported back to the matrix
where it is rephosphorylated to ATP. Creatine liberated through this reaction
diffuses back to the mitochondria, thereby completing the cycle. (14)



Figure 2. Theoretical model of the creatine-PCr-CK system. (Adapted from
Walliman et al., 1998). (23)
ATP: Adenosine triphosphate. ADP: Adenosine diphosphate. Mi-CK:

Mitochondrial creatine kinase. CKc: Cytosolic creatine kinase.
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1.3.2. Other Cellular Effects of Creatine

In addition to helping maintain cellular energetics, several other beneficial
effects of creatine have been suggested. One of the possible beneficial cellular
effects of creatine is stabilizing the mitochondrial permeability transition pore
(mPTP), thus preventing mitochondrial dysfunction. (30-33) The permeability
transition is an abrupt increase of the inner mitochondrial membrane permeability
to solutes. PTP opening is traditionally linked to mitochondrial dysfunction
because its occurrence leads to mitochondrial depolarization, cessation of ATP
synthesis, calcium release, inhibition of respiration, and activation of apoptosis.
(32) It should be mentioned that these detrimental effects on cell viability are only
seen for long-lasting openings of the PTP, while short-term openings, may be
involved in physiological regulation of calcium and reactive oxygen species (ROS)
homeostasis, and provide mitochondria with a fast mechanism for calcium release.
€1y

Mi-CK interacts with the proteins of both inner and outer mitochondrial
membranes that contribute to mPTP formation. It was suggested that creatine
converts Mi-CK from its dimeric form to the more stable octameric form that
stabilizes mPTP, thus preventing its opening. (32)

In addition, creatine was shown to have the ability of directly scavenging free
radical species. (34) Creatine treatment in cultured mammalian cells exposed to
different oxidative agents exerted a dose-dependent (up to 10 mM) antioxidant
activity via a mechanism dependent on direct scavenging of reactive oxygen and
nitrogen species. (34) Moreover, recently, several studies have reported interest in
the anti-inflammatory effects of creatine. Evidence in support of the anti-

inflammatory effects of creatine include reduced production of inflammatory



markers, such as prostaglandin E2 (PGE2), tumor necrosis factor-alpha (TNFa),
and lactate dehydrogenase (LDH), associated with intense exercise upon
supplementation with oral creatine in athletes. (35-37) In addition, many in-vitro
studies have shown that creatine reduces inflammatory mediators and markers
including PGE2, cyclooxygenase-2 (COX-2), TNFa, and toll-like receptors (TLRs)
in various cell lines. (38-40) Alraddadi et al., showed creatine to be protective
against interleukin-1p (IL-1p) insult in canine chondrocytes, used as an in-vitro
model of osteoarthritis, reducing TNFa, PGE2 and COX-2 production. (38)
Together, these studies suggest that creatine has several potential beneficial effects

in a variety of cells and tissues.

1.4. Creatine Transport

Given the tissue distribution of the enzymes required for synthesis of creatine,
it is likely that most endogenous creatine is produced in different tissues than the
ones that ultimately utilize creatine. Evidence for this is the observation that in
mammals the organs likely responsible for creatine synthesis (i.e. liver and
kidneys) contain the highest levels of AGAT and/or GAMT but have the lowest
levels of CK, the enzyme responsible for phosphorylation of creatine to PCr. (11)
Based on this observation, synthesized creatine must be transported from tissues
that produce the nutrient (mainly liver and kidneys) to tissues with high and
fluctuating energy demands for storage and utilization, such as skeletal muscle,
brain, and the heart. It is transported into tissues against a concentration gradient

through a specific sodium- and chloride- dependent creatine transporter (CRT1).

(13)

10



CRT1 belongs to the solute carrier 6 (SLC6) family of membrane transport
proteins. (41) SLC6 represents a large family of membrane transporters that
facilitate the transport of many solutes including neurotransmitters, such as
dopamine, and amino acids across the plasma membrane of cells. (41) CRT1 is
encoded by the SLC6AS8 gene located on chromosome Xq28. (42) At the mRNA
level, the tissue expression of CRT1 matches that of CK, predominantly in
muscles, kidney, heart, brain, colon, and testes. (43-45) In addition to CRT1, an
additional creatine transporter has been identified, creatine transporter 2 (CRT2),
which is encoded by the SLC6A10 gene, located on chromosome 16p11 and is
expressed in the testes only. (46) The physiological significance of this particular
isoform is still not clear.

CRT1 is a saturable sodium- and chloride- dependent transporter that
transports creatine with high specificity against its concentration gradient. (42) The
cellular uptake of creatine depends on the sequential binding and co-transport of
Na’ and CI ions with a coupling ratio of 2 Na™: 1 CI': 1 creatine molecule. (47)
The ion concentration gradient generated by the plasma membrane Na'/K" ATPase

provides the driving force for creatine uptake into the cell. (47)

1.4.1. Creatine Transporter Expression in the Brain

Although creatine is synthesized in the liver and kidney, creatine
concentrations in the mammalian brain is 4- to 20- fold greater than that in the
liver. (48) In the brain, CRT1 is expressed on both the luminal and abluminal sides
of the capillary endothelial cells suggesting the blood-brain barrier (BBB)

permeability of creatine is dependent on transporter activity. (49) Moreover, CRT1
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is also widely expressed in neurons and oligodendrocytes. However, it does not
appear to be highly expressed in the astrocytic feet processes, which cover more
than 98% of the surface of the capillary endothelial cells. (49, 50) While AGAT
and GAMT are expressed in almost all the cells in the brain, including neurons and
astrocytes, it is still not known to what extent de novo synthesis of creatine in the

brain contributes to the total brain creatine content.

In contrast, there is supportive evidence of the important role of creatine
transport at the BBB in meeting the creatine requirements of the brain. In in-vitro
mouse hippocampal slices, the creatine transporter was required for creatine uptake
through the plasma membrane. Incubation with creatine increased creatine and PCr
content of the tissue. On the other hand, inhibition of the creatine transporter with
3-guanidinopropionic acid (GPA) dose-dependently prevented this increase. (51)
In addition, The presence of a creatine transport system from the blood to the brain
across the BBB has been demonstrated in mouse capillaries and has been shown to

be saturable by endogenous plasma creatine. (49)

Perhaps the most compelling evidence supporting the important role of BBB
creatine transport is from the study of genetic mutations within the CRT1
transporter. Individuals with CRT1 deficiency, caused by mutations in the
SLC6AS8 gene, have reduced levels of creatine in the brain despite normal
functioning of AGAT and GAMT. (43) The loss of CRT1 function leads to
neurological symptoms, including intellectual disability, delays in speech, autism,
and seizures. (52) Patients deficient in CRT1 seem to be unresponsive to
exogenously administered creatine and did not display any creatine signal
according to proton magnetic resonance spectroscopy. (47) On the other hand,
AGAT and GAMT deficient patients that have reduced ability for de novo

synthesis of creatine, can be successfully treated with oral creatine
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supplementation, although very high doses of creatine are used and the
replenishment of cerebral creatine takes months and may only achieve partial
restoration of the cerebral creatine pool. (53-55) This highlights the importance of
peripheral and exogenously administered sources of creatine as determinants of
brain levels of creatine and has fueled interest in potential benefits of creatine
supplementation in the treatment of creatine deficient syndromes and

neurodegenerative diseases.

1.5. Exogenous Administration of Creatine Supplements

As mentioned before, in situations of increased energy demands or reduced
energy production, exogenous creatine supplementation might be beneficial. The
loss of creatine due to degradation to CRN is around 2 g daily. This amount is
replenished by endogenous synthesis and through creatine present in the diet. (13)
However, in case of high-energy requirements or reduced energy production, large
amounts of creatine are required to produce beneficial effects that can only be
obtained through dietary supplementation. (56) Exogenously administered creatine
must first be absorbed into the bloodstream across the intestinal wall. It is then
delivered to target organs and taken up by CRT1 to be stored or utilized by the
various tissues. (56) To date, creatine supplementation, in the form of CM, has
been exploited mainly by athletes and bodybuilders. However, interest in the
potential use of creatine supplementation in many diseases where cellular energy
production is compromised has increased dramatically. Conditions for which
creatine supplementation is being actively examined as either as a stand-alone

nutritional supplement or combination therapy include:
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1) Conditions with increased energy requirements or consumption: Exercise,
bodybuilding, and sports performance
2) Conditions where endogenous creatine is absent or reduced due to inborn
errors in genes responsible for creatine synthesis and/or transport
3) Muscle-related disorders, including muscular dystrophy diseases (MD)
4) Various neurodegenerative disorders such as Huntington’s disease (HD),
Parkinson’s disease (PD), Alzheimer’s disease (AD) and amyotrophic lateral

sclerosis (ALS)

1.5.1. Conditions with Increased Energy Requirements: Exercise

Performance

The creatine-PCr pool is a readily available source of high-energy phosphagen
for cellular energy during strenuous exercise and muscle function, especially under
anaerobic conditions. (57) During short-duration, high-intensity exercises, cellular
ATP requirements are met by both anaerobic glycolysis and the scavenging of
high-energy phosphagen from the PCr system. (1) Skeletal muscle at maximal
effort relies on anaerobic glycolysis as the dominant form of ATP production.
However there is a time lag before anaerobic glycolysis can be fully activated
(around 10 seconds) and there is a limit to how long it can be sustained
(approximately 30 seconds). Thus the PCr shuttle provides the source of high-
energy phosphate required for ATP replenishment during those times that
anaerobic glycolysis is unavailable. (58, 59) By increasing the muscle stores of

PCr with oral creatine supplementation, the PCr shuttle can be prolonged, leading
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to less dependence on the glycolytic pathway. (60) The performance benefits that
result from creatine supplementation include more cellular energy for short-
duration, high-intensity exercise, improved energy transfer in muscle cells, greater
buffering capacity resulting in less fatigue and shorter recovery time following
intense exercise. (60)

Studies have demonstrated that dietary supplementation with CM is correlated
with increases in total skeletal muscle creatine levels by approximately 20%, with
large inter-individual variation (5-30%). (61-64) Of the increased deposition of
creatine in the muscle following supplementation, approximately one-third is in the
form of PCr and available for immediate use (61, 65, 66). The observed increase in
total creatine in skeletal muscle following oral supplementation was correlated
with improved anaerobic exercise performance as measured by increased work
output, strength, exercise capacity, and muscle mass. (59, 66-68)

In addition to the well-known effects of creatine supplementation on muscle
performance, more recent studies have reported potential use of creatine
supplements in muscle repair following injury (69, 70), as well as for its anti-
inflammatory effects (35, 36, 71, 72) that apply to both the endurance and power
sports athlete. Evidence in support of the anti-inflammatory effects of creatine
supplementation includes reduced production of inflammatory markers associated
with intense exercise upon supplementation with oral CM. (35-37)

Studies by Santos et al. evaluated the effect of creatine supplementation on the
levels of inflammatory markers and muscle soreness in athletes after running
30 km. They found that supplementation with CM (20 g daily), 5 days prior to the
30 km race, significantly attenuated the increases in plasma PGE2 and TNFa (by
60.9% and 33.7%, respectively), and abolished the increase in plasma LDH
concentrations observed after running 30 km compared to the placebo group. (35)

Similarly, using the same creatine supplementation protocol, Bassit and colleagues
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found that CM significantly reduced the plasma levels of TNFa, interferon-alpha
(IFNa), IL-1pB, and PGE2 after a half-iron man competition. (36) These results
suggest that creatine supplementation during a short period of five days before
intense exercise may attenuate the increase in plasma levels of pro-inflammatory

cytokines and PGE2.

1.5.2. Conditions Where Creatine is Absent or Reduced: Inborn

Errors of Creatine Synthesis or Transport

Inborn genetic errors collectively referred to as cerebral creatine deficiency
syndromes (CCDS) are due to deficiencies in either the enzymes required to
produce creatine (i.e. AGAT and GAMT), or the transporter required for cell
accumulation of creatine (i.e. CRT1 (SLC6AR8)). (18) The AGAT and GAMT
deficiencies are autosomal recessive diseases, while SLC6AS deficiency is an x-
linked disorder. (18) Patients with CCDS have significantly reduced levels of
cerebral creatine, leading to developmental delay, intellectual disabilities,
movement disorders, epilepsy, and mental retardation. (47)

Pediatric patients with GAMT or AGAT deficiency treated with very high
doses, ranging from 0.35-2 g/kg/day, of exogenous CM show improved
neurological outcomes. (53, 55, 56) However, treatment is more effective the
earlier it started, and replenishment of cerebral creatine can take months and may
only achieve partial restoration of the cerebral creatine pool. (56) In contrast,
SLC6AS8 deficient patients do not respond favorably to exogenous CM
supplementation, as the exogenous creatine cannot reach the brain in sufficient

amounts due to the absence of the transporter in the BBB necessary to facilitate



creatine delivery to the brain. (47). This lack of effective treatment has spurred
interest in newer forms of creatine that can penetrate the BBB without the aid of

the CRT1 transporter, which will be, discussed later.

1.5.3. Muscle-related Disorders, Including Muscular Dystrophies
(MDs)

Studies have shown that exogenous creatine supplementation might be
beneficial in certain hereditary muscular disorders characterized by progressive
muscle wasting and weakness. (73) The more common hereditary myopathies are
the MDs encompassing 30 different genetic disorders. (73) Patients with MD have
lower skeletal muscle creatine and PCr concentrations compared to healthy
subjects, which may be a function of lower creatine transporter content. (73)
Despite the reductions in CRT1 expression, meta-analysis of all randomized
controlled trials of creatine supplementation in MD revealed significant increases
in muscle strength with exogenous CM supplementation compared to control

group and improvements in functional performance. (73)

1.5.4 Neurodegenerative Disorders Such as HD, PD, AD and ALS

Although the majority of studies on creatine supplementation have focused on
exercise performance, recent evidence suggests creatine might be beneficial in
certain neurodegenerative diseases that involve impaired energy production and/or

mitochondrial dysfunction. (24, 74) CM supplementation has been shown to be
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neuroprotective in many cellular and animal models of neurodegenerative diseases
including HD, AD, PD, and ALS. (74-78) The exact molecular mechanism by
which creatine exerts its neuroprotective effect is not clearly understood. However,
several potential mechanisms of neuroprotection of creatine have been suggested
including buffering of intracellular energy reserves, improved mitochondrial
function, stabilization of the mitochondrial permeability transition pore, reduced

excitotoxicity, and increased antioxidant activity. (74-78)

1.5.4.1. Huntington’s Disease

HD is a progressive autosomal dominant inherited neurodegenerative disorder.
It is caused by an unstable expansion of CAG trinucleotide repeat in the huntingtin
gene, which is located on chromosome 4, resulting in mutated elongated poly-
glutamine stretches in the huntingtin protein. (79) The behavior of the mutated
protein is not completely understood, but it is toxic to certain cell types,
particularly brain cells. Early damage is most evident in the subcortical basal
ganglia, initially in the striatum, but as the disease progresses, other areas of the
brain are also affected, including regions of the cerebral cortex. (79)

HD is characterized by degeneration of the gamma-aminobutyric acid
(GABA)-ergic medium-sized spiny projection neurons within the striatum in the
basal ganglia leading to progressive development of motor incoordination and loss
of cognitive function. (80, 81)

There is increasing evidence suggesting a role of cellular energetics and
mitochondrial dysfunction in HD. (82-88) Several studies have shown elevated

levels of lactate in the cerebral cortex and basal ganglia of patients with HD. Also,
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there 1s reduced PCr/inorganic phosphate in the resting muscle of HD patients and
reductions in mitochondrial electron transport enzymes found in HD postmortem
tissue. (86, 89-91) Additional evidence for altered cellular energetics and potential
role for creatine supplementation in HD comes from studies in various animal
models of HD. Matthews et al. used two neurotoxins, malonate and 3-
nitropropionic acid (3-NP) in rats; these are reversible and irreversible inhibitors of
succinate dehydrogenase (complex II), respectively. (92) These neurotoxins
induced striatal lesions and abnormal motor behavior that closely resembled that
seen in HD patients. (92) Investigators found that administration of 1% dietary CM
(w/w diet) for 2 weeks resulted in significant reductions in lesion volume produced
by malonate and 3-NP. (92) In addition CM supplementation increased brain
concentrations of PCr and protected against depletion of PCr and ATP produced by
3-NP. CM also protected against 3-NP induced increases in striatal lactate levels.
(92) Using the same HD model in a different study, Shear and colleagues showed
that addition of 1% CM to the rats chow for 2 weeks prior to 3-NP administration,
attenuated striatal lesions, striatal atrophy, ventricular enlargement, cognitive
deficits, and motor abnormalities compared to rats fed normal chow. (93)

Ferrante et al. used the transgenic R6/2 mouse model of HD. This model has a
CAG repeat length of 141-157 (normal < 35) and develops a progressive
neurological HD phenotype. (75) At 4.5-6 weeks, R6/2 mice showed a loss of
brain and body weight as well as neuronal intra-nuclear inclusions that were
immune-positive for huntingtin. Additionally, at 9-11 weeks the mice develop
many of the neurological features associated with HD including irregular gait,
stereotypic movements, and resting tremors. (75) Using this transgenic mouse
model, investigators found that dietary supplementation with 1 or 2% CM at 21
days of age significantly increased survival compared to the control group (by 9.4

and 17.4% in mice supplemented with 1 or 2% creatine, respectively). In addition,
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CM administration significantly slowed motor deterioration, reduced gross brain
atrophy, and delayed striatal neuron atrophy. (75)

Moreover, Dedeoglu et al. examined the effect of administration of creatine
after onset of clinical symptoms in a transgenic mice model of HD. (94) They
showed that supplementation of the diet with 2% CM, starting at 6, 8, and 10
weeks of age, analogous to early, middle, and late stages of human HD,
significantly extended survival, improved motor performance, and delayed
neuronal atrophy. (94) Together, these results suggested beneficial effects of
creatine supplementation in mitigating the effects of HD.

Due to the fact that oral creatine supplementation had produced significant
neuroprotection in both neurotoxin-induced and transgenic animal models of HD,
small pilot studies were conducted to assess the safety, tolerability, and efficacy of
creatine supplementation in patients with HD. Verbessem et al. conducted a
double-blind placebo-controlled pilot study over a 1-year period. A total of 41
patients ingested 5 g of CM or a matching placebo. (95) In the same year, Tabrizi
et al. conducted an open label pilot study with 13 HD patients given 10 g of CM
per day for 12 months. (96) In both of these studies, CM administration was safe
and well tolerated, however, no improvement in cognitive function was found.

In 2014, The Huntington study group (HSG) published the results of
PRECREST, a 18-month, randomized, placebo-controlled, phase II, secondary
prevention in at-risk, patients that carried the gene mutation, and presymptomatic
HD participants. (97) They showed that high dose CM (up to 30 g daily) was safe
and well tolerated. In addition, creatine supplementation significantly slowed that
rate of cortical thinning, and reduced the change in white matter, grey matter, and
basal ganglia volumes compared to the placebo group. (97)

Based on these positive results, CREST-E, a large multicenter, phase I1I,

randomized, double-blind, placebo-controlled trial of high dose creatine treatment
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(up to 40 g daily) in patients with HD (stage I or II) was initiated. The aim of this
study was to assess the efficacy of high doses of CM for slowing the progressive
functional decline of patients with early manifest HD. The CREST-E trial was to
cover a period of 3 years. Unfortunately, it was terminated (October 2014) at the
halfway mark due to lack of effectiveness in the creatine supplementation group.
(98) While disappointing, possible explanations for the failure of CM to show
beneficial effects in the CREST-E trial compared to PRECREST include the
inclusion of later stages of HD in the trial and the need for earlier intervention with
creatine supplementation, before the onset of symptoms, to prevent or delay the
progression of the disease as opposed to using creatine after the onset of

symptoms.

1.5.4.2. Alzheimer’s Disease

AD is a late-onset, age-dependent, progressive neurodegenerative disease
characterized by progressive cognitive decline. (99) The most important
pathological features of AD are significant loss of neurons and cortical atrophy,
intracellular neurofibrillary tangles, and deposits of extracellular plaques rich in
insoluble B-amyloid protein. (100) It is known that abnormalities in energy
metabolism and mitochondrial function are one of the earliest detectable defects in
patients with AD. (101-103)

Clinically, reductions in glucose metabolism in the brains of patients with AD
have been reported and the changes in glucose utilization usually preceded the
cognitive defects observed in those patients. (101, 104) The finding that glucose

metabolism was decreased suggested that defects in the respiratory chain might
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contribute in the pathogenesis of AD. In addition, a selective reduction of
cytochrome c oxidase activity (complex IV) in the mitochondria has been reported.
(102, 103) Another biochemical signature of AD brain tissue as shown in many in-
vitro and post-mortem studies is a higher level of oxidatively damaged
mitochondrial DNA, lipids, and proteins when compared to controls. (105, 106)

So far, very few studies have been conducted to examine the neuroprotective
effect of creatine in AD. Brewer and Wallimann have shown that CM at
concentrations ranging from 0.125 and 2 mM protected against glutamate and [3-
amyloid toxicity in cultured rat hippocampal neurons. (76) The mechanism by
which creatine exerted its neuroprotective effect might be partially through
increased levels of ATP and PCr. (76) Considering the neuroprotective effects of
creatine against 3-amyloid toxicity in-vitro, two in-vivo studies investigated the
effects of creatine supplementation in a rat model of -amyloid- induced AD.
However, no beneficial effect of dietary supplementation with 2% CM were found
in terms of leaning and memory, nor did it protect against 3-amyloid-induced

neuronal apoptosis. (107, 108)

1.5.4.3. Parkinson’s Disease

PD is a chronic, progressive, age-dependent neurodegenerative disorder. It is
characterized by progressive bradykinesia, muscle rigidity, tremors, and gait
abnormalities. The main cause of PD is the extensive loss of the dopaminergic
neurons in the substantia nigra of the brain. (109) The histological hallmark of PD
is the presence of fibrillar aggregates called Lewy Bodies and the accumulation of

the protein alpha-synuclein inclusions in neurons. (110)
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The exact molecular mechanism that contributes to the loss of dopaminergic
neurons in PD remains elusive. However, interrelated processes including
inflammation, oxidative stress, and mitochondrial dysfunction play a role in the
pathogenesis of PD. (111) Studies have reported that the activity of nicotinamide
adenine dinucleotide (NADH)-ubiquinone reductase (complex I) in the electron
transport chain is reduced in the substantia nigra in patients with PD. (112, 113) In
addition, the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
which is a known inhibitor of complex I activity of the mitochondrial electron
transport chain, produces neurological damage that resemble that seen in patients
with PD and it has been used as a model of PD in many studies. (99) Moreover, a
significant decrease of ATP levels was observed in the brains of mice after
treatment with MPTP. (114) These findings suggest a role of cellular energetics
and mitochondrial dysfunction in PD.

Matthews et al demonstrated that CM supplementation at doses of 0.25 to
0.1% of diet produced dose-dependent neuroprotective effects in an MPTP mouse
model of PD. (78) They also found that creatine supplementation protected against
the loss of neurons in the substantia nigra region. (78) In addition, using the same
PD mouse model, Yang et al., found that supplementing the diet with 2% CM 1-
week prior to administering MPTP, significantly attenuated dopaminergic neuron
loss in the substantia nigra. (115)

Since creatine supplementation has shown strong neuroprotective effects in
animal models of PD, the National Institute of Neurological Disorders and Stroke
(NINDS) conducted a phase II, randomized, double-blind, clinical trial of creatine
supplementation and showed that creatine is not futile and should be considered for
Phase II1 clinical trials. (116) Due to this finding, NINDS conducted a phase III,
double-blind, placebo-controlled clinical trial (NET-PD LS-1 study) in 2007. This

study was one of the largest clinical trials in PD. It was a multicenter trial
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conducted in 51 centers across the United States and Canada with an enrollment of
1720 patients with early-stage PD. Participants were randomized to receive CM at
a dose of 5 g twice daily or a matching placebo for up to 5 years. However, in

September 11, 2013, the NINDS terminated the NET-PD LS-1 study for futility.

1.5.4.4. Amyotrophic Lateral Sclerosis

ALS is a chronic, progressive, and usually fatal neurodegenerative disease.
The terms motor neuron disease (MND) or Lou Gehrig’s disease are sometimes
used interchangeably with ALS. (117) The defining feature of ALS is the
progressive degeneration and loss of upper and lower motor neurons in the motor
cortex of the brain, the brainstem, and the spinal cord and it is characterized by
muscle spasticity, rapidly progressive weakness, and atrophy. (117)

Mitochondrial and energetic defects are implicated in the pathogenesis of
ALS. The cause of mitochondrial dysfunction in ALS is still not clear, however,
evidence suggests that superoxide dismutase 1 (SOD1), a cytoplasmic enzyme and
one of the main free radical scavenging enzymes that protects cells against
oxidative damage, is trans-located to the mitochondria forming protein aggregates,
that leads to mitochondrial dysfunction. (118) Browne et al., reported an early
reduction in ATP levels in the cerebral cortex of a transgenic animal model of ALS
and the changes in ATP were readily detectable before any pathological changes
and the onset of symptoms. Reduced levels of ATP were also accompanied by
impaired glucose utilization. (6) Moreover, the activity of the mitochondrial

respiratory chain enzymes was also altered in the ALS animal model. (119, 120)
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These findings combined suggest a role of cellular energetics and mitochondrial
dysfunction in ALS.

Creatine supplementation has been suggested to be a potential therapeutic
strategy for ALS. Studies have shown that oral administration of 1-2% dietary CM
results in an increase in survival and in a significant improvement of the motor
performance in mouse models of ALS compared to controls. (77) Additionally, 2%
dietary CM supplementation protected against the loss of neurons in both the
substantia nigra and motor cortex and also reduced the level of oxidative damage
in a mouse model of ALS. (77)

Based on the success of creatine supplementation in animal studies, small
clinical trials were conducted to examine the effect of creatine in patients with
ALS. In these studies, CM was given at a dose of 5 g per day and patients were
followed up for a period of 6-9 months. However, CM at this specific dosage
regimen failed to demonstrate any therapeutic benefits in all the outcome

measures. (121-123)

1.6. Dosing and Safety of Creatine Supplementations

CM is the standard and most commonly used form of creatine and it is the
most commonly cited form of creatine in the scientific literature. Dietary
supplementation with CM for improved athletic performance typically involves a
loading dose of 20 g per day (4 x 5 g) over a five-day period, followed by a daily
maintenance dose of 3-5 g. (13) This regiment has been reported to result in an
approximately 20% increase in intramuscular creatine levels after 2-5 days of

receiving the loading dose. (11, 13, 124) Studies suggest this dosing level is safe
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and well tolerated with minimal side effects. (68, 125-127)

On the other hand, supplementation with CM for therapeutic indications
typically involves daily doses that exceed 20 g. Indeed, the recent HD clinical trials
had a targeted daily dose of 30-40 g. (97) Even at these higher doses, creatine
supplementation appeared to be relatively safe and well tolerated and no significant
adverse events were reported. The most common adverse effects reported after 18
months of treatment were mild gastrointestinal discomfort, diarrhea and nausea
(22-50% 1n creatine treated group compared to 3-16% in placebo). (97) Moreover,
supplementation with high dose creatine had no adverse effects on renal, hepatic,
or cardiovascular function. (97) In a double-blinded, placebo-controlled, 12-week
study, 34 subjects were given 20 g of CM per day for 5 days and 10 g per day for
51 days. No significant changes in total protein, serum CRN, bilirubin and blood
urea nitrogen, or in serum enzymes aspartate transaminase, alkaline phosphatase,
gamma-glutamyl transpeptidase, LDH, and creatine phosphokinase were reported,
indicating minimal changes in clinical markers of renal and hepatic function. (4)
However, it i1s important to note that long-term studies examining the safety of
high dose (>20 g/day) creatine supplementation are lacking and the potential risks

of long-term supplementation need to be determined.

1.7. Important Considerations for Creatine Monohydrate

Supplementations

CM supplementation has shown strong neuroprotective effects in many in-
vitro and animal models of neurodegenerative diseases. However, most of the

clinical trials in humans have failed to show neuroprotective effects of creatine,
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Table 1. The lack of beneficial effects might be due to the doses used in most of
the human studies, which were substantially lower than the allometric dose
equivalent given in the pre-clinical studies. In most of the successful animal
studies, CM was given at doses ranging from approximately 0.2 to 0.6 g per day.
Based on allometric dosing, this would require a 20-40 g daily dose in human
studies, which is substantially larger than the doses used in most of the clinical
trials, Table 1.

In addition, it 1s known that CM, which is the form of creatine supplement that
is used in most of the current human trials, has a relatively low aqueous solubility
(~ 16.6 mg/ml). (128) Since it is usually given at high doses (5-25 g/day for
athletes, and > 25 g/day for therapeutic applications), it is likely administered as an
oral suspension. As only the solubilized creatine is available for absorption in the
intestines, such a dosing practice would suggest that a substantial portion of the
creatine consumed is unabsorbed. Aside from diminished beneficial responses, the
unabsorbed creatine in the intestines could contribute to water retention and
gastrointestinal discomfort reported in many studies with creatine supplementation.

The relatively large doses of creatine required to produce the desired
therapeutic effects suggests inefficiencies in either bioavailability and/or tissue
distribution of current creatine products. This highlights the importance of finding

alternative creatine forms with improved and more efficient dosage formulations.
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Table 1. Dosing regimen of CM and main findings in the published clinical trials
in patients with ALS, PD, or HD.
UPDRS: Unified Parkinson Disease Rating Scale. UHDRS: Unified Huntington

Disease Rating Scale.

Study Application | Dose of CM Main Findings
Groeneveld | ALS 5 g twice daily for 16 | No evidence of a
etal. (122) months, starting after | beneficial effect of
the onset of symptoms | CM on survival or
disease progression
Shefner et al. | ALS 20 g/day for 5 days as | No beneficial effect of
(121) loading dose, followed | CM was demonstrated
by 5 g/day for 6 in any of the outcome
months, starting after | measures
the onset of symptoms
Rosenfeld et | ALS 10 g/day for 5 days as | There was a trend
al. (123) loading dose, followed | toward improved
by 5 g/day for 9 survival, but no
months, starting after | beneficial effect on the
the onset of symptoms | markers of disease
progression measured
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NINDS PD 10 g/day for 12 CM should not be
NET-PD months, starting after | rejected as futile in a
Investigators the onset of symptoms | 12-month evaluation
(futility trial) of the clinical
(116) progression of PD and
should be considered
foe a phase III clinical
trial
Bender et al. | PD 20 g/day for 6 days as | CM improved patient
(129) loading dose, followed | mood and led to a
by 2 g/day for 6 smaller dose increase
months, then 4 g/day | of dopaminergic
for a total of 2 years. | therapy but had no
effect on overall
UPDRS scores
NET-PD PD 5 g twice daily for a CM did not improve
investigators minimum of 5 years clinical outcomes. The
(130) trial was terminated
early for futility.
Tabrizi et al. | HD 10 g/day for 12 No improvement in
(96) months UHDRS scores after
12 months
Verbessem | HD 5 g/day for 12 months | CM did not improve
et al. (95) functional,

neuromuscular, or

cognitive status in
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patients with HD.
Rosasetal. |HD 15 g twice daily for 18 | CM at a dose of 30
(PRECREST months, starting g/day was safe and
) (97) before the onset of well tolerated and
clinical symptoms slowed cortical and
(pre-manifest HD) striatal atrophy at 6
and 18 months
compared to controls.
Hersch etal. | HD Up to 40 g/day for 48 | CM was not beneficial
(CREST-E) months, starting after | in slowing functional
(98) the clinical onset of decline in early
symptoms. symptomatic HD
patients.

1.8. Cellular Mechanisms of Intestinal Absorption

The gastrointestinal tract (GIT) is responsible for the digestion and absorption
of nutrients. (131) The main structures of the digestive tract include the oral cavity,
esophagus, and stomach (collectively referred to as the upper digestive tract), and
the small and large intestines (lower digestive tract). The small intestine measures
approximately 6 m in length, while the large intestine measures around 1.5 m.
(132) The epithelial enterocytes that line the small intestine are characterized by a
large surface area (=~ 300 m?) due to the presence of villi and microvilli, and

represent the main site for nutrient and drug absorption. (132) The small intestine
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is divided into three segments: The duodenum (less than 1 ft long), which is the
first part of the small intestine, the jejunum, which is the middle segment and the
ileum, the third and final segment adjacent to the large intestine (jejunum and
ileum together are approximately 9 ft long). (133) After passing the oral cavity and
the esophagus, ingested material first enters the stomach where excreted enzymes
and the low pH environment begin breaking down the ingested material into more
absorbable nutritional units such as glucose, amino acids and di- and tri-peptides
that can be easily absorbed in the small intestines. (133)

Absorption describes the transfer of a compound from its site of administration
to the bloodstream. For any compound to be absorbed in the GIT, whether it is a
nutrient, drug, or potential toxin, it must be in solution. (60) The rate and
efficiency of absorption depend on factors related to the site where the compound
1s absorbed and the compound’s physicochemical characteristics. (134) There are
two basic absorption pathways by which a compound can be taken up from the
GIT and enter into the systemic circulation. These include passive diffusion or
active transcellular transport, Figure 3. (134)

The passive absorption process is governed by two factors: the concentration
gradient across the membrane that exists for the solute of interest, which is the
driving force for passive diffusion, and the permeability of the solute across lipid
bilayers. (60) Permeability describes how well solutes move across biological
interfaces and is determined by the distance a solute can penetrate into the lipid
bilayer (in this case the intestinal wall) per unit time. (135) Permeability is
determined by the physicochemical properties of the solute, with parameters such
as size/surface area, lipophilicity, charge and hydrogen bonding potential of the
solute influencing passive diffusion across the cellular interface. (135)

The first type of passive diffusion is simple diffusion, which can be

transcellular or paracellular. In transcellular simple diffusion, the solute can readily
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pass across the biological membrane from area of high solute concentration to
areas of low concentration, Figure 3. The ideal properties for high bioavailability
through the transcellular route include molecular weight less than 300 daltons, a
log P value (measure of lipophilicity) between 1-3, and nonionized functional
groups with fewer than 5 hydrogen-bond acceptors. (136)

On the other hand, in paracellular simple diffusion, solutes move through
spaces (tight junctions) that exist between the epithelial cells, Figure 3. (137)
While the bulk flow movement of solutes through the tight junctions is restricted,
the complexity and restrictiveness of the tight junctions vary depending on the
location within the small intestine. Thus, tight junctions between epithelial cells in
the duodenum and jejunum have a larger pore opening (approximately 8-13
Angstroms in diameter) than in the ileum, where pore sizes of approximately 4
Angstroms in diameter are observed. (138) Ideal properties for solutes to be
absorbed via paracellular route include molecular weight of less than 250 daltons,
positive charge, and log P of less than zero. (137)

The second type of passive diffusion is facilitated diffusion. Facilitated
diffusion is the process of moving molecules or ions across a biological membrane
via specific transmembrane proteins along its concentration gradient. (134) Being
passive, facilitated diffusion does not require energy from ATP hydrolysis in the
transport step. The main differences between simple and facilitated diffusion is that
the latter relies on the molecular binding between the solute and the membrane-
embedded channel or carrier protein. In addition, the rate of the facilitated
diffusion is saturable unlike passive diffusion. (134)

Active transport involves specific transporters that span the membrane to
facilitate the movement of the solutes into or out of the cell against its
concentration gradient (from areas of low concentrations to areas of high

concentrations), Figure 3. There are two types of active transport, primary active
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transport that is driven by the hydrolysis of ATP, or secondary active transport that

is often coupled with the movement of ions in either a co-transport or counter-

transport fashion. (139) Active transport systems are chemically selective and

show saturation kinetics for transported substrates. (139)

Figure 3. Schematic representation of different solutes absorption pathways in the

GIT tract (Adapted from Alraddadi et al.,) (140)
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1.9. Creatine Absorption in the GIT

To date, the exact mechanism by which creatine is absorbed through the GIT
1s unknown. Creatine is a zwitterion with a positively charged guanidine functional
group and a negatively charged carboxylic acid functional group. (128) When
ingested, creatine usually exists as a charged molecule depending on its location
within the GIT. (60) In the stomach and the upper part of the small intestine with
low pH, the carboxylic acid functional group is likely to be protonated and the
predominant form of creatine is the positively charged species. On the other hand,
as the ingested creatine progresses down the intestinal lumen the pH becomes
neutral and the zwitterion and negative charged species will become more
predominant. (60) Because creatine exists primarily as a charged molecule with a
logP value of - 0.1 for CM, (128) its ability to partition into a lipophilic
environment such as the plasma membrane of the intestinal epithelial cell is
limited. In fact, only solutes displaying LogP values between 1 and 3 are likely to
be absorbed by passive transcellular diffusion in the GIT. (136) Thus, in
considering the absorption of creatine from the GIT, passive diffusion via the
transcellular route is likely to be minimal.

Another possibility for solute absorption through the GIT is via transcellular
transport via CRT1. However, there are some considerations regarding CRT1 that
suggest active transport of creatine is likely to be minimal. First of all, expression
of CRT1 at both the mRNA and protein level has been reported in epithelial cells
of the intestine. (141) Recent studies examining the expression and function of
CRTI1 during development in the rat, showed multiple forms of CRT1 within the
colon during development. (141) However, the activity and expression level of

CRT1 in the colon diminished during maturation, with little CRT1 activity
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observed in the adult rat. (141) If similar developmental patterns exist in humans,
this would suggest that creatine absorption through CRTI in the GIT is lower in
adulthood.

An additional consideration is the localization of CRT1 within the GIT.
Previous studies have reported brush border expression of CRT1 in the jejunal and
ileal segments of the small intestine. (142, 143) However, while brush border
CRT1 is the first step in absorbing exogenous creatine, there would need to be
transporters positioned on the basolateral membrane of the intestinal epithelial
cells to move the absorbed creatine into the bloodstream. While an extensive
search for CRT1 on the basolateral membrane did reveal a sodium dependent
transporter for creatine, the direction of the transport was inward. (144) This means
that the transporter, under normal physiological conditions, would likely be
transporting creatine from the blood into the intestinal epithelial cell, and thus
would not aid in the oral absorption of creatine.

A final consideration for transporter-mediated absorption of creatine is the
kinetics of the CRT1. As absorption through CRT1 is saturable at high
concentrations, the extent to which CRT1 can efficiently absorb creatine will be
dependent on the amount of creatine in the gastrointestinal fluid. Michaelis
constant (Km) values of CRT1 and serum creatine concentrations in different
species are shown in Table 2. (13, 47) By definition, the Km represents the
substrate concentration at which the reaction rate is half maximal. It is important to
note that these Km values are gathered from studies done on different tissues and
cell types. However, based on blood concentrations of creatine, it is apparent from
these K,, values that CRT1 is working close to saturation suggesting a possible
limitation of creatine accumulation by the amount of CRT1 protein in the cell
membrane. (47) For example, in un-supplemented humans, the normal plasma

levels of creatine range from 50 to 100 uM and with Km values of 15-77 uM, this
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suggests that the transporter is working near saturation and any further increase in
the plasma concentrations of creatine would most likely saturate the transporter
resulting in limited entry into the cell via CRT1. Considering that supplementation
with 5 g of creatine, which is typically the lowest dose used by athletes, results in
maximal plasma creatine concentrations of around 800 uM, (145), it is most likely
that these plasma concentrations are well above those required to saturate the
creatine transporter. For this reason, and those discussed above, active transcellular
transport pathways for the absorption and tissue distribution of creatine
supplements, under the current dosing strategies, are likely to be minimal.

As creatine has a molecular weight of 149.1 g/mole (below the 250 dalton cut-
off for paracellular diffusion), and is positively charged in the upper part of the
GIT, with a logP value of -1, (128) absorption of creatine through the paracellular
route may be the predominant absorption pathway. A paracellular diffusion
pathway for creatine absorption in the GIT is also supported by creatine
permeability studies conducted in various intestinal models. (144, 146) Studies by
Orsenigo and colleagues examined creatine permeability across inverted jejunal
segments of the rat intestine. (144) While transporter mediated uptake of creatine
was observed in both brush border and basolateral intestinal membrane
preparations, permeability across intact intestinal tissue was not transporter
dependent, as demonstrated by the absence of concentration dependency and the
inability to influence transcellular creatine permeability with various CRT1
inhibitors. (144)

A paracellular diffusion pathway for creatine absorption in the GIT is also
supported by permeability studies in human epithelial colorectal adenocarcinoma
(Caco-2) monolayers. (128, 146, 147) The Caco-2 cell line is a human intestinal
epithelial cell line derived from human colon carcinoma. It is a well-established

cell line that is widely used to examine and predict oral absorption within the
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pharmaceutical industry. (148) Caco-2 cells express CRT1 at the mRNA level,
(149) although potential changes in expression were observed during
differentiation, (141) consistent with the developmental expression analysis
reported for CRT1 in rats. Dash and colleagues examined the permeability of
radiolabeled CM in Caco-2 monolayers; the reported low permeability observed
was consistent with a solute with poor oral absorption profile. (146) Additional
studies comparing the permeability of various creatine analogs and salt forms
across Caco-2 monolayers were also consistent with minimal permeability. (128)
As Caco-2 cells have highly developed tight junctions, paracellular diffusion
would be limited, and solutes undergoing paracellular diffusion would be expected
to have low permeability. (60) Together, these studies provide compelling
evidence for paracellular diffusion of creatine as the primary mechanism for oral

absorption.
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Table 2. CRT1 K, values and serum creatine concentrations in different species.

(13, 47).

Species K., (pM) Serum creatine

concentration (uM)

Human 15-77 50-100
Rat 22-46 140

Rabbit 35 150

Mouse 110 200

1.10. Newer Creatine Derivatives:

Bioavailability of a drug is defined as the amount of the administered drug that
is absorbed and available within the systemic circulation for producing a response
and is expressed as percentage of the drug administered. (150) Oral bioavailability
of a compound is determined by measuring the area under plasma concentration-
time curve (AUC) after oral administration of the compound and comparing it to
the resulting AUC following intravenous (iv) administration. (150)

While there has been much research devoted to understanding the uptake of
creatine into skeletal muscles and to exploring the effects of creatine on exercise
performance, few studies have examined the oral bioavailability and the
pharmacokinetic (PK) profile of creatine supplements. Given the physicochemical
properties of CM, the relatively high doses required, and the previously discussed
studies in the various intestinal absorption models that report low permeability of

creatine, the oral absorption of CM based supplements is likely to be incomplete.
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In addition, if paracellular diffusion is the primary absorption route for creatine in
the GIT, formulations that improve the aqueous solubility of the creatine, should
have a substantial impact on oral bioavailability.

Due in large part to the inefficiencies in current creatine supplement
formulations there has been growing interest in new and improved forms of
creatine with improved aqueous solubility and bioavailability. The approaches
taken have involved identification of different creatine salt forms, Table 3, with
improved aqueous solubility properties and the design of ester derivatives of
creatine, Table 4, with either improved solubility and/or cell permeability
properties. The importance of the formulation and its impact on oral absorption is
often under appreciated. Given that the aqueous solubility of CM is approximately
16.6 mg/ml, athletes taking a standard dose of CM (ranging from 5-10 g) would
require 400-800 ml of fluid to ensure the dose is completely solubilized. As a result
of this, most CM products are taken as suspensions and would be incompletely
absorbed in the GIT. Even in those cases where CM is consumed completely in
solution, the doses are such that conditions are at or near super-saturation solubility
and will likely result in precipitation of creatine out of solution during transit
through the GIT. As creatine can only be absorbed when in solution with the
contents of the GIT, there 1s likely to be significant reductions in oral
bioavailability with standard doses of CM based supplements consumed.

Of the many different creatine salt forms, there are three: creatine pyruvate
(CrPyr), creatine citrate (CrC), and creatine hydrochloride (CHCl), for which
human oral bioavailability studies have been reported. (145, 151) The most
convincing evidence that the oral absorption of CM in humans is less than
complete comes from studies by Jager and colleagues. (145) In their study, they
compared the oral bioavailability of CrPyr and CrC to that of CM. Subjects were

given 5 g doses of CrC, CrPyr or CM as an aqueous solution and the resulting
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plasma creatine concentrations were measured over time. For CrC, which has a
slightly greater solubility than CM, there was a small increase (approximately
10%) in oral bioavailability compared to CM. For CrPyr, which has an
approximately 6-fold higher aqueous solubility, there was a modest, approximately
25%, increase in oral bioavailability compared with CM. (145) Interestingly, in the
studies by Jager et al, the improved oral absorption observed with CrPyr and CrC
was statistically significant, though the differences were not considered important,
primarily due to the perceived complete oral absorption of CM. (145) In this
respect, regulatory standards indicate that different salt forms of a compound are
considered bioequivalent when the relative bioavailability of one salt form is 75-
120 % of that observed with another salt form. Under this criterion, CrPyr, with an
approximately 25% increase in oral bioavailability, would not be considered to
have the same oral absorption properties as CM and would not be considered
bioequivalent.

While the increases in oral bioavailability observed with CrC and CrPyr could
be classified as relatively modest, oral absorption studies with CHCI provide even
more compelling evidence to suggest that improvements in bioavailability of
creatine supplements are possible. (151) In these studies volunteers were given a 5-
g dose of either CM or CHCIl in 8 ounces of water. A crossover design was
employed to allow direct comparisons of differences in oral absorption of the two
creatine salts within the same subject. The results of these studies reported an
approximately 60% increase in oral absorption of CHCI compared with CM. (151)
With such increases in bioavailability observed with CHCI, it is difficult to claim
complete oral absorption of CM. Together, these studies provide two important and
fundamental findings. First, with increased oral absorption of the various creatine
salts ranging from 10% to 60% over that of CM, it is clear that the bioavailability

of CM is not nearly complete. Second, as CM bioavailability is not complete, there
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1s potential for development of creatine supplements with improved oral
absorption, which in turn could provide significant advancements in performance
benefits, and allow for reduced dosages and more flexible dosing formulations
(sports drinks and bars, fortified foods, etc.).

In addition to the multiple salt forms of creatine, there are modified ester
forms of creatine such as creatine ethyl ester (CEE). In addition to having
improved aqueous solubility compared with CM, the ester form of creatine also has
improved octanol-water partitioning, an index of cell permeability, Table 4. As
there are esterases throughout the blood and tissue, CEE was designed to be a
pronutrient with enhanced oral absorption, which could then be hydrolyzed to
creatine once absorbed into the body. Gufford and colleagues evaluated the
permeability of CM, CRN, and CEE using Caco-2 cell line. They reported that of
the three compounds examined, CM had the lowest permeability in Caco-2
monolayers and that CEE permeability was approximately 3.6 fold higher than that
of CM. (147)

There are few studies examining either the biological effects or oral absorption
properties of CEE. The only direct comparison study of CEE and CM reported that
CEE was not as effective at increasing serum and muscle creatine levels or in
improving body composition, muscle mass, strength, and power. (152) The study
followed healthy volunteers over a 48-day period in which subjects were
supplemented daily with 300 mg/kg of CM, CEE or placebo and underwent an
exercise weight training regimen. Furthermore, the study reported high levels of
CRN in serum samples from the CEE-supplemented treatment group. However, re-
examination of the data, looking at changes in muscle creatine and peak and mean
power measurements in the CEE, CM and placebo groups over the course of the
48-day study showed CEE performance was as good or better than CM. This is due

in part to the lower starting values for subjects in the CEE treatment group in terms
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of muscle creatine levels and power assessments. (152) As for the high serum CRN
levels in the CEE group, recent reports demonstrate that CEE is rapidly converted
to CRN in aqueous solutions at neutral pH. (147) Interestingly, CEE is very stable
in aqueous solutions at low pH and appears to be more stable in lipophilic
environments at neutral pH ranges, (147) suggesting that CEE may be largely
intact during absorption in the GIT and stable within the membrane environment of
cells. Thus, while initial findings suggested CEE is less effective, more studies are
required to definitively address the issue.

In addition to potentially improved oral absorption with newer creatine forms,
effort has been made to improve the delivery of creatine to the brain especially in
conditions of hereditary CRT1 deficiency and in neurodegenerative disorders. CM
1s a polar molecule, thus it would not be expected to cross well either the BBB or
the cell plasma membrane in the absence of a transporter. (51) A possible way to
improve delivery of creatine to the brain is to modify this molecule to render it
lipophilic enough to cross BBB and plasma membranes in a carrier-independent
way. (51)

Interestingly, in in-vitro mouse hippocampal slices, two creatine derivatives,
creatine benzyl ester and phosphocreatine-Mg-complex acetate (PCr-Mg-CPLX))
were able to increase the creatine content of the tissue. This increase was not
prevented by GPA, a creatine transporter blocker, suggesting a crossing of the
plasma membranes in a transporter-independent way. On the other hand, the
increase in creatine content of the tissue caused by incubation with CM was
prevented by GPA. (51) Thus, CRT1 is required for CM uptake through the plasma
membrane and this might explain why hereditary transporter deficiency is attended
by severe brain damage despite the possibility of an endogenous synthesis.
Creatine benzyl ester and and PCr-Mg-CPLX cross the plasma membrane in a

transporter-independent way, and might be useful in the therapy of hereditary
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creatine transporter deficiency. They may also prove useful in the therapy of brain
anoxia or ischemia and/or neurodegenerative disorders.

Another lipophilic molecule that has been synthesized in an attempt to cross
the BBB and plasma membrane in a transporter independent way is di-acetyl
creatine ethyl ester (DAC). DAC was able to increase creatine content in mouse
hippocampal slices even when CRT1 was blocked. Interestingly, it did so in
micromolar concentrations (1-2 pM), at variance with all the other creatine

derivatives. (153)
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Table 3. Comparison of aqueous solubility of various creatine salt forms and CM.

CM

CrC

CrPyr

CHCI

Molecular
weight
(g/mol)

149.7

202

219

169

Aqueous
solubility
(mg/ml)

18+2

52+7

107 £8

708 + 34

Ratio of
solubility

(relative to

CM)

1.0

2.8

59

39.3
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Table 4. Comparison of Aqueous Solubility and Octanol-Water Partitioning of

various creatine ester forms and CM.

CM CEE Creatine #-
butyl Ester
HCl
(CE3)
Molecular weight 149.7 195.6 223.7
(g/mol)
Aqueous solubility 21.0+£19 970.8 £14.3 389.0 £10.6
25 °C mg/mL
Ratio of solubility 1.00 46.2 18.4
(Relative to CM)
Partition coefficient 0.10+0.02 0.21+0.13 0.06 + 0.07
25°C
Ratio of Partition 1.00 2.01 0.61

coefficient (Relative to

CM)




1.11. Physiologically Based Pharmacokinetic Modeling

Physiologically based pharmacokinetic (PBPK) modeling is a mathematical
model that integrates physiological and anatomical parameters related to the body,
physicochemical properties related to the drug, and formulation properties of the
compound to predict the in-vivo PK profile of the compound. (154) PBPK models
are increasingly applied during pharmaceutical development and discovery
because of their strength in data integration, delivery of mechanistic insights, and
superior predictive power. (155) While classical compartmental PK models simply
describe absorption as a single first-order process, PBPK models differ in that they
are mechanistic in nature and incorporate physiological processes such as
gastrointestinal transit time and blood flow to the different organs and tissue. (156)

PBPK models are made of compartments corresponding to the different
physiological organs of the body, linked together by the circulating blood system.
Each compartment is described by tissue volume and blood flow rate that is
specific to the species of interest. (157) Each tissue is defined with assumptions of
either perfusion-rate limited or permeability-rate limited. Perfusion-rate limited
kinetics tends to apply to small lipophilic molecules where the blood-flow to the
tissue is considered the limiting process of the absorption. Permeability-rate
limited kinetics is important for hydrophilic and larger molecules where the
permeability across the cell membrane becomes the limiting process of absorption.
(157)

The original Compartmental Absorption and Transit (CAT) model was the
first physiologically based absorption model developed by Yu and Amidon in
1999. (158) In this model, the GIT is divided into a set of seven small intestinal

compartments. The first compartment represents the duodenum, the next two
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represent the jejunum, and the final four represent the ileum with equal flow transit
times. The stomach and colon were not modeled in the original CAT model. (158)
The general assumption of the CAT model is that a drug is passing through the
GIT and the dissolved fraction is absorbed in each compartment into the portal
vein. This model takes into account three factors: physicochemical properties of
the drug, such as pKa and solubility, physiological factors such as pH of GIT and
gastric emptying, and formulation properties, such as particle size and surface area.
(159)

GastroPlus" is the first physiologically based absorption model to be
produced as a commercial software tool. Starting with Yu and Amidon’s model,
the company, Simulation Plus, Inc, incorporated additional features to the CAT
model naming it the Advanced CAT (ACAT) model. (160) Features in the
GastroPlus™ model not present in the original CAT model include dissolution
rate, pH-dependent solubility, controlled release, absorption in the stomach or
colon, gut metabolism, influx or efflux transporters, exsorption/secretion, and other
factors within the intestinal tract. (159) In the ACAT model, there are a total of
eighteen compartments, nine gastrointestinal compartments: stomach, seven small
intestinal compartments, and colon, and nine enterocyte compartments, Figure 4,
and three different drug states, unreleased, undissolved, and dissolved.
Compartment properties are set by default to published experimental data,
accounting for pH, volume, and permeability characteristics in the corresponding
intestinal region. (159)

An advantage of GastroPlus™ for controlled release oral formulations is being
able to model drug in formulation matrix (unreleased) as well as both the dissolved
and un-dissolved drug fractions. This 1s important for controlled release
formulations as the drug can be released into solution (dissolved) or as solid

particles (undissolved). Undissolved drug undergoes dissolution and becomes
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available for absorption, carrier-mediated transport, and lumenal degradation.
Undissolved (solid particles) and dissolved (drug in solution) drug undergoes first
order transit through the GIT. Drug is eventually excreted from the colon if it is not
absorbed before the end of the transit process. The kinetics associated with these
processes are modeled by a system of coupled linear and non-linear equations. The
total amount of absorbed material is summed over the integrated amounts being
absorbed/exsorbed from each absorption/transit compartment. The theoretical basis
and mathematical description of the ACAT model are described further in detail by
Agoram et al. (159)

PBPK modeling can also be used to predict plasma concentrations of
compounds following any route of administration and dosage forms (e.g. oral
tablet, oral solution, iv route) under different conditions (e.g. fed vs. fasting,
healthy vs. diseases). In addition to predicting plasma concentrations, an advantage
of PBPK models is the ability to predict tissue distribution and concentrations of
the compound in various organs of interest. (161) While direct measurement of
drug concentrations in tissue homogenates is possible, it is generally only feasible
in animals, and tissue samples are usually taken post-mortem. Therefore, only one
time-point is available per animal. Defining the time-course of tissue
concentrations requires the sacrifice of a number of animals at different time
points. However, PBPK modeling, tissue concentrations at any given time point, as

well as the steady-state tissue concentration can be predicted. (161)
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Figure 4. ACAT model used in GastroPlus. (Adapted from Agoram et al., (159))
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1.12. Statement of the Problem:

Creatine, in the form of CM, has been consumed in large doses (> 10 g/day)
for years by athletes and bodybuilders without exact knowledge of its PK profile
and oral bioavailability. In addition, the use of CM as a therapeutic agent requires
relatively large doses (> 30 g/day) for beneficial effects to manifest. The large
doses of CM required and the fact that the aqueous solubility of CM is low (around
17/mg/ml) suggest a substantial amount of CM dietary supplements may be
undissolved within the GIT and thus have reduced oral absorption.

The research objective of this dissertation is to determine the oral
bioavailability and PK profile of CM and to identify through in-vitro, in-vivo and
in-silico simulations, alternative dosing strategies and alternative forms of creatine
that result in in improved oral bioavailability and/or tissue distribution.

The main objectives are:

1- To examine the oral bioavailability, PK properties and tissue distribution of
CM following single oral dose administration in rats. As single doses in
humans can vary from 1 g to more than 20 g, the potential influence of dose
on oral absorption will also be examined.

2- To examine the impact of different dosing schedules on plasma and tissue,
especially brain, levels of creatine using larger doses of CM (i.e. 20 g daily
dose) for impacting brain function.

3- To determine whether there are sex-dependent differences in blood and
tissue levels of creatine.

4- Predict the impact of other creatine salt forms, with improved
physicochemical properties, on plasma and tissue levels of creatine

following administration of single or multiple oral doses in humans and

50



compare that to CM.
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Chapter 2. Materials and Methods

2.1. Materials

Creatine (methyl-ds) (creatine-d;) was obtained from Cambridge Isotope
Laboratories, Inc. (Tewksbry, MA, USA). CM (guanidino-"C) (CM-"C) and
Creatinine (guanidine-">C) (CRN-"C) were purchased from Sigma Aldrich (St.
Louis, MO, USA). Creatine ethyl ester- °C (CEE-'""C) was obtained from Dr.
Jonathan Vennerstrom, University of Nebraska Medical Center (Omaha, NE,
USA). Catheter locking solution was purchased from SAI infusion technologies
(Lake Villa, IL, USA). Madin-Darby canine kidney epithelial cells — multi drug
resistance gene (MDCK-MDR1) and Caco-2 cell line were purchased from
American Type Tissue Culture Collection (Manassas, VA, USA). PureLink” RNA
Mini Kit and iTaq™ Universal SYBR® Green One-Step RT PCR Kit were
purchased from Invitrogen (Carlsbad, CA, USA) and Bio-rad (Hercules, CA,
USA), respectively. Transwell Polycarbonate Membrane Inserts (12 mm diameter,
0.4 pm pore size) were obtained from Corning (NY, NY.USA). Rhodamine 800
and sodium fluorescein were purchased from Sigma Aldrich (St. Louis, MO,
USA). IR Dye 800 CW PEG fluorescent contrast agent was obtained from Licor
(Lincoln, NB, USA). All other reagents and chemicals were purchased from
Sigma—Aldrich (St. Louis, MO) and cell culture reagents from Invitrogen Canada

Inc. (Burlington, ON, Canada) unless otherwise specified.

2.2. PK Studies in Rats
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The studies examining the PK profile of CM and CEE following oral or iv
dosing were approved by the University of Manitoba Animal Care Committee
(Protocol 14-010; 27 January 2014) and were performed in accordance with the
Canadian Council on Animal Care guidelines. Twenty-four adult male Sprague—
Dawley rats weighing 280-310 g and implanted with jugular vein catheters
(Charles River Laboratories, Wilmington, MA, USA) were included in this study.
The catheters were externalized and secured on the dorsal side of the neck. Rats
were allowed to recover and acclimatize for at least 7 days before the start of the
study. During this period, the catheters were flushed with heparinized saline every
other day. In addition, the rats had free access to food and water and were kept in
the central animal care facility at the University of Manitoba with a 12-hour
light/dark cycle, controlled humidity (55 + 5%), and controlled temperature (21 + 2
°C). Food was withheld 12 hours prior to the PK studies.

Rats were randomly assigned to 6 treatment groups (4 rats in each group),
Figure 5. The first 4 groups were given either oral low dose (10 mg/kg) or high
dose (70 mg/kg) of either CM-""C or CEE-"C dissolved in normal saline solution.
Doses (1 ml/kg) were administered via oral gavage. The final 2 groups received
bolus iv injection (10 mg/kg) of either CM-">C or CEE-"C, Figure 5. Serial blood
samples (0.2 ml) were collected at various time points (0—240 min) following oral
or iv administration of CM-"C or CEE-"C in tubes containing citrate buffer.
Following the last blood sampling (i.e., 240 minutes after creatine administration),
rats were anesthetized and euthanized by decapitation; muscle and brain tissue
samples were collected and immediately freeze-clamped in liquid nitrogen.
Following liquid nitrogen freezing, tissue was weighed, and stored at -80 °C.
Plasma fractions were immediately obtained from blood samples by centrifugation
(15 minutes at 2000 x g) and stored at -80 °C until further processing for analysis
by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

53



All the figures of the PK study were obtained using Excel or GraphPad Prism
Version 6.0c. The initial serum concentration (Cp) of creatine-""C was obtained
directly from the plasma concentration (log scale)-time curve. The maximum or
peak plasma concentration (C,,,x) and time taken to reach Cy.x (Thax) Were
estimated directly from the plasma concentration—time curves. The terminal
elimination constant (k) was determined by linear regression analysis of the
terminal phase of the plasma concentration (log scale)-time curve. The AUC from
zero to the last measurable concentration (AUC, ) was calculated using the linear
trapezoidal method. (162) The remaining PK parameters were calculated according
to the following formulas:

* The AUC from zero to infinity (AUCy ) = AUC  + Cjst / Ke; where Cpug 1S
the last measurable nonzero plasma concentration.

* Absolute oral bioavailability (F) = (AUC,..; /AUCyy) x (Dosery /Doseora)).

* Half-life (T,,) = In2/ k.

* C(learance (CL) = dose/AUC, ...

* The apparent volume of distribution (V4) = CL/ k.
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Figure 5. Schematic presentation of CM-""C and CEE-"C PK study treatment

groups.
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2.3. Sample Preparation

2.3.1. Plasma and Red Blood Cells (RBC) Samples Preparation

For LC-MS/MS analysis, 10 pg/ml (10 pl) of the internal standard, creatine-
ds, dissolved in citrate buffer (0.13 g citrate/ml distilled water, pH 4.3), was added
to 100 ul of plasma from each sample. After that, 1 ml of ice-cold acetonitrile
(with 0.3% formic acid, pH 3) was added to each sample to precipitate the protein.
Then, the samples were vortexed for 2 minutes and centrifuged at 15,000 x g for 5
minutes. The supernatant was collected and transferred to new tubes and the
samples were vacuum centrifuged to dryness at 45 °C using a Savant SPD1010
SpeedVac Vacuum Centrifuge (SpeedVac) (Thermo Fisher Scientific, Inc.,
Asheville, NC, USA).

The cell fraction from the collected blood was thawed and the lysed cells were

then processed as described above for plasma samples.

2.3.2. Brain and Muscle Samples Preparation

Brain and muscle tissue were homogenized in citrate buffer (1.3 g tissue/7 ml
citrate buffer) using an electric homogenizer. 10 pl internal standard (10 pg/ml)
was added to a 100 pl aliquot of tissue homogenate and vortexed. After mixing, 1
ml of ice-cold acetonitrile was added and the samples were centrifuged at 15,000
rpm for 5 minutes at 4 °C. Supernatants were collected and transferred to a clean

tube and evaporated using SpeedVac.
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2.4. LC-MS/MS Analysis (These studies were performed by Dr.
Ryan Lillico and Wenxia Luo in Dr. Lakowski’s lab)

The analytical system used was a Shimadzu LCMS-8040 triple-quadrupole
mass spectrometer; LC-MS/MS (Shimadzu, Kyoto, Japan) coupled to a Nexera
ultra high performance liquid chromatograph (Shimadzu, Kyoto, Japan) and data
were analyzed using Shimadzu LabSolutions software (Version 5.72). The LC-
MS/MS was operated in DUIS mode (electrospray ionization and atmospheric
pressure chemical ionization (ESI/APCI)) using multiple reaction monitoring
(MRM). The LC-MS/MS conditions consisted of a desolvation line temperature of
250 °C and heating block temperature of 400 °C. Nebulizing gas flow was 2 [/min
and drying gas was 15 I/min.

The analytical system described above was used for the analysis of isotope
labeled creatine-">C, CRN-""C, and CEE-"C in tissue and plasma samples. The
analytical column used was a Primesep 200 (3 pm, 2.1 x 100 mm) (SIELC
Technologies, Wheeling, IL, USA) mixed function cation exchange column. The
mobile phase consisted of A (0.05% aqueous formic acid) and B (1% formic acid
in acetonitrile). A linear gradient was applied from 0% to 85% B over 4 minutes,
held at 85% B for 2 minutes followed by a step down to 0% B and held for 4
minutes to recondition and equilibrate the column prior to the next injection. The
total flow rate of the system was 0.4 ml/min and the column oven was set at 40 °C.
Creatine-"C, CRN-"C, CEE-"C and the internal standard, creatine-Ds, were
monitored in positive MRM mode. Table 5 describes the precursor and product ion

mass to charge ratios (m/z) with the collision energy of each compound.
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Table 5. MRM transitions and collision energies for Creatine-"C, CRN-"C,
CEE-"C and the internal standard, Creatine-D;.

Compound Precursor Ion m/z | Product lon m/z Collision
Energy (eV)

Creatine-"C 133.1 90.1 -15
CRN-"C 115.2 44.3 -20
CEE-"C 161.1 118.1 -15

161.1 44.1 -20
Creatine-D; 135.1 93.1 -15

135.1 47.2 -20

2.4.1. Stock and Working Standard Solutions

All stock solutions were prepared at 1, 10, 100 and 1000 pg/ml concentrations
in citrate buffer (0.13 g/ml, pH 4.3). These solutions were stored at -20 °C and
remade after 3 freeze—thaw cycles. Calibration standards containing 10 pg/ml
internal standard in rat plasma, muscle or brain homogenate were prepared from
stock solutions by dilution to a series of concentrations as 0.01, 0.05, 0.1, 0.5, 1.0,
5.0, 10 and 50 pg/ml. Plasma and tissue samples from untreated rats were prepared

containing 10 pg/ml internal standard to evaluate background signal.
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2.4.2. Sample Preparation for Standards

The working standards were added to 100 ul plasma, muscle homogenate or
brain homogenate (homogenized at 1.3 g tissue/7 ml citrate buffer) containing 10
pg/ml internal standard in micro-centrifuge tubes for concentrations described
above. Cold acetonitrile with 0.3% formic acid (1 ml at -20 °C) was promptly
added to the samples to precipitate proteins. The samples were vortexed for 2
minutes and centrifuged at 15,000 x g for 5 minutes. The supernatant was
transferred to new tubes and vacuum centrifuged to dryness using SpeedVac at 45
°C. The dried samples were reconstituted in 50 pl of 0.05% aqueous formic acid

and 3 pl were injected into the LC-MS/MS system.

2.4.3. Precision, Accuracy, and Recovery

The assay limits and accuracy were determined by inter-day analysis of
standard curves prepared in rat plasma (n = 4). The lower limit of quantitation
(LLOQ) was defined as the lowest point on the standard curve to achieve a
coefficient of variation (CV) no higher than 20%. This was calculated to be 0.551
+ 0.098 pg/ml (CV of 17.8%). The standard curve was linear between 0.551 and 50
pg/ml with no point other than LLOQ exceeding 15% CV. Quality control samples
of 2.5 and 10 pg/ml were measured during analysis and their recoveries were 98.0
+ 3.76% and 99.6 + 1.09% respectively. Unknown samples exceeding 50 pg/ml
were diluted using mobile phase containing 10 pg/ml internal standard and
calculated based on the dilution factor. All back-calculated samples were within

15% agreement with their original extrapolated values.
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Blank plasma containing 10 pg/ml internal standard (Figure 6A) showed trace
amounts of creatine-"C from endogenous creatine due to the natural abundance of
C. This was accounted for since the curve was generated in plasma; however, this
is a limitation to the assay with respect to the LLOQ in comparison to other LC-
MS/MS assays for creatine. (163, 164) Standard in plasma at 10.0 pg/ml and an
unknown measured to be 10.7 pg/ml (Figure 6B and 6C, respectively) show
consistency in retention time and ionization demonstrating the robustness of the
assay. The choice of stable isotope labeled internal standards was made based on

the similarity of the internal standard to the analyte (Figure 6D).
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Figure 6. Representative chromatograms of creatine-'""C (black) and creatine-d;
(red) in blank plasma (A), a 10 pg/ml standard sample of creatine-"°C in plasma
(B), and an unknown rat plasma sample in similar range as the standard which we
measured as 10.7 pg/ml creatine-">C (C). The assay was developed for the
simultaneous measurement of creatine-"C and creatine-d; (D). Intensity is in

counts per minute (CPM).
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2.5. Physiologically Based Pharmacokinetic Modeling

All PBPK and simulations in rats and humans were performed using
GastroPlus™, version 9.0 (Simulations Plus Inc., Lancaster, CA, USA). This
module incorporates a whole-body PBPK model and simulates PK profiles and
tissue distribution of compounds using input parameters based on the
physicochemical properties of the compound of interest (e.g., solubility, partition
coefficient (LogP), pKa) and disposition data (e.g., tissue-to-plasma partition

coefficient (Kp) and clearance).

2.5.1 Structure and Validation of CM model in Rats and Humans

The default rat (0.3 kg) and human (30-year old American healthy male and
female weighing 70 kg and 60 kg, respectively) fasted physiology in GastroPlus
were used for the simulations. CM model in rats and humans consisted of 14 tissue
compartments, including heart, lung, liver, spleen, GIT, adipose tissue, skeletal
muscle, brain, kidney, skin, reproductive organs, red marrow, and yellow marrow
linked together by venous and arterial blood circulation. Species-dependent
physiological parameters, including tissue volume and weights, blood flow, and
Kp, were generated by GastroPlus built-in Population Estimates for Age-Related
Physiology (REAR) module. Intestinal absorption of CM was simulated using the
default ACAT model in fasted state.
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The drug distribution between tissue and blood was assumed to be perfusion
rate limited, except in the muscle and brain, which were set as permeability rate
limited and the kinetics for CRT1 were added.

The key physicochemical parameters required to construct CM model were
obtained from experiments, published literature, or from a built-in ADMET
predictor in GastroPlus and are shown in Table 6. For CM simulations, measured
solubility-pH data obtained from the literature (128) were used and the data were
fitted using the built-in pKa-based solubility model.

First, a model for CM in rats was built and the simulations were run using 2

formulations: 70 mg/kg oral (suspension form) or 10 mg/kg iv bolus injection of

CM. The observed PK values from our CM PK study in rats were used to compare

to and validate our simulated parameter. The same base model in rats was used to

simulate 70 mg/kg oral (solution form) CHCI by changing the physicochemical
properties as shown in Table 6. The PK profile of CHCI was compared to that of
CM. A summary of the simulations of creatine compounds performed in human 1

shown in Figure 7.

S
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Table 6. Summary of the key input physicochemical parameters of the various

creatine compounds simulated

Parameter CM CCit CPyr CHCI
Molecular weight 149.15 202 219.2 167.6
(g/mol)

LogP -3.5 -3.2 -3.3 -3.2
Solubility (mg/ml) | 17.1+£0.4 52+7 91.6+7.7 709 + 7
Diffusion 1.1177 0.9494 0.9087 1.0494
Coefficient

(predicted by

GastroPlus based

on molecular

weight) (cm'*/s x

1065)

Mean precipitation | 900 (default) 900 900 (default) | 900 (default)
time (s) (default)

Drug particle 1.2 (default) 1.2 1.2 (default) | 1.2 (default)
density (g/ml) (default)




Particle radius

(um)

25

25

25

25

Effective GI
Permeability
(Peff) (cm/s x
107)

1.41

1.41

1.41

1.41
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Figure 7. A summary of the simulations of creatine compounds performed in

humans

A model of CM was built in human (30-year old American healthy male, 70 kg)

A

For validation of the model:

N\

Simulation of CM following multiple doses
(steady state):

* Plasma and muscles levels of
creatine following of 4 x 5 g CM for 6
days

* Plasma levels following of 5, 10, or
15 g CM twice daily for 7 days

Simulation of CM following an oral single
dose to predict:
* Plasma levels of creatine following
2,5,0r 20 goral dose
* Muscles levels following 5 g oral

N

Compared to previously published observed values. The prediction was
considered successful if the simulated values fall within the 95% CI range of the
published data.

A4
The same model was then used to study the following:

1- Impact of different dosing schedules of CM on plasma and tissue levels of
creatine: 20 g once daily for 7 days or 4 x 5 g CM for 7 days

2- Impact of SR dosage form of CM on plasma and tissue levels of creatine (20 g
once daily for 7 days). The release rate profile used for the simulations is shown
in Table 7.

3- Evaluate sex-dependent difference in plasma and tissue levels of creatine
following administration of oral 20 g CM once daily for 7 days

4- Impact of other creatine salts forms (CHCL, CrC, and CrPyr) on plasma and
tissue levels of creatine following single or multiple doses. The physicochemical
parameters used for the simulations are shown in Figure 5.

_____________________________________________________________________________________
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Table 7. Release rate profile for controlled release CM formulation.
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2.6. Creatine Transporter Expression in Caco-2 and MDCK-MDRI1
Cells

Caco-2 and MDCK-MDRI cells were seeded in 100 mm cell culture dishes.
After 24 hours, cells were harvested and total RNA was obtained using PureLink ®
RNA Mini Kit according to the manufacturer’s instructions. The concentration of
RNA in the samples was determined using Eppendorf BioPhotometer Plus
spectophotometer (Eppendorf, Hamburg, Germany). Total RNA samples were
stored at -80 °C until further analysis.

Reverse transcription and amplification of complementary DNA (cDNA) was
carried out using iTaq" ™ Universal SYBR® Green One-Step RT PCR Kit. Each RT
reaction contained 2 pg of total RNA. RT-PCR reactions were carried out in a
PTC-100 Programmable Thermal Controller (MJ Research Inc., St. Bruno,
Quebec, Canada). The cycle conditions are shown in Table 8. The primers for
creatine transporter were designed using NCBI/Primer-Blast and were synthesized
by Invitrogen (Ontario, Canada), Table 9. Reaction products were separated by
electrophoresis on 2% agarose gel along with a 300 bp DNA molecular weight
marker. The bands were visualized under UV light exposure. The predicted size of

the PCR product was 111 and 176 bp, for human and canine CRT]1, respectively.
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Table 8: Cycling conditions for RT-PCR

Step Time Temperature
Reverse Transcription 15 minutes 50°C
PCR initial heat 2 minutes 95°C
activation
Denaturing 15 seconds 95°C
Combined 60 seconds 60°C
annealing/extension
Number of cycles: 45
Table 9: CRT1 primer sequences used for RT-PCR
Primer |Forward Primer Revers Primer Product
Length

Human | GTGTGGATAGATGCGG | TGGTCCCATTGTAGCA 111

GGAC GTTGT
Canine | GTCGACGGGAAAGATC | GCCGATGGCGTAGGAA 176

GTGT AAGA
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2.7. Permeability studies

Permeability of CM and cyclocreatine (CC) were assessed over a 120-minute
period on confluent monolayers of both MDCK-MDR]I and Caco-2 cells grown on
12 well Transwell polycarbonate membrane inserts (24 mm diameter; 0.4 um pore
size) in the apical to basolateral (A-B) direction. MDCK-MDR1 and Caco-2 were
seeded at a density of 60000 cell/cm2. Volume of media in the apical and
basolateral compartments was 0.5 and 1.5 ml, respectively. The monolayers were
used upon reaching confluency (4 days for MDCK-MDR/ and 15 days for Caco-
2).

On the day of the experiment, the media was replaced with assay buffer
(122 mM sodium chloride, 3 mM potassium chloride, 1.4 mM calcium chloride,
1.2 mM magnesium sulfate, 25 mM sodium bicarbonate, 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM glucose and
0.4 mM dipotassium phosphate, pH 7.4) in both apical and basolateral
compartments. The assay buffer in the apical compartment also contained 3.2 uM
rhodamine 800, 1 uM IR Dye 800 CW PEG and 1 pM sodium fluorescein to assess
monolayer integrity, with or without 10 uM, 100 uM, or 1000 uM CM or CC.

Samples (10 pl) were removed from the apical (donor) compartment at the
start and conclusion of the permeability study. Samples (100 pl) were removed
from the receiver compartments at various time points (0-120 minutes) and
replaced with equal volumes of fresh assay buffer. The samples from the apical
and basolateral compartments were placed in black 96-well plates. Quantitative
analysis of the samples were performed using an Odyssey Near Infrared Imager (

700 nm channel for rhodamine 800 and 800 nm channel for IR Dye 800 CW PEG)
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and Biotek Synergy HT Microplate Reader at excitation 485 nm and emission 528
nm for sodium fluorescein.

The concentrations of the fluorescent permeability markers were quantitated
using standard curves for each fluorescent compound. Permeability data were
presented as the percent flux. Passage of creatine from the donor to the receiver
compartment was analyzed using the HPLC method described above.

The permeability coefficient for CM and CC were calculated using the following
equation:

Papp = (dCr/dt) x (Vd/(A x Cd))

Where:

dCr: Concentration in receiver compartment at any given time-point (UM)

dt: Time (sec)

Vd: Volume in the donor compartment (ml)

A: Area (cm®)

Cd: Concentration in donor compartment at time 0 (uUM).

2.8. Statistics

All PK data were expressed as mean + standard error of the mean (SEM).
Statistical significance was evaluated using one-way ANOVA with Tukey post-hoc

comparison of the mean.
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Chapter 3. Results

3.1. CM PK Study in Rats

3.1.1. Plasma Kinetics and Oral Bioavailability of Low Dose and

High Dose CM-"C

Linear and semi-log mean plasma concentration—time curves following
administration of a 10 mg/kg iv bolus injection of CM-"C are shown in Figure 8A
and Figure 8B, respectively. The C,,.x of creatine-'>C was obtained from visual
inspection of the plasma concentration-time curve and was 76 = 15 pg/mL (Figure
8A) peaking at 3 minutes (Ty,.x). The shape of the semi-log curve shown in Figure
8B indicates that removal of creatine-">C from the plasma compartment following
v bolus injection followed a multiple compartment PK model with a rapid
distribution phase followed by a slow terminal elimination phase.

Plasma creatine was also assessed following oral administration of CM-"C.
The mean plasma concentration—time curves following high dose (70 mg/kg) and
low dose (10 mg/kg) oral administration of CM-"C are shown in Figure 9A and
Figure 9B, respectively. For both high dose and low dose CM-"C, the time for
absorption was similar with T, occurring around 60 minutes post-administration.
However, the amount of creatine absorbed was dose-dependent with C,,.x reaching
14 +4 and 7 + 2 pg/mL, for 70 mg/kg and 10 mg/kg doses, respectively. The
AUC,._, for oral high dose (70 mg/kg), low dose (10 mg/kg), and iv (10 mg/kg)
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CM-"C were 2501 + 378, 1139 + 488, and 2450 + 110 pug.min/mL, respectively.
The oral bioavailability was dose-dependent with high dose CM-""C having oral
bioavailability of 15.7 + 3.4 % and low dose CM having oral bioavailability of
53.2 + 11.2 %. While CRN-"C was also analyzed in these studies, the amount of
CRN-"C was unchanged from baseline values at all time points examined (data

not shown).
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Figure 8. Plasma creatine-""C concentration-time curves following administration
of 10 mg/kg iv bolus injection of CM-"C in adult male rats. The curves are shown
in both linear (A) and semi-log (B) formats. Values represent the mean + SEM. n =

4 rats.
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Figure 9. Plasma creatine-""C concentration—time curve following administration

of (A) high dose (70 mg/kg) or (B) low dose (10 mg/kg) oral CM-"C. Values

represent the mean + SEM. n = 4 rats.
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3.1.2. Tissue Distribution Following Administration of Low Dose

and High Dose CM-"C

Tissue distribution of creatine-'">C following administration of iv and oral CM-
PC was also quantified using LC-MS/MS. Tissue accrual was the highest in the
muscle samples reaching approximately 16 pg/g at four hours following either oral
or iv CM-"C, Figure 10A. While increases in creatine-""C were also detected in
the brain, the levels were about a third of that observed in muscle, Figure 10B.
Muscle and brain concentrations of creatine-""C were compared to tissue
concentrations from non-treated rats.

Creatine-'"C content in the red blood cell (RBC) samples following oral
administration showed little change from baseline levels taken prior to
administration of CM-"C. However, RBC levels of creatine-"C following iv
injection peaked at three minutes and were at or near baseline levels at four hours,

Figure 11.
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Figure 10. (A) Muscle and (B) brain concentrations of creatine-""C 4 hours after
administration of iv or oral dose of CM-"C. Values represent the mean + SEM. n =
4 rats. Creatine-'""C content in muscle and brain samples from non-treated rats was
below detection limits (0.5 pg/g tissue). ** p <0.01, *** p <0.001, **** p <
0.0001 compared to levels in non-treated group (one-way ANOVA). BDL = below

detection limit.
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Figure 11. RBC concentrations of creatine-""C 4 hours after administration of iv or

oral dose of CM-"C. Values represent the mean = SEM. n = 4 rats. Creatine-"C

content in RBC from non-treated rats was below detection limits (0.5 pg/g tissue).

NS = non-significant compared to levels in non-treated group (one-way ANOVA).

BDL = below detection limit.
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3.2. Physiologically Based Pharmacokinetic Modeling of Creatine

Compounds

3.2.1 Examination of Permeability of CM in Caco-2 and MDCK-
MDRI Monolayers

The permeability coefficient of the compound of interest is one of the main
input parameters required for PBPK simulations. Caco-2 and MDCK-MDR] are
two of the most commonly used cell lines for in-vitro permeability testing of
compounds. (165) Permeability in both cell lines is well documented to correlate
with human intestinal absorption. (165) CM permeability across MDCK-MDR 1
and Caco-2 monolayers was examined at various concentrations and the
permeability coefficients obtained from these studies were used for the PBPK
simulations. In addition, the expression of CRT1 was examined at the mRNA level
in Caco-2 and MDCK-MDRI cell lines using RT-PCR in order to confirm the
presence of CRTI in these 2 cell lines for creatine permeability experiments.
Creatine transporter gene expression was detected in both cell culture preparations,
appearing as a distinct band at the predicted size (111 and 176 bp for Caco-2 and
MDCK-MDRI, respectively), Figure 12.
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Figure 12. Verification of Creatine Transporter mRNA Expression using RT-PCR
in Caco-2 and MDCK-MDRI lysates.

Lane 1: DNA ladder; Lane 2 and 3: Two different samples from Caco-2 lysates;
Land 4 and 5: Two different samples from MDCK-MDRI lysates. Arrows indicate

bands of interest.
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For the permeability studies, three different fluorescent probes were used to
assess cell monolayer integrity with or without CM or CC. The fluorescent
permeability markers included fluorescein (MW 332.31) which is a small
hydrophilic probe, IR dye 800 CW PEG (MW 35,000), a large hydrophilic probe,
and rhodamine 800, which is a P-glycoprotein probe. The permeability of all three
probes examined in Caco-2 and MDCK-MDR I monolayers was low (less than 5-
10% over 120 minutes) suggesting intact and tight monolayers, Figure 13 and
Figure 14. The permeability of fluorescein in Caco-2 monolayers was below the
level of detection at all the time points examined (data not shown). In addition,
none of the creatine compounds examined altered the permeability of these three
probes, suggesting monolayer integrity was not influenced by the creatine
compounds used, Figures 13 and 14.

The permeability of CM across Caco-2 and MDCK-MDRI is shown in Figure
15 and the permeability coefficients (Pc) are shown in Figure 16- There was a
concentration-dependent effect on CM permeability, with the lowest concentration
(10 uM) of CM having a higher permeability compared to 100 or 1000 uM
examined. The concentration dependent effect on permeability was most apparent
in the Caco-2 monolayers where Pc were 10 uM > 100 uM > 1000 uM (Figure
16). With respect to the MDCK-MDR 1, there was also a concentration dependent
effect on permeability with 10 and 100 uM being greater than 1000 uM, Figure 16.
The permeability of CC across Caco-2 and MDCK-MDR1 were lower and lacking
the concentration dependent effect in comparison with CM, Figure 17 and Figure

18.
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Figure 13. Permeability of (A) rhodamine 800, and (B) IR dye PEG across Caco
monolayers at various time points (30-120 minutes) with or without 10 uM, 100
uM, or 1000 uM CM. Data are presented as % flux. Values represent the mean +

SEM for 3 different monolayers per treatment group
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Figure 14. Permeability of (A) fluorescein, (B) rhodamine 800, and (C) IR dye
PEG across MDCK-MDRI monolayers at various time points (30-120 minutes)
with or without 10 uM, 100 pM, or 1000 uM CM. Data are presented as % flux.

Values represent the mean + SEM for 3 different monolayers per treatment group.
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Figure 15. Permeability of CM at three different concentrations: 10, 100, or 1000

uM across (A) Caco-2, or (B) MDCK-MRD1 monolayers at various time points

(30-120 minutes). Data are presented as % flux. Values represent the mean + SEM

for 3 different monolayers per treatment group.

A
25=
o] |
I T
s 15+
5]
5 10-
[T
X
54 T _ i
C |I = |I 1
oD ) '39
minutes
B
40+
o 30 ‘{
S
I
‘;: 20+ T
=]
X 101 I I
0 T | 1
BN S '&Q
minutes

I Control
CM 10 uM
s CM 100 uM
CM 1000 uM

H Control
CM 10 uM
s CM 100 pM
CM 1000 pM

85



Figure 16. Permeability coefficients of CM at three different concentrations in

Caco-2 and MDCK-MDRI monolayers.
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Figure 17. Permeability of CC at three different concentrations: 10, 100, or 1000

uM across (A) Caco-2, or (B) MDCK-MRD1 monolayers at various time points

(30-120 minutes). Data are presented as % flux. Values represent the mean + SEM

for 3 different monolayers per treatment group.
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Figure 18. Permeability coefficients of CC at three different concentrations in

Caco-2 and MDCK-MDRI monolayers.
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3.2.2. Physiologically Based Pharmacokinetic Modeling of Creatine

3.2.2.1. Single Oral Dose CM in Rats

Using the permeability coefficients from the Caco-2 and MDCK-MDRI1
monolayers, the physicochemical properties of CM and physiological parameters
such as tissue blood flow and organ size, the PK profile of CM following
administration of a bolus iv injection (10 mg/kg) or oral dose (70 mg/kg) in rats
was simulated using GastroPlus™. The oral dose (70 mg/kg) of CM was simulated
in suspension form since the aqueous solubility of CM is around 17 mg/kg and the
oral dose given in rats was dissolved in 0.25 ml of PBS. The simulated plasma
concentration-time curves following administration of bolus iv injection or oral
CM are shown in Figure 19 and Figure 20A, respectively.

To compare the appropriateness of the PBPK model, the simulation curves
generated using GastroPlus were compared to the experimental values. The
predicted PK parameters from the modeling program and the observed
experimental values are shown in Table 10. For the iv injection route, there was
very good agreement between the observed and simulated values with an R-
squared value (R%) = 0.99. The same PBPK model displayed some divergence from
observed values in the high dose oral absorption (especially at the later time points)
group, Figure 20A. However, the R” value for the oral administration route was still
0.84, Table 10. Considering the variability within the data set, the PBPK model
provided a very good approximation of PK parameters for oral dosing of CM,

Table 10.
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3.2.2.2. Single Oral Dose CHCI in Rats

Given the good agreement between the PBPK model estimates for CM and the
PK profile determined experimentally, the same model was also used to predict the
impact of other creatine salt forms on plasma and tissue levels of creatine in rats.
For these simulations, CM was compared to CHCI, a newer salt form of creatine
with higher aqueous solubility (approximately 709 mg/mL) compared to 17 mg/ml
for CM. (128) The predicted plasma concentration-time curves and tissue (brain
and muscles) concentrations following administration of 70 mg/kg oral CHCI were
compared to a similar dose of CM (Figure 20). The predicted C,,,x of CHCI in
plasma was around 35 pg/mL compared to 14 pg/mL for CM, and the predicted
oral bioavailability was 66% compared to approximately 17% with CM, Figure
20A. The substantial differences in plasma creatine levels with CM and CHCI were
attributed to the enhanced aqueous solubility of CHCI. As the aqueous solubility of
CHCl is around 709 mg/ml, a dose of 70 mg/kg is completely dissolved in 0.25 ml
compared to a similar dose of CM that is given as a suspension due to the low
aqueous solubility of CM.

In addition to increased plasma levels of creatine, an increase in tissue levels
of creatine in muscles and the brain were also predicted when CHCI was used
compared to CM, Figure 20B and 20C, respectively. The simulated muscle
concentrations of creatine peaked at approximately 34 pg/mL for CHCI compared
to approximately 17 pg/mL with a similar dose of CM, Figure 20B. For the brain,
predicted levels of creatine reached approximately 15 pg/mL (115 uM) with CHCI

compared to approximately 8 pug/mL (61 uM) with CM, Figure 20C.
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Figure 19. Simulated (solid line) and observed creatine plasma concentration—time

curves obtained from 4 rats, after a single iv dose of CM (10 mg/kg).
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Figure 20. Simulated creatine concentrations in (A) plasma, (B) muscle and (C)
brain following a single oral dose (70 mg/kg) of CM (dashed line) or CHCI (solid

line) using GastroPlus compared to observed values.
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Table 10. Predicted vs. observed PK parameters following administration of bolus

1v injection (10 mg/kg) or an oral suspension (70 mg/kg) of CM in rats.

Parameter IV Bolus Oral
Injection of Suspension of
CM (10 CM (70
mg/kg) mg/kg)
Simulated Observed Simulated Observed
Crnax (ng/ml) 122 76 + 15 14 14+3
Tinax (min) 3 3 87 60
Va4 (L/kg) 0.2 0.3+0.1 - -
T/, (min) 64 69 +4 - R
CL (L/hr) 0.04 0.05+0.01 - -
AUC. 2279 2450+ 110 2286 2501 +£378
(ng.min/ml)
F (%) - - 17 16 £4
R” value 0.99 - 0.84 -
(model vs.
observed)
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3.2.3. Physiologically Based Pharmacokinetic Modeling of Creatine

Compounds in Humans

3.2.3.1. Single Oral Dose CM in Humans

Using GastroPlus software, we were able to model the plasma concentration-
time profile for CM in rats with good agreement to the observed values. In
addition, the PBPK model was also able to predict concentrations of creatine in
various tissue compartments. Given the agreement of the established PBPK model
with observed PK values in rats, our model was further extrapolated to humans.
Comparison of the PBPK model simulation parameters with published PK data
following administration of an oral single dose of CM in humans were used to
validate the PBPK model. The in-vivo PK data obtained from literature and used to
evaluate the accuracy of the PBPK model included plasma concentration-time
profiles following oral administration of 3 different doses (2, 5 and 20 g) of CM
(61, 145, 166-170) and muscle concentration-time profiles following oral
administration of 5 g CM. (168) Both plasma and muscle observed and simulated
Cinax> Tmax» AUC and AUC,.., following administration of an oral single dose of
CM are presented in Table 11 and Table 12. There was reasonable agreement
between the observed and simulated values with the values predicted from the
PBPK model falling within the confidence intervals of the previously published

values.
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Table 11. Plasma observed and simulated Ciax, Tinax, AUCo., and AUC,

following administration of an oral single dose of CM (2, 5, or 20 g).

Dose |Data Chax (ng/ml) Tmax (h) AUC
Source (pg.h/ml)
2g Observed 42 + 17 1 76 + 31
CM (n=5) 95% CI: [27,57] 95% CI:
(166) [49,103]
Observed 45+3 1 81£5
(n=17) 95% CI: [44,46] 95% CI:
(167) [79,83]
Simulated 34 1 83
5¢g Observed 118+ 16 1 -
CM (n=3) 95% CI:
(61) [100,136]
Observed 102+ 11 2+1 392 £ 98
(n=6) 95% CI: 95% CI:
(168) [93,111] [314,470]
Observed 114 £ 16 1 356 + 56
(n=6) 95% CI: 95% CI:
(145) [101,127] [311,400]
Simulated 97 1 336
20g Observed 324 +£99 2 -
CM (n=15) 95% CI:
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(169) [274,374]
Observed -
477 2
(n=6)
(170)
Simulated 302 2 1761

Table 12. Muscles observed and simulated Cyax, Tinax, and AUC ., following

administration of an oral single dose of CM (5 g)

Dose Data Source | C,,ax (ng/ml) Tmax (h) AUC_,
(pg.h/ml)
Observed 48 £ 16 2+1 162 + 64
5gCM
(n=6) 95% CI: [35,61] 95% CI:
(168) [111,213]
Simulated 52.8 2 219
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3.2.3.2. Steady-State Oral Dosing of CM in Humans

As the biological effects of creatine supplementation are based on multiple
dosing, PK profiles following administration of multiple-doses of oral CM in
humans were simulated and compared to published values. The in-vivo PK data
obtained from literature and used for comparison with the current simulations
included plasma and muscle concentration-time profiles after oral administration of
5 g CM four times daily for 6 days in healthy volunteers, (168, 170) and plasma
concentration-time profile of CM following administration of 5, 10, or 15 g oral
CM twice daily for 7 days. (171) The PK parameters generated using GastroPlus
were compared to these observed published values. The plasma and muscle
concentrations of creatine from published studies and from the simulated PK
profiles are listed in Tables 13-15.

Table 13 and Table 15 show the plasma and muscle observed and simulated
PK parameters following administration of multiple-doses of CM (4 x 5 g oral
CM). Table 14 shows plasma observed and simulated PK parameters following
administration of multiple-doses of CM (5, 10, or 15 g twice daily for 7 days). As
with the single dose PK simulations, for the steady-state oral dosing of CM, there
was reasonable agreement between the observed and simulated values with the
values predicted from the PBPK model falling within the confidence intervals of

the observed values.
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Table 13. Plasma observed and simulated PK parameters following administration

of multiple-doses of CM (4 x 5 g oral CM).

Parameter Observed (168) Observed (170) Simulated
4x5gfor6days |4x5gfor4 4x5gfor6
(n=6) weeks (n=6) days

Crnax (ng/ml) 162 + 30 - 151
95% CI: [138,186]

Tiax (h) 2+1 - 1

AUCg (ng.h/ml) | - - 2420

Css (ng/ml) 97+ 13 119 104
95% CI: [87,107]
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Table 14. Plasma observed and simulated PK parameters following administration

of multiple-doses of CM (5, 10, or 15 g twice daily oral CM for 7 days).

Dose Data Source Pre-dose AUC ;5
concentration (pg.h/ml)
(trough) at steady
state (ug/ml)
5¢gBID CM Observed (171) 20+ 1 333+24
(n=6)
95% CI: [19,21] 95% CI:
[313,352]
Simulated 18 308
10 g BID CM Observed (171) 39+£4 632+ 110
(n=6) 95% CI: [36,42] | 95% CI:
[544,720]
Simulated 33 ol
15 g BID CM Observed (171) 62+8 857 + 66
(n=6)
95% CI: [55,68] 95% CI:
[804,910]
Simulated 55 837
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Table 15. Muscle observed and simulated PK parameters following administration

of multiple-doses of CM (4 x 5 g oral CM for 7 days).

Dose Data Source | Cyax (ug/ml) | Thax (h) AUC_,
(pg.h/ml)
4x5gCM Observed 52+30 2 197 +£ 125
for 7 days (168)
95% CI: 95% CI:
(n=3)
[1,131] [0,520]
Simulated 108 2 577

3.2.3.3. Impact of Different Dosing Schedules on Plasma and Tissue

Levels of Creatine

In most of the clinical trials of CM for therapeutic applications (e.g. HD and
PD), high doses of CM (> 20 g/day) were used in an attempt to increase the levels
of creatine in the brain to achieve levels sufficient for beneficial therapeutic
effects. Using the modeling parameters established for single dose CM, additional
simulations were performed to examine and compare the plasma and tissue levels
of creatine following administration of different oral dosage regimens. The first
dosing consideration was to examine one large 20 g/day dose of CM versus a 20 g
daily dose of CM divided into smaller doses given multiple times per day (4 x 5 g)

to determine their impact on plasma and tissue levels of creatine.
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Figures 21-26 show the simulated plasma, brain, or muscles concentration-
time curves following administration of either 20 g once daily or 4 x 5 g per day
CM. Table 16 compares the resultant AUC at steady state during 24 hours.

As expected, the simulated peak or C,,.x at steady state in plasma and tissue
was higher following administration of 20 g CM compared to the smaller dose of
CM (5 g), Figures 21-26. However, there was no significant difference in the
resultant AUC in plasma and tissue following administration of one large 20 g

dose compared to smaller doses, Table 16.
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Figure 21. Simulated plasma levels of creatine following administration of oral

CM (A) 20 g/day for 7 days, or (B) 4 x 5 g for 7 days.
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Figure 22. Simulated plasma levels of creatine at steady state during 24 hours
following administration of oral CM (A) 20 g/day for 7 days, or (B) 4 x 5 g for 7
days.
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Figure 23. Simulated brain levels of creatine following administration of oral CM

(A) 20 g/day for 7 days, or (B) 4 x 5 g for 7 days.
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Figure 24. Simulated brain levels of creatine at steady state during 24 hours
following administration of oral CM (A) 20 g/day for 7 days, or (B) 4 x 5 g for 7
days.

A
N 60'
<
S =
£§ %i 50 A
£5 40
3
RS 307
=
£z
S s 20 A
24
7 10 -
O T T T T 1
138 144 150 156 162 168
Time (hours)
B
60 1
N
<
s = 50 1
:F
O 2 40
£7
«
58 301
[70]
T > 1
- W
=
EZ 104
N
0 T T T T 1
138 144 150 156 162 168

Time (hours)

106



Figure 25. Simulated muscles levels of creatine following administration of oral

CM (A) 20 g/day for 7 days, or (B) 4 x 5 g for 7 days.
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Figure 26. Simulated muscles levels of creatine at steady state during 24 hours

following administration of oral CM (A) 20 g/day for 7 days, or (B) 4 x 5g for 7

days.
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Table 16. The area under the curve at steady state (AUCy,) during 24 hours for

plasma, brain, and muscles concentration-time curves following administration of

oral CM 20 g/day or 4 x 5 g per day.

during 24 hours During 24 hours
(20 g Once Daily) “4x5g)
Plasma 2351
2420
Brain 400
412
Muscles 2410
2428

109



3.2.3.4. Impact of a Sustained Release Dosage Formulation of CM

on Plasma and Tissue Levels of Creatine

Since CM is usually given in large doses (i.e. > 20 g/day), those doses are
likely saturating the CRT1, limiting the uptake of CM into the various tissues. Due
in large part to the inefficiencies in current creatine supplement formulations, there
has been growing interest in formulating newer dosage forms with improved
absorption and/or distribution.

For this part, we examined the effect of administering a sustained release (SR)
formulation of CM on plasma and tissue levels of creatine. In theory, the advantage
of an SR dosage formulation is the slower release of creatine from its dosage form,
leading to lower concentration of creatine in plasma preventing saturation of the
creatine transporter and ultimately better distribution into tissues such as the
skeletal muscle and brain. Figure 27 shows plasma, brain, and muscle
concentration-time curves following administration of 20 g CM once daily for 7
days as an SR form. Table 17 compares AUCg and Cg between SR and immediate
release (IR) dosage forms of CM given at a dose of 20 g once daily for 7 days.

AUC; of plasma was slightly smaller following SR form compared to IR CM
(2270 vs. 2351 pg.h/ml, for SR and IR, respectively). In contrast, AUC in brain
and muscles were significantly higher following administration of the SR form
compared to IR form (brain concentrations were 565 and 400 for SR and IR,
respectively, and muscles concentrations were 2852 and 2410 pg.h /ml, for SR and
IR, respectively). These data suggest that having a slower and sustained release of
creatine is likely to result in higher tissue concentrations compared to IR dosage

forms.
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Figure 27. (A) Plasma, (B) brain, and (C) skeletal muscle concentration-time
curve following administration of 20 g once daily oral CM in SR formulation for 7

days
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Table 17. Comparison between AUC and Cg following administration of 20 g

once daily oral CM in SR or IR (suspension) dosage forms for 7 days. CCy=

AUC/t, where 1 is the dosing interval (24 hours)

AUC (ng.h/ml) CCy (ng/ml)
during one dose
interval (24
hours)
2270 95
SR
) Plasma
20 g once daily for 7
days
Brain 565 24
Muscles 2852 119
) Plasma 2351 98
IR (suspension)
20 g once daily for 7 Brain 400 17
days
Muscles 2410 100
Relative Plasma | |
Bioavailability
SR/R Brain 1.4 1.4
Muscle 1.2 1.2
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3.2.3.5. Evaluation of Sex-dependent Differences in Plasma and

Tissue Levels of Creatine

Next, we wanted to determine if there are sex-dependent differences in the
uptake and tissue distribution of creatine following administration of a single-dose
oral 20 g CM. To adjust for the weight differences between male and females (70
vs. 60 kg, respectively), an equivalent dose of 17.14 g was given to female
compared to 20 g for male. Predicted female plasma concentrations following
administration of 17.14 g CM were higher compared to the predicted male plasma
concentration after administration of 20 g dose CM. The resulting C,,.x in female
model was estimated to be 389 ug/ml compared to 288 pg/ml in the male model
simulations. Similarly, tissue (muscles and brain) creatine concentrations were

higher in female compared to those predicted for male, Figure 28.

Figure 28. PBPK model simulations of (A) Plasma, (B) brain, and (C) muscles
concentration-time curves following administration of 20 g once daily oral CM in

male (black line) or female (blue line) for 7 days.
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3.2.3.6. Physiologically Based Pharmacokinetic Modeling of CHCI,
CrC, and CrPyr Following Administration of Single-Dose in

Humans

The PBPK model was also used to predict the impact of other creatine salt
forms on plasma and tissue levels of creatine. For these simulations, CM was
compared to CHCI, CrC and CrPyr, which are newer salt forms of creatine with
higher aqueous solubility (708, 52, and 107 mg/ml, respectively). Figure 29A
shows simulated plasma concentration-time curves following administration of a 5
g oral dose of CM, CrC, CrPyr, or CHCIl dissolved in 450 ml (i.e. 15 ounces).
Under these conditions, all the doses administered for the four different creatine
forms are in solution. Figure 29B and Figure 29C show the simulated brain and
muscle concentration-time curves for the various creatine salts following
administration of the same oral dose.

Once the model for a 5 g creatine dose was established, a 20 g oral dose
dissolved in 450 ml water of CM and creatine salts was simulated. Under these
conditions, CM and CrC are given in suspension form, while CrPyr and CHCI are
in solution. Simulated plasma, brain, and muscle concentration-time curves are
shown in Figures 30A, 30B, and 30C, respectively.

With a small single oral dose (i.e. 5 g), there was no significant difference
between CM and the three salt forms in terms of predicted C,,,x and AUC,_,, in
plasma and the tissue examined (Figure 29). On the other hand, with a large 20 g
dose, Figure 30, C,,,x in plasma increased by 11.3, 22.3, and 25.0% and AUC,_, by
5.0, 25.5, and 26.3% for CrC, CrPyr, and CHCI, respectively, compared to CM,
Table 18. In the brain, C,,,x was increased by 11.2, 22.6, and 25.01% and AUC.,
by 5.0, 24.1, and 25.0%, for CrC, CrPyr, and CHCI, respectively. Lastly, in the
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muscles, C,,.x was increased by 6.2, 20.0, and 22.1% and AUC,_, by 1.1, 32.0, and
32.3%, for CrC, CrPyr, and CHCI, respectively, Figure 30C.

Figure 29. Simulated (A) plasma, (B) brain, and (C) muscles concentrations-time
curve following administration of a 5 g oral single dose of CM, CrC, CrPyr, or

CHCL
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Figure 30. Simulated (A) plasma, (B) brain, and (C) muscles concentrations-time
curve following administration of a 20 g oral single dose of CM, CrC, CrPyr, or

CHCL
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Table 18. C,,.x and AUC,_,, following administration of 20 g oral dose of CM, CrC,

CrPyr, or CHCI in plasma, brain, and muscle.

CM CrC CrPyr CHC1
Plasma | Cpax (ng/ml) 302 336 369 376
% Increase 11 22 25
compared to
CM
AUCy 1761 1849 2211 2224
(ng.h/ml)
% Increase 5 26 27
compared to
CM
Brain | Cpax (ug/ml) 52 57 63 64
% Increase 10 21 23
compared to
CM
AUCy 303 317 375 378
(ng.h/ml)
% Increase 5 24 25
compared to
CM
Muscle | Cpax (ng/ml) 222 242 257 262
% Increase 9 16 18
compared to
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CM

AUC, 1781 2026 2230 2272
(ng.h/ml)
% Increase 14 25 28

compared to

CM

3.2.3.7. Physiologically Based Pharmacokinetic Modeling of CHCI,
CrC, and CrPyr Following Administration of Multiple-Dose in

Humans

The PBPK model was also used to predict the impact of the various creatine
salt forms on plasma and tissue levels of creatine following administration of
multiple doses (4 x 5 g or 20 g once daily for 7 days). In the case of 4 x 5 g dosing,
all compounds are in solution. In contrast, with the 20 g daily dose, CM and CrC
are provided as suspensions, while CrPyr and CHCI were in solution form. Figure
31 shows the plasma, brain, and muscle concentrations following administration of
4 x5 g CM, CrC, CrPyr, or CHCI. Figure 32, shows the plasma, brain, and muscle
concentrations of creatine at steady state during one dose interval (i.e. 6 hours).

In contrast, following administration of a large dose once daily (20 g/day),
there was significant difference between the different salts forms in creatine levels
in plasma, muscle, and brain, Figure 33 and Figure 34. As shown in Table 19, C,,.x
in plasma increased by 9.4, 20.1, and 22.2% and AUC,._,, by 24.4, 52.1, and 56.3%
for CrC, CrPyr, and CHCI, respectively, compared to CM. In the brain, C,,,, was
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increased by 12.1, 21.0, and 26.1% and AUC,_, by 31.0, 55.1, and 70.1%, for CrC,
CrPyr, and CHCI, respectively. Lastly, in the muscles, C,,.x was increased by 9.1,
15.0, and 17.4% and AUC,._, by 20.1, 35.1, and 40.1%, for CrC, CrPyr, and CHCI,

respectively, Table 19.

Figure 31. Simulated (A) plasma, (B) brain, and (C) muscle concentration-time
curves following administration of a 4 x 5 g oral of CM, CrC, CrPyr, or CHCI for 7
days.
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Figure 32. Simulated (A) plasma, (B) brain, and (C) muscle concentrations-time
curves at steady state during one dosing interval (6 hours) following administration

of a4 x5 goral CM, CrC, CrPyr, or CHCL.
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Figure 33. Simulated (A) plasma, (B) brain, and (C) muscle concentration-time
curves following administration of a 20 g once daily oral CM, CrC, CrPyr, or

CHCI for 7 days.
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Figure 34. Simulated (A) plasma, (B) brain, and (C) muscle concentration-time
curves at steady state during one dosing interval (24 hours) following

administration of a 20 g once daily oral CM, CrC, CrPyr, or CHCL.
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Table 19. C,,.x and AUC at steady state during one dosing interval following

administration of 20 g oral dose once daily for 7 days of CM, CrC, CrPyr, or CHCI

in plasma, brain, and muscle.

CM CrC CrPyr CHC1
Plasma
Cinax (Mg/ml) 317 347 381 387
AUC (ng.h/ml) 2351 2915 3550 3668
Brain
Cinax (ug/ml) 54 60 65 68
AUC (ng.h/ml) 400 520 620 680
Relative 100 130 155 170
Brain
Bioavailability
Muscle
Crnax (ug/ml) 235 255 270 276
AUC (ng.h/ml) 2410 2892 3253 3374
Relative Muscle 100 120 135 140
Bioavailability
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3.3. CEE PK Study in Rats

In addition to creatine salt forms, there are newer ester creatine analogs that
have improved aqueous solubility and octanol partitioning coefficients compared
to CM. For instance, CEE has an aqueous solubility of 970 + 14.3 mg/ml and
partition coefficient of 0.21 & 0.13 compared to 0.1 + 0.02 for CM as indicated in
previous in-vitro permeability studies in Caco-2 model. (147) Based on these
findings, studies examining the PK profile and oral bioavailability of CEE in rats
were performed.

As CEE is not stable in neutral and basic pH environments and is subject to
rapid degradation to CRN, (147) the pH of the prepared CEE solution was adjusted
to 4 before administering the compounds to the rats in an attempt to slow the
hydrolysis of CEE. For this reason, in the present study, the concentrations of CEE,
creatine, and CRN were measured and the levels of all three were combined to
provide a more accurate estimation of CEE absorption into the systemic blood
compartment.

The plasma concentration-time curve for CEE-"C following an iv bolus
injection 1s shown in Figure 35. Figure 36A and Figure 36B show the plasma
concentration—time curves for oral high dose (70 mg/kg) and low dose (10 mg/kg)
CEE-"C. In the plasma, following administration of iv or oral CEE-"C, only low
concentrations of CEE-"C or CRN-"C were detected. The levels of creatine-"C
were below the detection limit.

In contrast, in the muscle and brain, the levels of creatine-">C were
surprisingly elevated above baseline levels following iv and oral administration of
CEE-"C, Figure 37. Muscle and brain concentrations of creatine-'">C were around

15-20 pg/ml and 3-5 pg/ml, respectively (Figures 37A and 37B), which is close to
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the levels obtained following administration of iv or oral CM-""C. Small amounts
of CRN"’C were found in the muscles samples, Figure 38; however, the levels
were below the limit of detection in samples from the brain. The levels of CEE"’C
were below the limit of detection in all the tissue samples examined. The results of
this PK study indicate that although CEE was rapidly degraded to CRN, the levels
of creatine found in the muscle and brain were comparable to the levels seen after
administration of CM. This supports a rapid uptake of CEE from the blood

compartment into the various tissues examined.

Figure 35. Plasma CEE-"’C and CRN-"C concentration-time curve following iv
administration of CEE-"C in adult male rats. Values represent the mean + SEM. n

=4 rats.
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Figure 36. Plasma concentration—time curves following administration of (A) high

dose (70 mg/kg) or (B) low dose (10 mg/kg) oral CEE-"C. Values represent the

mean £ SEM. n = 4 rats
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Figure 37. (A) Muscle and (B) Brain concentrations of Creatine-"C 4 h after
administration of iv or oral dose of CEE-"C. Values represent the mean + SEM. n
= 4 rats. Creatine-"C content in muscle and brain samples from non-treated rats
was below detection limits (0.5 pg/g tissue). ns= non significant, * p < 0.05, ** p <
0.01, *** p <0.001, **** p <(0.0001 compared to levels in non-treated group
(one-way ANOVA). BDL = below detection limit
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Figure 38. Muscle concentrations of CRN-"C 4 h after administration of iv or oral
CEE-"C. Values represent the mean + SEM. CRN-"C content in muscle samples

from non-treated rats was below detection limits (0.5 pg/g tissue). n = 4 rats.

E 4

(o]

2

4 3

8 3

i 1

=

£ 2-

o

[

o]

O 1=

Ly T

925 0 T I == r
x@ Q\‘1.9\ q\‘b& &‘{9\

&2 & & &

136



Chapter 4. Discussion

Creatine, mostly in the form of CM, has been used widely by athletes and
bodybuilders as an ergogenic aid to improve performance and muscle mass. (9)
Creatine supplementation has been reported to increase muscle creatine by
approximately 5-30%. (61) While there has been much research predominately
devoted to understanding the uptake of CM into muscle cells and to explore the
effects of CM on exercise and performance, there have been few studies
investigating the PK profile and oral bioavailability of CM supplements.

Initial evidence reported by Chanutin (172) and later confirmed by Deldicque,
(167) indicates that intestinal absorption of exogenously administered CM is nearly
complete. However, in these studies, CM was administered orally in low doses (2
g) to healthy volunteers, and the increases in tissue levels of creatine combined
with the increases in CRN elimination in the urine were used to provide an
assessment of the oral bioavailability of CM. (167, 172) Both studies claimed
complete absorption of orally administered CM based on increased creatine in
blood and tissue and the absence of creatine or CRN observed in fecal samples.
However, there are three major limitations in these studies. First, the use of urinary
CRN levels as an index of the amount of CM absorbed from the GIT assumes that
all urinary CRN is a result of the conversion of creatine in the various tissues to
CRN, which is then readily excreted into the urine. However, this approach is not
accurate and it neglects to account for potential creatine utilization by the intestinal
epithelial cells and the bacterial flora in the GIT. (14, 141, 173, 174) This ability to
acquire and metabolically process creatine within the intestine provides a potential
source of CRN in the GIT. Thus the conversion of creatine to CRN within the
lumen of the GIT, and its subsequent absorption into the bloodstream would result

in a potential overestimate of the amount of creatine that has been systemically
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absorbed. Secondly, potential issues such as gastric degradation, site-dependent
intestinal absorption and incomplete dissolution of creatine solid dosage forms,
outlined by McCall and Persky, (175) are all likely to result in less than complete
absorption of creatine. The final consideration regarding the early studies by
Chanutin and Deldicque (167, 172) is the lack of CM iv arm, which is required to
accurately determine oral bioavailability.

Given the physicochemical properties of CM, we hypothesized that the oral
bioavailability of CM is low. In the present study, CM-""C was given as either oral
or bolus iv dose. In our study, iv administration of CM-"C resulted in a rapid
distribution phase, in which creatine-">C was distributed out of the central (blood)
compartment into the different tissues and this was followed by a slower terminal
elimination phase. This finding is consistent with the known distribution kinetics
of creatine into the muscles, brain, and other tissues. (14) There was a slight
increase in plasma creatine-"C observed at the last time point sampled following
iv administration of CM-"C. Multiple peaking PK can occur due to a variety of
both formulation and physiological factors. (176) For the iv administration route,
the most likely contributor to multiple peaking phenomena would be enterohepatic
recycling. (176) As the physicochemical properties and metabolic pathway for
creatine are not supportive of biliary secretion, (13) it is unlikely that enterohepatic
recycling of creatine is occurring in the present study. Given the rapid distribution
of creatine into skeletal muscle and relatively the large depot site it represents, the
plasma creatine levels observed likely reflect the slow and sustained release of
creatine from these deep tissue sites.

Oral administration of CM-""C resulted in dose-dependent increases in plasma
creatine concentrations. C,, of creatine-""C in the plasma increased 10 to 25-fold
from baseline levels (<0.5 pg/mL). The plasma creatine-""C profile observed in the

present study was similar to those previously reported. (166, 167, 169) Despite the
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substantial increase in plasma creatine-""C, there was no detectable increase in
CRN-"C in the present study. There are conflicting reports regarding the increase
in CRN following oral administration of CM. While Schedel and colleagues
reported increases in plasma CRN following oral CM administration, (169) others
have reported no change in blood CRN. (166) It should be noted that those studies
reporting increases in plasma CRN following oral CM administration were using
either large doses (20 g) of creatine (169) or extended multi-day exposure. (167)
Even under these conditions the increases in plasma CRN were small in
comparison to the increases in plasma creatine; thus the conversion of creatine to
CRN was not considered to play a significant role in creatine elimination.

In the present study, dose-dependent effects on oral bioavailability of CM
were examined by administering oral CM-"C at both low (10 mg/kg) and high (70
mg/kg) dose. As CM has relatively low aqueous solubility (around 17 mg/ml), the
conditions selected for the high dose reported here were designed to more closely
represent the standard dosing used in therapeutic applications in which large daily
doses (= 20 g) of CM are more likely administered in suspension form. For the
high dose used in this study, which was administered in suspension form, the oral
bioavailability of CM-"C was around 15%. As the high dose used in this study is
equivalent to approximately 1 g dose in humans, the oral bioavailability of the high
doses of CM used in humans (10-30 g) could be even lower. On the other hand, the
oral bioavailability of low doses CM-"C, which was administered as a solution,
was 48%. The data reported in the present study represent a significant departure
from the relatively complete oral absorption of CM claimed in earlier reports and
suggest that oral bioavailability of CM is low and far from complete. (167, 172)

While suggested in various human studies, (171, 177) this study was the first
to assess dose-dependent changes in oral bioavailability of CM. The difference in

oral bioavailability of high and low dose CM-"C could be due to two reasons. The
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first consideration is the saturation of the CRT1 transporter with high dose CM.
Given the known CRT1 kinetics, (178) it is likely that concentrations of creatine in
the GIT would be well above those required for saturation of CRT1 at even the
lowest doses of CM administered. The second consideration regarding oral
administration of high doses of CM is the incomplete dissolution of CM dosage
form under most dosing conditions, and this might explain the dose-dependent CM
oral bioavailability. Given the low aqueous solubility of CM, which is around 17
mg/mL, (128) and the high doses required for CM supplementation (i.e., around
20+ g/day), a suspension is the likely form of CM being administered. In the
present study, the 70 mg/kg dose was administered as a suspension. Under these
conditions, oral bioavailability was even less than observed with the 10 mg/kg
dose, which was administered in solution form.

Tissue concentrations of creatine-"C following administration of oral CM-"C
were also assessed in the present study. The tissues examined in the present study
were muscles, brain, and blood cells. The highest levels of creatine were found in
the muscles followed by the brain and the blood cells. The distribution profile of
CM-"C and the fact that creatine-""C accumulated in high concentrations in the
muscles followed by the brain is consistent with previous studies. (13) The
concentration of creatine'’C in the muscles was similar (around 15 pg/g) following
administration of iv or oral (either high or low dose) CM-"C. This finding could
be explained by the saturation of CRT1 found in the muscles by high levels of
creatine preventing further uptake of creatine-'"C into the muscles.

The results from our in-vivo PK study of CM in rats suggest that the oral
bioavailability of CM was far from complete. Given the fact that low doses of CM
were used in the current study (the high dose given is equivalent to around 1 g dose
in humans) and as most therapeutic indications require rather large doses (>150

mg/kg), the actual bioavailability of such doses might be even lower and may be
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limited by either physiological and/or formulation factors. These studies suggest
that newer forms of creatine with improved physicochemical properties and/or

improved dosage formulations of creatine might be superior to CM.

The in-vitro permeability of CM in Caco-2 and MDCK-MDR1 cell lines was
also assessed in the present study. Caco-2 and MDCK-MDRI are two of the most
commonly used cell lines for in-vitro permeability testing of compounds. (165)
Permeability in both cell lines is well documented to correlate with human
intestinal absorption and both cell lines are equally suited and commonly used in
Biopharmaceutics Classification System (BCS) intestinal permeability ranking in
pharmaceuticals industry. (165) Cell line models for in-vitro permeability testing
have the advantage of being less time- and cost- intensive, and are easier to
establish and maintain compared to primary cell cultures. (179)

Caco-2 cells are epithelial cells isolated from human colorectal carcinoma and
1s considered to be the in-vitro gold standard for assessing the intestinal
permeability of drug candidates. (165, 180, 181) Under normal conditions of cell
culture, Caco-2 cells spontaneously differentiate to mature cells to form tight
monolayers. (182) Although Caco-2 cells originated from the human colon
carcinoma, they acquire many features of absorptive intestinal cells during culture,
such as microvillous structure, hydrolysis and cytochrome P450 (CYP) enzymes
and carrier mediated transport systems (e.g. P-glycoprotein (P-gp) encoded by
MRD1 and multidrug resistance-associated protein 2 (MRP2)). (183) In addition,
adjacent cells adhere through tight-junctions formed at the apical side of the
monolayer, which can discriminate the transcellular and paracellular transport of
drugs across the epithelial layer. (183) The resemblance of Caco-2 cell monolayers
to intestinal cells yielded a high expectation of good in-vitro—in-vivo correlation.

(183)
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MDCK-MRDI cells are canine kidney epithelial cells that have been
transfected with human P-gp (MDR1). (184) When grown in culture, MDCK cells
differentiate into columnar epithelium and form tight junctions in a shorter period
of time than Caco-2 cells (3 days vs. 21 days). (184) In addition to the use of
MDCK-MDRI cells as an in-vitro model to study intestinal permeability, these
cells are also commonly used to screen for BBB permeability. (185) Although
MDCK-MDRI cells are not derived from human endothelial brain cells, this cell
line 1s unique in that it expresses high levels of human P-gp and has high trans-
epithelial electrical resistance, making it a standard in-vitro model for assessing
brain penetration and BBB permeability. (186) In the present study, the
permeability of CM was examined in both cell lines, Caco-2 and MDCK-MDRI to
provide an initial assessment of intestinal and BBB permeability of the creatine
compounds.

For the permeability studies, three fluorescent markers were used as
permeability standards to assess the integrity of the monolayers, identify any
differences in baseline permeability in the cell culture models, and to ensure that
the monolayers were not altered by the creatine compounds at the concentrations
examined. Fluorescein is a low molecular weight, hydrophilic molecule, with low
permeability values in Caco-2 assay, and was chosen as a low permeability
standard to assess passive diffusion across the monolayers. On the other hand,
rhodamine 800 is a low molecular weight, lipophilic molecule that is a reported
transport substrate for the P-glycoprotein drug efflux transporter expressed in
Caco-2 and MDCK-MDRI cell culture models. (187) The final fluorescent probe,
IR dye 800 CW PEQG, is a large molecular weight compound (approximately 35K
molecular weight) and is used as a paracellular diffusion permeability marker.

Results from these studies indicate that monolayers from Caco-2 and MDCK-
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MDRI cell lines were confluent and intact and exposure to the creatine compounds
did not alter the integrity of the monolayers.

In the present study, the permeability of CM was low in Caco-2 cells and was
dose-dependent, with the lower concentrations (10 uM) having higher permeability
compared to high concentrations of CM (100 and 1000 uM). The result of this
study is the first evidence of dose-dependent permeability of CM in Caco-2 cell
line. The concentration dependency observed with CM suggests transporter uptake
of CM through Caco-2 cells as opposed to passive diffusion. The observed dose-
dependent effects could be attributed to saturation of CRT1 with high
concentrations of CM preventing further uptake of CM across the cells. The fact
that lower concentrations of CM have improved permeability compared to high
concentrations is consistent with our CM in-vivo PK study, in which a lower dose
of CM has higher oral bioavailability compared to a higher dose, which might also
be explained by the saturation of CRT1 by high concentrations of CM.

The low CM permeability in Caco-2 cells in the present study is also in
agreement with the relatively low permeability of radiolabeled CM in Caco-2
monolayers reported previously by Dash and colleagues, (146) and to the low
permeability of CM and the various creatine salts forms (CHCI, CrC, and CrPyr) in
the same in-vitro model. (128, 147) Of note, the present study focused on the
absorptive transport/permeability of creatine compounds. However, the previous
studies by Dash and colleagues, examined the permeability of radiolabeled CM in
both apical to basolateral (a-b) and basolateral to apical directions (b-a) were
examined. Whereas the permeability of CM was low in both directions, the b-a
transfer of the compound was significantly greater than the a-b transfer. In this
study, the potential involvement of drug efflux transporters, such as P-gp, was
excluded, suggesting the possibility of the interaction of CM with other transport
systems or the presence of CRT1 in the basolateral side. (146)
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Permeability of CM in MDCK-MDR monolayers was also low but did not
show a strong dose-dependency effect as in the case with Caco-2 cells. The
permeability of all the three CM concentrations examined was in the same range.
However, the permeability coefficients vs concentration data suggest there is a
decrease in permeability but only at the highest concentration of CM (1000 uM).
The reason for the lack of concentration dependency in MDCK-MDR1 compared
to Caco-2 cells 1s unknown but it might be due to the presence of more CRT1 at
the BBB as compared to the intestinal epithelial cells. An alternative possibility is
that the Caco-2 have reduced paracellular diffusion than the MDCK-MDR [ model
as indicated by the difference in permeability to both small and large hydrophilic
permeability markers in the two culture models.

Additional creatine compounds were examined for permeability in the Caco-2
and MDCK-MDR] in-vitro models. In this regard, the permeability of CC, a
creatine analogue that has been used in various therapeutic applications to augment
creatine content in tissues was lower in both the Caco-2 and MDCK-MDR models
compared to the permeability of CM. Based on these initial permeability studies

CC would not be expected to provide improved bioavailability compared to CM.

Based on the preclinical data obtained from in-vivo and in-vitro experiments,
simulation of rat and human PK profiles of CM were performed via PBPK
modeling. The basic inputs required to run the simulation such as the
physicochemical properties of the compound were obtained from previously
published studies (e.g. solubility and LogP) or by using the built-in GastroPlus
ADMET predictor. The permeability coefficient used in the current simulations is
obtained from our in-vitro permeability experiments, and is the permeability
coefficient for the 10 uM CM concentrations in Caco-2 cells, which was the

highest permeability in the Caco-2 model. Using the permeability coefficient for
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10 uM CM resulted in better prediction accuracy and better fitting between
simulated and observed data in comparison with the lower permeability
coefficients of the higher concentrations of CM (100 or 1000 uM). Ideally, reliable
experimental data for all physicochemical parameters values, including an estimate
of effective intestinal permeability in the species simulated should be available.
However, in drug discovery and early development this is rarely the case. Because
experiments to measure effective permeability (P.) are time consuming and
expensive, actual P.gvalues in human or animals are rarely available. Data from
Caco-2 or MDCK cell cultures, or artificial membranes are most often available
prior to “first in man” experiments, and such data can be used, provided a valid
correlation is developed between P.srin human (or other species to be simulated)
and the experimental model.

Using GastroPlus software, we were able to model the plasma concentration-
time profile for CM in rats with good agreement to the observed values. In
addition, the PBPK model was also able to predict concentrations of creatine in
various tissue compartments. PBPK modeling is a tool that can be used to predict
absorption and distribution of compounds and the tissue concentration-time
profiles for the various compartments in the model. PBPK models provide a
quantitative means of extrapolating absorption, distribution, metabolism, and
excretion (ADME) properties across species by having the ability to substitute
species-specific physiological and biochemical parameters into the model. (188)
Based on the established PBPK model for CM and its similarities to the observed
values from the oral bioavailability studies performed in the rat, extrapolation of
the model to examine the impact of different creatine formulations and dosage
strategies on creatine plasma and tissues concentration in humans was performed
(188) The main advantages of PBPK modeling in comparison with classical PK

models is the ability to predict simultaneous time-concentration curves for a
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compound in any organ or tissue and the incorporation of anatomical and
physiologic information as well as chemical specific in-vifro derived parameters
(i.e. K, or V. of transporter). (188)

The PBPK model was initially optimized and validated in rats by using the
obtained preclinical data. For the present study, the reliability of the model was
tested by simulating bolus iv (10 mg/kg) injection and oral (70 mg/kg) CM in rats.
The resultant PK parameters were compared to the observed values. While our
model predictions will require additional validation, there was reasonable
agreement of the PBPK model of CM in plasma to the observed iv and oral CM
(R? 0f 0.99 and 0.84, respectively). According to the literature [31, 34], less than a
twofold error was considered to be an accurate prediction using PBPK modeling.
All the simulated PK parameters were within 1.6-fold of the observed values for iv
and oral CM 1in rats, indicating that the current PBPK model provided high
prediction accuracy.

There is increasing interest in different salt forms of creatine with improved
solubility parameters over CM. (128, 145) One of the newer salt forms of creatine,
CHC(I, has an aqueous solubility of around 700 mg/mL. The markedly enhanced
solubility of CHCI to that of CM suggests that improved oral absorption and more
efficient dosing formulations should be possible. Indeed, based on the PBPK
model simulations in rats, substantial increases in blood and tissue levels of
creatine are likely following oral supplementation with CHCI compared to CM.
However, more investigation regarding the use of different salt forms of creatine in

humans should be performed.

Given the agreement of the established PBPK model with observed PK values
for CM in rats, our model was further extrapolated to humans. A literature review

was conducted to collect in-vivo creatine concentrations in plasma or tissue
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following administration of oral single- or multiple-dose CM in humans. The
muscle and brain tissue were chosen for our simulations, as these two tissues are
the targets for creatine supplementation estimates and predictions of creatine
content in the muscle and brain were of interest. The effects of CM
supplementation on muscle creatine levels and exercise performance in young
adults have been extensively studied and reviewed. (189-191) As with muscle
creatine, increasing brain creatine may confer benefits to athletes, non-athletes,
older adults, and in certain brain pathologies and disorders. (192-194) Relative to
skeletal muscle, only a small percentage of total body creatine is in the brain (i.e.
<5%). However, the brain is highly metabolically active, responsible for 20% of
basal metabolism, and, as in skeletal muscle, brain creatine is essential for energy
production.

It is commonly accepted that a loading phase of 20 g/day (4 x 5 g) for 5 days
followed by a maintenance dose of 5 g/day should increase muscle total creatine
concentrations by approximately 20— 30%. However, the dosing strategy required
to optimally increase brain creatine levels has yet to be established, and this is
largely due to limited data that directly measures the concentration of creatine in
the brain following exogenous creatine administration. While direct measurement
of muscle creatine can be accomplished through analysis of tissue obtained from
muscle biopsies, assessment of brain creatine is more difficult. (195) Direct
measurement of brain creatine pre- and post-creatine supplementation can be
accomplished in animals, but species differences in creatine uptake reveal the
complications of generalizing data from this experimental model to humans. (196,
197) Brain creatine can be assessed using proton or phosphorous nuclear magnetic
resonance spectroscopy (H1 -NMR and P31 -NMR, respectively), but this is costly
and not widely available. These complications may have contributed to the fact

that only a small number of human studies are available in which changes in brain
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creatine levels were assessed pre- and post-creatine supplementation. In addition,
brain creatine content seems to be highly site-specific, (170, 195, 198) which
renders it difficult to directly compare studies measuring creatine in different brain
areas.

Available published data on creatine supplementation in humans were limited
to either plasma or skeletal muscle concentration of creatine following
administration of single and multiple dose of CM in humans and to the change of
total creatine, PCr, or free creatine in the brain following exogenous administration
of CM by using magnetic resonance spectroscopy (MRS) analysis. However, little
to no data were found regarding the actual concentration of free creatine in the
brain following exogenous supplementations of CM in rodents or humans. Our
predicted plasma concentration-time curves and PK values following single- and
multiple-dose CM were compared to previously published data. All the fold errors
of the predicted and observed PK parameters in plasma and muscles were less than
1.6, which indicated that the human model extrapolated from rats was successful
and the model was able to accurately simulate the plasma and muscle

concentration-time profile of CM.

CM is usually consumed in very large doses. Manufacturer’s instructions and
athletes’ use of CM follows a dosing regimen of a “loading” phase of 20 g/day (4 x
5 g) for 5 days followed by a maintenance dose of 3 to 5 g/day. On the other hand,
therapeutic applications of CM often require doses that are larger than 20 g/day.
Given the aqueous solubility of CM, a dose of 20 g should be dissolved in more
than 1000 ml of fluid to ensure the dose is completely solubilized. As a result of
this, most CM products are taken as suspension and would be incompletely
absorbed in the GIT. In most of the published clinical trials, CM was given as a

single large daily dose (20 g/day) in an attempt to increase brain levels of creatine
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to achieve beneficial effects.

In the present study, CM profile was simulated using two different dosing
strategies, 20 g/day given as a large dose in suspension form once daily, or 20
g/day divided in 4 equal doses (5 g each dose four times daily) given in solution
form. Steady state levels of creatine in plasma and tissue (muscle and brain) under
these dosing strategies were compared. A large 20 g dose of CM resulted in higher
Chax 1n the plasma and the tissue compared to smaller 5 g doses. When the AUCs
for the plasma and the tissue were compared the total exposure to creatine was
slightly lower in plasma and tissue with the large dose compared to the small
divided doses. Given the known PK of creatine and the known creatine transporter
kinetics, dividing the dose of CM into 4 smaller doses would be expected to
increase the levels of creatine in the tissue more efficiently than taking 20 g CM as
a whole, as the smaller doses would keep the levels of creatine in the plasma at
steady state at lower concentrations that would prevent the saturation of the

creatine transporter allowing further uptake of creatine into the tissue.

Various strategies have been widely investigated to enhance the bioavailability
and tissue distribution of drugs with poor oral bioavailability. In the case of CM, in
which absorption and bioavailability is limited by both formulational and
physicochemical properties, two strategies can be undertaken to improve oral
absorption and tissue uptake of creatine, using different dosage formulations (i.e.
sustained release dosage forms) or finding alternative forms of creatine with
improved physicochemical properties.

The importance of the formulation and its impact on oral absorption is often
under appreciated. In the ideal case, a drug or dietary supplement would be applied
in-vivo at exactly the therapeutic concentration and would precisely target the

desired tissues and cells. However, drug delivery is not easily controlled. Drug
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release rates, cell- and tissue-specific targeting, and drug stability are difficult to
predict. (199) To address these limitations, drug delivery systems (DDS) have been
designed using a wide array of materials and chemical strategies. DDS are defined
as technologies that are designed to improve the specificity of therapeutics by
stabilizing them in vivo, controlling their release, and localizing their effect. (199)
One important class of DDS is controlled release (CR) or SR systems. SR
formulations have special coatings or ingredients that control how fast the drug is
released from the pill into the body. (134) The main advantage of the SR
formulations is its ability to release the compound or drug at a predetermined rate
in order to maintain a constant drug or compound concentration for a specific
period of time as opposed to immediate release dosage forms, which result in
greater peaks and troughs in plasma concentrations. (134) Additional advantages of
SR formulations include improving adherence by reducing the total number of
required doses. However, SR dosage formulations engineering is challenging and
costly compared to IR dosage forms. Furthermore, use of SR formulations for
dietary supplements is complicated by the amount of active compound required.

In the case of CM, which is consumed in large doses, high plasma
concentrations would likely saturate the transporters limiting the uptake of creatine
into the various tissues. The use of a SR formulation of CM is likely to keep the
plasma concentrations of creatine low or near baseline and to extend the release of
creatine over 24 hours, allowing more creatine to be distributed to the tissue,
especially the brain. Our PBPK simulations of a 20 g SR formulation of CM given
once daily for 7 days, show that although the C,,.x in the plasma were lower
compared to IR form, the release of creatine from the SR formulation was slower
and sustained at a steady level allowing more creatine to be taken up by the
muscles and the brain and this is reflected by the larger AUC,.,, which increased

by 4, 41, and 18 %, for plasma, brain, and muscles, respectively, with SR form
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compared to IR dosage form. A possible explanation for the higher change in the
concentration of creatine in the brain following supplementation of SR CM
compared to the muscles and plasma could be the role of CRT1 at the BBB. As the
brain creatine content depends on exogenously administered creatine, which
should be transported by the CRT1, and plays a significant role in transporting
creatine to the brain. Keeping creatine levels near the baseline in the plasma
ensures that more creatine would go into the brain preventing saturation of the

CRTI.

Another approach that can be taken to improve oral bioavailability of creatine
supplements is to use different creatine forms with improved physicochemical
properties. Due in large part to the inefficiencies in current creatine supplement
formulations there has been growing interest in new and improved forms of
creatine. In the present study, we were interested in three newer forms of creatine,
CrC, CrPyr, and CHCI, which have improved solubility parameters over CM.
Indeed, based on the PBPK model simulations in rats, substantial increases in
blood and tissue levels of creatine are likely following oral supplementation with
CHCI compared to CM. When simulations of the different salt forms of creatine
were performed in humans, similar increases of creatine in plasma and tissue were
found with the newer salt forms.

Prediction of creatine levels in plasma and tissue was performed following
administration of single- or multiple- dose of the various creatine salt forms. For
single dose simulations, a 5 g low dose and a 20 g high dose were chosen. With the
5 g dose, the various creatine forms simulated were given in solution form
(assuming that the doses are dissolved in 450 ml water). Under this condition, no
significant differences were found in plasma or tissue creatine concentrations.

However, with 20 g dose, CM was given in suspension form due to its low
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solubility (20 g CM require more than 1 liter to be dissolved), while CrC, CrPyr
and CHCI were given in solution. Under these conditions, increases of creatine in
the plasma and tissue were found with the newer salts forms. CHCL led to the
highest increase in plasma and tissue of creatine as it has the highest aqueous
solubility between all the other forms. These results suggest that giving the newer
salts forms, which has improved aqueous solubility compared to CM, as a single
large dose leads to the biggest increase in creatine in the brain and the muscles as

opposed to smaller doses in which the aqueous solubility is of no importance.

The same trend was found when multiple-dose simulations were performed.
The large increase in creatine plasma and tissue was found when given a large
single dose (20 g) as opposed to dividing the dose to four equal smaller doses. Our
model predicted the highest increase with CHCI in plasma, muscle, and tissue
creatine when given as a single large dose. It should also be noted that our
predictions of improved oral absorption and PK properties with more soluble
creatine salt forms are consistent with previous studies comparing creatine citrate
and creatine pyruvate salts. In these studies, Jager et al. compared the oral
bioavailability of creatine citrate and creatine pyruvate to that of CM. They found
that creatine pyruvate, which has around eight-fold higher aqueous solubility than
CM, had a significant (approximately 25%) increase in oral bioavailability
compared to the latter. In addition to providing further evidence of less than
complete oral bioavailability for CM, such findings suggest that creatine salts with
improved aqueous solubility and oral absorption characteristics could provide
improvements over CM in therapeutic applications requiring high doses of
creatine.

Another approach for improved creatine formulations is to use newer ester

creatine analogs. In addition to having improved aqueous solubility, they have
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improved water octanol partition coefficient compared to CM. Of interest for this
project is CEE. CEE has an aqueous solubility of around 900 mg/ml and a 2-fold
partition coefficient value compared to CM. We performed a PK study of CEE in
rats to compare its PK profile to that of CM. The fact that CEE is not stable in
basic media was challenging, as samples of CEE were pH adjusted to 5 to keep the
compound stable as long as possible. Based on the results of our PK study, CEE
levels were very low in the plasma. However, surprisingly, the levels of creatine in
the brain and muscles were comparable to those obtained following administration
of CM. This finding is in agreement with a previously published study in which
CEE rapidly degraded to CRN in the aqueous medium when incubated with in-
vitro brain slices, however, it remained in solution long enough to cause a
significant increase in tissue content of creatine. (200) This suggests that although
CEE rapidly hydrolyses in the plasma to CRN, there are increases in creatine in the
tissues indicative of rapid entry of CEE into tissue sites. As there was no detectable
CEE in the tissue, it appears that CEE was taken up by tissue and then converted to

creatine in the tissue.

In the present study, sex-dependent differences in creatine concentrations were
also assessed. A number of differences in the storage and utilization of creatine
have been identified between healthy males and females. (201) When assessing
creatine synthesis rates, females produced amounts of endogenous creatine that
were consistently 70—80 % lower than males. Dietary intake of creatine of adult
females aged 20-39 was also reported to be lower than their male counterparts.
This lowered rate of synthesis and consumption of creatine is the likely driver
behind the reduced mean excretion rate of creatinine in females, which is ~80 % of
the rate of excretion in males. (201) As skeletal muscle is the major storage

compartment of creatine in the human body variation in the physical make up of
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men and women may be a major determinant of the difference of creatine
homeostasis between the sexes. Males have significantly more skeletal muscle,
both in terms of total mass (33 kg for men and 21 kg for women) and percentage
body composition (38.4 % mens and 30.6 % for womens). Interestingly, in a study
where biopsies of the vastus lateralis muscle were assessed for creatine content,
females appeared to store about 10 % more creatine compared to males.

In our simulation of 20 g/day CM for 7 days, females had higher levels of
creatine in the plasma and tissue (muscles and brain) compared to males. Previous
reports indicate that sex hormones, particularly estrogen is associated with
increased CK activity. This had led to suggestions that creatine might be more
beneficial in treating depression in females over males. (200) It was shown that
increasing dietary intake of creatine to 4% in rats for 5 weeks prior to assessment
significantly improved performance on tests such as the forced swim test known to

identify depressive like behaviors in females but not in male rats. (201)

A limitation for our predictions using GastroPlus, is the lack of data
concerning the concentrations of free creatine that are required in the brain to
produce the beneficial responses observed in rodents or humans. However, in a
study of creatine supplementation in an animal model of HD where they showed
neuroprotective effects of 2% creatine in the diet, they reported around 48%
increase in total creatine in the brain following supplementation. (94) If we can
increase creatine in the brain with the newer creatine salts forms by 25-70% then
the desired concentration reported in the HD animal study should be achievable.
Another limitation is the lack of clinical data regarding sustained release
formulation of CM or the PK profile of the various creatine salts to verify and
refine our model. Based on our simulations, a 20 g dose of SR CM resulted in

higher tissue levels of CM compared to IR CM. however, as it is not feasible to
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formulate such a large dose as a SR formulation. It is possible to formulate smaller
doses of CM (e.g. 5 g) to be given 3-4 times daily, which would result in
comparable plasma and tissue levels of CM to a single large dose (20 g) SR-CM.

In conclusion, our results suggest that the oral bioavailability of CM is less
than complete and is dose-dependent. As most therapeutic indications require
rather large doses (>150 mg/kg), the actual bioavailability of such doses may be
limited by either physiological and/or formulation factors. However, examination
of the PK of CM at therapeutically relevant doses (i.e. > 5 g) is warranted. These
studies also suggest that newer forms and dosage formulations of creatine might be
superior to CM, but further studies comparing newer formulations to CM will be
required. The issue with CM is that large doses are required to produce therapeutic
effects. Given the physicochemical properties of CM and the known kinetics of the
creatine transporter, a sustained release dosage form could potentially improve the

delivery of large doses of creatine to the various tissues.
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