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Abstract
Substantial evidence indicates bioenergetic dysfunction and mitochondrial impairment contribute
either directly and/or indirectly to the pathogenesis of numerous neurodegenerative disorders.
Treatment paradigms aimed at ameliorating this cellular energy deficit and/or improving
mitochondrial function in these neurodegenerative disorders may prove to be useful as a therapeutic
intervention. Creatine is a molecule that is produced both endogenously, and acquired exogenously
through diet, and is an extremely important molecule that participates in buffering intracellular energy
stores. Once creatine is transported into cells, creatine kinase catalyzes the reversible
transphosphorylation of creatine via ATP to enhance the phosphocreatine energy pool. Creatine
kinase enzymes are located at strategic intracellular sites to couple areas of high energy expenditure
to the efficient regeneration of ATP. Thus, the creatinekinase/phosphocreatine system plays an
integral role in energy buffering and overall cellular bioenergetics. Originally, exogenous creatine
supplementation was widely used only as an ergogenic aid to increase the phosphocreatine pool
within muscle to bolster athletic performance. However, the potential therapeutic value of creatine
supplementation has recently been investigated with respect to various neurodegenerative disorders
that have been associated with bioenergetic deficits as playing a role in disease etiology and/or
progression which include; Alzheimer’s, Parkinson’s, amyotrophic lateral sclerosis (ALS), and
Huntington’s disease. This review discusses the contribution of mitochondria and bioenergetics to
the progression of these neurodegenerative diseases and investigates the potential neuroprotective
value of creatine supplementation in each of these neurological diseases. In summary, current
literature suggests that exogenous creatine supplementation is most efficacious as a treatment
paradigm in Huntington’s and Parkinson’s disease but appears to be less effective for ALS and
Alzheimer’s disease.
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Introduction
Neurological diseases are generally marked by degeneration of neurons within distinct areas
of the brain. Neuronal loss and/or dysfunction can lead to a wide variety of neurological
diseases which is dependent on the location of neuronal loss, specific pathogenesis, and the
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course of disease progression (Beal 1996). Despite these variances, there is increasing evidence
to suggest that this class of diseases also share some similar fundamental biochemical processes
that contribute to the pathogenesis and clinical phenotype of otherwise different neurological
diseases. These overlapping processes which include excitotoxicity, oxidative stress, energy
depletion, and mitochondrial dysfunction have been implicated in several disorders such as
Huntington’s disease (Browne et al. 1997, 1999), Parkinson’s disease (PD, Beal 1996; Thomas
and Beal 2007), amyotrophic lateral sclerosis (ALS; Beal 1996; Bogdanov et al. 1998b; Hervias
et al. 2006) and mitochondrial diseases (O’Gorman et al. 1997a; Simon and Johns 1999).
Although not all of these characteristics are present in each neurological disorder, it is believed
that certain aspects of the aforementioned concepts ultimately converge to contribute to the
overall loss of neurons in selected regions by apoptosis and/or necrosis. Mitochondria are not
only fundamental to cellular bioenergetics, but also key mediators of apoptosis and can be
linked either directly and/or indirectly to many of these common deleterious processes involved
in neurodegeneration. Thus, improvement in mitochondrial function and cellular bioenergetics
represents a potential target for therapeutic intervention in neurological disease. This review
will summarize the importance of mitochondrial dysfunction in neurodegeneration and focus
on the potential therapeutic efficacy of creatine monohydrate to improve overall cellular
bioenergetics in various neurological disorders.

Mitochondrial Involvement in Neurodegeneration
Mitochondria are critical organelles involved in regulating the energy status of the cell through
oxidative phosphorylation. Oxidative phosphorylation produces a usable form of energy (ATP)
for a variety of cellular processes and this is particularly important in highly metabolic tissues
with large ATP requirements such as heart, skeletal muscle, and brain (Adhihetty et al.
2003). Although the primary role of mitochondria are to supply and regulate energy for the
cell, they have also been shown to be involved in neurodegenerative processes including
excitotoxicity (Peng and Greenamyre 1998), reactive oxygen species production (Green and
Reed 1998), dysregulated cellular calcium homeostasis (Steeghs et al. 1997), and apoptosis
(Green and Reed 1998). Additionally, toxins that specifically target the electron transport chain
of mitochondria such as 3-nitroproprionic acid and/or malonate, and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) have been shown to reproduce the pathogenesis
and disease progression of Huntington’s and Parkinson’s disease, respectively (Beal 1996;
Thomas and Beal 2007). In the past, mitochondria have only been associated with playing a
critical role in supplying and maintaining cellular energy metabolism and commonly described
by textbooks as the “powerhouse of the cell.” However, it is now clear that when mitochondria
become dysfunctional, they are also key participants in the pathogenesis of numerous diseases
and this review will highlight their involvement in neurodegenerative diseases.

Mitochondrial Involvement in Apoptosis
Neuronal cell loss represents a convergent endpoint for many neurological diseases. The
involvement of mitochondria, and mitochondrially mediated signaling in apoptotic cell death,
is now well recognized, and a large body of current literature in neurodegeneration is currently
focused on this research topic. Mitochondria are involved in apoptosis because, (1) they contain
several pro-apoptotic proteins which can contribute toward cell death upon release into the
cytosol and, (2) they are the primary producers of reactive oxygen species that can serve to
initiate the release pro-apoptotic mitochondrial proteins (Fig. 1). Mitochondrial pro-apopotic
proteins include cytochrome c, apoptosis-inducing factor (AIF), endonuclease G (Endo G),
Smac/Diablo, and Omi/Htra2 (Primeau et al. 2002;Adhihetty and Hood 2003). However, the
specific signal transduction pathways and/or mechanisms leading to the release of these pro-
apoptotic proteins from the mitochondrion are still being elucidated.
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Mitochondria are comprised of outer and inner membranes separated by an intermembrane
space. In order for mitochondrial pro-apoptotic protein release to occur, a continuum between
the inner and outer mitochondrial membranes is required. This is mediated by the formation
of specialized permeability transition pores that facilitate pro-apoptotic release from
mitochondria which can eventually lead to DNA fragmentation, a hallmark feature of apoptosis
(Adhihetty et al. 2003; Fig. 1). The most characterized mitochondrial pore is termed the
mitochondrial permeability transition pore (mtPTP). The mtPTP consists of several
components which include: the mitochondrial matrix protein, Cyclophilin D (Cyp D), an inner
membrane protein, adenine nucleotide translocase (ANT), and the outer membrane protein,
the voltage-dependent anion channel (VDAC) (Adhihetty et al. 2003). Although these proteins
represent key components of the mtPTP, there are a variety of factors that can both facilitate
the congregation of these specific proteins to form the basic structure of the mtPTP and/or
cause a change in the status of the mtPTP and place it in an open conformation (see details
below regarding creatine kinase). The signaling pathways mediating the closed and/or open
conformation of the mtPTP have yet to be fully established. However, current literature does
suggest a variety of factors can facilitate either mtPTP formation/opening and these include:
(1)an accumulation of Ca2+, (2) a reduction in the membrane potential (ΔΨ), (3) an increase
in inorganic phosphate, (4) a reduction in adenine nucleotides (ATP and ADP), and (5)
elevations in oxidative stress. Once mtPTP formation and opening has occurred due to any
combination of these factors, pro-apoptotic proteins can be released into the cytosol to initiate
cell death pathways (Di Lisa et al. 2006). Although CypD, ANT and VDAC have traditionally
been considered intricate components necessary for mtPTP formation, there is recent
compelling evidence that suggests CypD is the only essential component (Kokoszka et al.
2004; Baines et al. 2005; Csukly et al. 2006). Despite the finding that VDAC and ANT may
be indispensable for mtPTP formation, these proteins may still serve as regulatory pore proteins
when interacting with Bcl-2 family members (see below) and further investigation is warranted.

The Bcl–2 family of proteins regulates the conformational status of the mtPTP. There are pro-
apoptotic (i.e., Bax, Bak, Bok) and anti-apoptotic family members (i.e., Bcl–2, Bcl-XL, Bcl-
w; Adams and Cory 1998 for review; Fig. 1). These pro- and anti-apoptotic proteins can
neutralize or titrate the function of one another by forming heterodimers. Thus, the relative
proportion of pro- and anti-apoptotic proteins are an important factor determining cell fate
when faced with a pro-apoptotic stimulus (Primeau et al. 2002).

Mitochondrial oxidative phosphorylation involves a series of electron transfers within the inner
mitochondrial membrane. The inefficient transfer of electrons can produce a variety of unstable
and potentially damaging reactive oxygen species (ROS; Fig. 1). As a result, mitochondria are
the primary ROS producers in the cell, with mitochondrial ROS levels being 5- to 10-fold
greater than within cytosol (2). Mitochondrial ROS are proposed to initiate early apoptotic
triggering events. ROS can directly induce cytochrome c dissociation from the inner
mitochondrial membrane and cause its subsequent release from the organelle (2). Additionally,
ROS can directly interact with, and facilitate mtPTP opening (Fig. 1). However, the
accumulation of ROS within the matrix is somewhat limited by mitochondrial antioxidant
enzymes, including phospholipid hydroperoxide glutathione peroxidase (PHGPx), glutathione
peroxidase (GPx), and Mn-superoxide dismutase (Mn-SOD; Adhihetty and Hood 2003).

ROS can also indirectly influence the apoptotic pathway by activating mitogen-activated
protein kinases (MAPKs) and various redox-sensitive transcription factors involved in the
expression of both anti- and pro-apoptotic gene expression (Adhihetty and Hood 2003). Since
oxidative stress is a common feature of many neurological disorders and mitochondria are the
primary producers of ROS within the cell, this further fortifies the importance of mitochondria
as a central and convergent component integral in neurological disease.
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Creatine Monohydrate-Structure, Function, and Role in Cellular Energy
Status

Creatine is a guanidino-compound found primarily in meat products and is produced
endogenously by the liver, kidneys, and pancreas (Juhn and Tarnopolsky 1998a). The
production of creatine requires the amino acids arginine and glycine. Additionally, the amino
acid methionine is required to supply a methyl group to the overall structure. Creatine is initially
synthesized by the conjugation of arginine and glycine by the rate-limiting enzyme L-
arginine:glycine amidinotransferase (transamidinase) to produce guanidinoacetate. This
product is subsequently methylated by S-adenosyl-methionine which is catalyzed by the
important guanidinoacetate-methyltransferase (GAMT) to produce the end product of creatine
(Tarnopolsky and Beal 2001). The importance of creatine to normal neurological function is
clearly demonstrated in patients that have an inborn deficiency of GAMT which leads to an
abnormally low biosynthesis of creatine. Patients with GAMT deficiency exhibit clear
developmental delays, extrapyramidal movement disorders and seizures (Stockler and
Hanefeld 1997; Stockler et al. 1997; van der Knaap et al. 2000). To further substantiate the
importance of creatine in normal neurological function, creatine monohydrate supplementation
improves a variety of the neurological impairments in patients afflicted with this rare disorder
(Stockler and Hanefeld 1997; van der Knaap et al. 2000). Thus, these studies clearly illustrate
the importance of creatine in the maintenance of normal neural cell bioenergetics and function.

Creatine is taken up into brain, heart, and skeletal muscle tissue by a sodium-dependent
transporter and inward movement is enhanced by the presence of insulin (Sora et al. 1994;
Steenge et al. 1998). Some concern has been raised on whether chronic exogenous
supplementation of creatine could potentially result in a compensatory downregulation of
creatine transporters in the cell. However, data have shown that the creatine transporter is not
downregulated following 2 months of a high physiological dose of creatine in humans (10 g/
day; Juhn and Tarnopolsky 1998b). Dietary creatine is found in meat containing products (i.e.,
5 g of creatine is found in 1.1 kg of beef) and the typical North American diet provides
approximately 1 g of creatine per day (Juhn and Tarnopolsky 1998a). Creatine supplementation
has been used in both healthy individuals and patients with neurological disease. The safety of
creatine supplementation has been reviewed extensively and it has been concluded that creatine
supplementation does not have deleterious effects in humans (Juhn and Tarnopolsky 1998b;
Persky and Brazeau 2001; Wyss and Schulze 2002; Baker and Tarnopolsky 2003). Creatine
supplementation has been generally regarded as safe and has been used for extended periods
of times by athletes and in some patient populations with few reported side effects. However,
there are a few reports that creatine supplementation can cause an elevation in creatinine levels
and that this may have adverse effects on, and/or be a consequence of renal function or
dysfunction, respectively (Mihic et al. 2000; Robinson et al. 2000; Benzi and Ceci 2001). In
contrast, other studies have shown that extended creatine supplementation does not alter either
renal function and/or glomerular filtration (Poortmans et al. 1997; Poortmans and Francaux
2000; Mihic et al. 2000). Although there is some concern over long-term, chronic high-dose
creatine supplementation, the majority of evidence suggests that creatine supplementation is
certainly tolerable and a safe dietary supplement (Tarnopolsky and Beal 2001; Wyss and
Schulze 2002).

Creatine exists in the cell as both free creatine (Cr) and phosphocreatine (PCr) which together
comprise the total creatine pool (Fig. 1). In tissues with high energy requirements, such as
skeletal muscle and brain, PCr serves as a short-term energy buffer in which adenosine
diphosphate (ADP) is phosphorylated to adenosine triphosphate (ATP). This phosphoryl group
transfer is catalyzed by the important creatine kinase (CK) enzyme (Tarnopolsky and Beal
2001). Thus, CK is an important mediator of cellular homeostasis since it can reversibly convert
creatine into phosphocreatine to create a large pool of phosphocreatine for temporal and spatial
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ATP buffering (Andres et al. 2008;Fig. 1). There are two different isoenzymes of CK which
exist in most tissues, and are localized to different cellular regions. Cytosolic CK is found as
a dimer and is often associated with subcellular structures within the cell while either an
octameric or dimeric form is found within the cristae and intermembrane space of mitochondria
(MtCK; Eppenberger et al. 1967;Schlattner et al. 2006). Additionally, there are two tissue-
specific MtCK isoenzymes which are termed sarcomeric mtCK (sMtCK) found in striated
muscle and ubiquitous MtCK (uMtCK) has been found in most other tissues, including neural
tissue (Wallimann and Hemmer 1994;Boero et al. 2003). Despite being localized in different
regions of the cell, both cytosolic and mitochondrial CK isoenzymes contribute to the overall
pool of phosphocreatine within the cell to create an efficient energy buffering system. As
mentioned previously, MtCk can exist either as a dimeric or an octameric form in mitochondria
and the conformational status has been shown to dictate the overall function and/or interactions
of MtCK with other mitochondrial proteins. The octameric form facilitates the functional
coupling of VDAC (also known as porin), an outer membrane protein, and the inner membrane
protein, ANT, to suppress mtPTP opening, which may serve to reduce mitochondrial apoptotic
susceptibility (O’Gorman et al. 1997b;Dolder et al. 2003). Interestingly, the octameric MtCK
is particularly vulnerable to oxidative stress and upon a sufficient oxidative insult, the octameric
mtCK is converted to the dimeric MtCK form. This octameric-to-dimeric MtCK shift has been
shown to negatively impact mitochondrial calcium homeostasis, facilitates the opening of the
mtPTP and leads to impaired mitochondrial respiration (O’Gorman et al. 1997a). Additionally,
within skeletal muscle, the dimeric sMtCK can crystallize to form paracrystalline inclusions
which are a common feature of many mitochondrial cytopathies and also occur following
chronic creatine depletion in muscle tissue. The physiological consequences of paracrystalline
inclusions have not been fully established. However, evidence does suggest that the dimeric
sMtCK present in paracrystalline structures is enzymatically non-functional which likely
contributes to dysfunctional cellular energy homeostasis.

The phosphocreatine and CK energy pathway represents an extremely efficient energy
buffering system for two reasons. First, phosphocreatine has a slightly higher diffusion capacity
than ATP, making PCR transport a more efficient energy delivery system to different cellular
locations. Second, the subcellular localization of cytosolic and mitochondrial CK couples areas
of energy generation with energy production (Fig. 1). Thus, the CK-phosphocreatine
essentially serves as a spatial “energy shuttle” or “energy circuit” within the cell (Jacobus and
Lehninger 1973;Bessman and Geiger 1981;Saks et al. 1978;Wallimann et al. 1992). The PCr
buffering system is responsible for half of the energy requirements during short-term (i.e., 10
s) muscle contraction. In fact, the beneficial impact of creatine supplementation and widespread
usage originally occurred as a result of its well-defined functional improvements in muscle
tissue to ultimately enhance athletic performance. For example, it has been shown that
exogenous supplementation of creatine utilizing various loading strategies can prolong the
duration of short-term muscle contractions by bolstering the cellular energy pool (Mahoney et
al. 2002). Additionally, supplementation with creatine has not only been shown to enhance
bioenergetics but also to increase lean body mass in human subjects (Mihic et al. 2000). This
implies that the PCr/Cr system may not only be involved in energy metabolism but may also
activate signaling pathways responsible for upregulating myofibrillar protein synthesis. The
clear benefits of dietary creatine supplementation on skeletal muscle function have made it one
of the most popular and scientifically proven ergogenic aids. In addition to athletic
performance, creatine supplementation has also been shown to improve the beneficial
adaptations of resistance exercise alone in elderly subjects and this may serve to reduce
sarcopenia with aging (Tarnopolsky and Safdar 2008).

The importance of the creatine kinase system for brain function has been shown using
genetically altered mice that lacked the brain isoform of the cytosolic CK which showed deficits
in open field behavior, slower learning and a loss in hippocampal mossy fiber connections
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(Jost et al. 2002). Mice lacking both the cytosolic and the mitochondrial CK within the brain,
not surprisingly, exhibited a more severe phenotype compared to the single cytosolic CK
knockout (Streijger et al. 2005). Taken together, these studies clearly demonstrate the
importance of the CK system for normal brain function. Since many neurological diseases are
characterized by deteriorations in cellular bioenergetics and metabolism, this led to the
hypothesis that exogenous creatine may prove to be useful as a therapeutic intervention in
neurodegenerative disorders.

Creatine and its Protection in Neurodegenerative Disorders
Given the role of creatine in cellular energy homeostasis, the therapeutic efficacy of creatine
supplementation is most promising in the neurological disorders that have marked impairment
in energy metabolism. Although many of the molecular mechanisms are not well understood,
creatine supplementation has been proposed and/or proven to be partially efficacious in a
variety of animal/cellular models of neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, ALS, and Huntington’s. Although the detailed mechanisms of the creatine-
induced neuroprotection for each disease is slightly different, the basic overall premise is
similar in that creatine supplementation is proposed to improve the overall bioenergetics and/
or mitochondrial deficits associated with each particular neurodegenerative disease. This
review will now focus on the evidence for and/or potential protective effect of creatine
supplementation in each of the specific neurodegenerative diseases.

Alzheimer’s Disease
The molecular features of Alzheimer’s disease (AD) include: significant loss of neurons,
deposition of extracellular plaques, and intracellular neurofibrillary tangles (Selkoe 1999;
Small and McLean 1999; Hoyer 2004). One of the earliest detectable defects in AD patients
has been shown to be impaired energy metabolism and mitochondrial electron transport chain
dysfunction (Parker 1991; de la Monte et al. 2000; Maurer et al. 2000; Valla et al. 2001; Fig.
2). In addition, another biochemical signature of AD is a higher level of oxidatively damaged
mitochondrial DNA, lipids, and proteins when compared to control individuals (Markesbery
1997; Butterfield and Lauderback 2002; Smith et al. 1991; Castegna et al. 2002a, b; Fig. 2).
Furthermore, some data have suggested that mtDNA mutation rates are elevated in neural tissue
of AD patients, but this is still under debate (Onyango and Khan 2006). Taken together, these
studies strongly suggest that defects in overall cellular bioenergetics, mitochondrial
dysfunction, and mitochondrially mediated oxidative stress contribute to the progression of
AD. In addition, elevated oxidative stress in AD is thought to contribute to the significant
reduction in creatine kinase activity levels in AD brain homogenates (Hensley et al. 1995;
David et al. 1998; Aksenov et al. 2000). As discussed earlier, the CK enzyme is sensitive to
oxidative stress due to the presence of a highly sensitive cysteine residue that can be easily
modified by an oxidative insult. Thus, these data suggest that AD brain tissue may be under
significant energetic duress due to a reduction in CK activity as a result of elevated oxidative
stress. In fact, one study has shown that AD patients have reduced levels of brain PCr at the
onset of symptoms and decreased oxidative metabolism in later stages (Pettegrew et al.
1994). Recently, creatine deposits have been identified in a transgenic model of AD using
Fourier transform infrared microspectroscopy (FTIR; Gallant et al. 2006). A variety of potential
explanations for this creatine deposition have been proposed, however, the most plausible
explanation appears to be that the oxidative stress associated with AD impairs both cytosolic
and mitochondrial CK to substantially reduce the formation of PCr (Burklen et al. 2006). It is
hypothesized that the limited PCr pool available in the neural tissue of AD patients is
expeditiously depleted to support ADP to ATP conversion, and this generates an excess of Cr.
Since oxidative-induced damage may have impaired the ability of CK to convert Cr to PCr, an
excess of Cr accumulates to ultimately form deposition sites in the cell (Burklen et al. 2006;
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Fig. 2). Another study supporting this explanation for creatine deposits showed that amyloid
precursor protein (APP) directly interacts with and binds to mitochondrial CK (Li et al.
2006). It has been proposed that functional APP may serve as a chaperone to target
mitochondrial CK and other proteins from the cytoplasm to the mitochondria. This chaperoning
role is likely disrupted by the loss in APP function, as commonly occurs in AD patients,
potentially reducing its chaperone-like function and leading to lower mitochondrial CK levels
(Fig. 2). This would ultimately decrease PCr synthesis at the mitochondria and could also
contribute toward an excess of Cr deposition. The finding of creatine deposits in the brain of
AD patients suggests that creatine supplementation as a potential therapeutic intervention may
be futile and only result in further deposition of creatine with a lack of functional bioenergetic
improvement. However, creatine supplementation has been shown to improve mental
concentration, memory, and learning in normal healthy subjects and it is possible that these
benefits may also occur in early stage AD patients (Watanabe et al. 2002; Rae et al. 2003).
Although creatine supplementation would not improve cellular bioenergetics if the CK system
is inactivated due to oxidative stress at later stages of AD, it is possible that creatine
supplementation may increase cellular bioenergetics at early stages of AD when the CK system
might be reduced yet still functioning (Fig. 2). Additionally, another beneficial function of
creatine is that it has been shown to confer protection against the oxidative-induced inactivation
of the CK isoenzymes (Aksenov et al. 2000). Specifically, creatine has been shown to prevent
the oxidative-mediated conversion of octameric MtCK to the dysfunctional dimeric MtCK.
Thus, elevating creatine levels by exogenous supplementation may result in a protection of the
CK system and potentially delay the ROS-induced inactivation of CK as occurs in AD patients
(Aksenov et al. 2000).

An additional neuroprotective mechanism of creatine supplementation might be through the
activation of the AMPK signaling pathway in a similar manner to that shown in skeletal muscle
cells (Ceddia and Sweeney 2004). The AMPK pathway is important in regulating
mitochondrial content and function in a PGC–1α-dependent pathway in various tissues and in
response to different stimuli (Zong et al. 2002). Thus, creatine supplementation may improve
cellular bioenergetics by activating AMPK to ultimately improve overall mitochondrial content
and/or function. However, the supplemental efficacy of creatine in activating the AMPK
pathway has only been shown in skeletal muscle cells. It is currently unknown whether creatine
supplementation exerts similar AMPK effects in neural tissue and/or cells. This certainly
represents an intriguing and potentially promising neuroprotective signaling pathway/
mechanism of creatine given the prominent role of AMPK in mitochondrial regulation and the
known mitochondrial dysfunction/impairments in AD and other neurodegenerative disorders.

Despite the potential neuroprotective effect of creatine in delaying AD progression by
improving overall cellular bioenergetics (as discussed above), very few studies have
systematically investigated the therapeutic value of creatine in AD. This may be due, in part,
to the presence of creatine deposits in the neural tissue of AD patients. The creatine deposits
exhibited in late stage AD patients implies that creatine supplementation at that point would
appear to be a futile exercise but creatine supplementation during early stages of AD may
provide some therapeutic value and this certainly should be investigated. One study did show
that creatine supplementation is protective against glutamate and β-amyloid toxicity in rat
hippocampal neurons (Brewer and Wallimann 2000). However, further creatine studies in AD,
and particularly early stages of AD, are warranted given that creatine can improve bioenergetics
and mitochondrial function, both of which have been shown to be impaired in neural tissue of
AD patients.

Adhihetty and Beal Page 7

Neuromolecular Med. Author manuscript; available in PMC 2010 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Parkinson’s Disease
Parkinson’s disease is a neurodegenerative disorder marked by progressive bradykinesia,
rigidity, tremor, and gait abnormalities. At the molecular level, PD is marked by the neuronal
loss and/or dysfunction of dopaminergic neurons located in the substantia nigra which
ultimately leads to suppressed activation and/or function of neurons in the motor cortex (Beal
2003). A variety of molecular mechanisms have been shown to contribute to the dopaminergic
neuronal loss and/or dysfunction in PD and once again mitochondrial dysfunction and oxidative
stress are believed to be central in the pathogenesis of this disease (Beal 1995). Specifically,
studies have indicated that deficiencies exist within complex I of the mitochondrial electron
transport chain in platelets of patients with early PD and in the substania nigra pars compacta
region of postmortem tissue of more advanced PD patients (Bindoff et al. 1989; Parker et al.
1989; Schapira et al. 1990; Krige et al. 1992; Fig. 3). To further emphasize the contribution of
mitochondria in PD, it has been shown that the neurotoxin, 1-methyl–4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), impairs mitochondrial function and leads to Parkinsonism in
humans and animal models. Specifically, MPTP exposure and/or treatment impairs complex
I of the electron transport chain and it is highly selective for dopaminergic neurons in the
substantia nigra region within the brain (Fig. 3). The fact that MPTP exposure leads to
neurological degradation was discovered accidentally when there was an outbreak of
Parkinsonism in young individuals in southern California. An investigation into this strange
occurrence showed that it was due to the presence of MPTP as a contaminant in the production
of synthetic opiates which these individuals were using as a recreational drug. This unfortunate
event led to the development of MPTP treatment as a useful research paradigm to mimic PD
in animal models. It has now been convincingly shown that inadvertent MPTP exposure and/
or MPTP-treatment in humans and animal models, respectively, causes a significant
impairment of neuronal energy metabolism, ATP production, and ultimately leads to the
selective loss of dopaminergic neurons from the substantia nigra region. Thus, MPTP-treatment
in rodents is commonly used as a neurotoxin model to investigate the molecular mechanisms
associated with PD pathogenesis. To further support mitochondrial involvement and
potentially impaired bioenergetics in PD, numerous nuclear-encoded genes are either directly
and/or indirectly involved with mitochondria and have been shown to contribute to the
pathogenesis of PD. These nuclear-encoded genes that have either direct and/or indirect affects
on mitochondria in PD include: α-synuclein, parkin, DJ-1, PINK1, LRRK2, and HTRA2
(Thomas and Beal 2007). The details of how each of these genes is involved with mitochondria
and/or mitochondrial function and PD progression is beyond the scope of this review (see
Thomas and Beal 2007 for review). However, taken together, it is certainly clear that
mitochondrial dysfunction and bioenergetic impairment contribute to PD pathogenesis.

Given the mitochondrial involvement and suppressed energy metabolism (i.e., reduced ATP)
exhibited in the pathogenesis of idiopathic PD, treatment paradigms aimed at restoring the
bioenergetic deficit and/or improving mitochondrial function would likely be efficacious as a
therapeutic intervention to combat PD progression (Fig. 3). Since the major energy source
within the brain is ATP, and this energy pool is tightly coupled to the creatine kinase system,
it was hypothesized that creatine supplementation might be a beneficial treatment paradigm in
PD. Our data show that oral supplementation (1%) with creatine resulted in significant
protection against MPTP-induced dopamine depletion in mice (Matthews et al. 1999).
Additionally, we found that creatine supplementation protected against the loss of both Nissl
and tyrosine hydroxylase immunostained neurons in the substantia nigra region (Matthews et
al. 1999). A randomized, double-blind, futility phase II clinical trial of creatine in early PD
patients in 2006 (NINDS NET-PD Investigators) indicated that creatine supplementation is
NOT futile and should be considered for Phase III clinical trials (NINDS NET-PD Investigators
2006). Currently, a double-blind, placebo-controlled, phase III clinical study investigating the
efficacy of creatine supplementation is underway and it is one of the largest PD clinical trials
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to date. The study will involve 1,720 people with early-stage PD at 51 medical centers in the
United States and Canada, and will be conducted over the next 5–7 years. This phase III creatine
trial is the first large study in a series of NINDS-sponsored clinical trials called NIH exploratory
trials in PD (NET-PD). NINDS has organized a large network of sites with the intent of
researchers being able to interact and track the progress of PD patients over an extended period
of time. The ultimate goal of these clinical trials is to determine the most effective and lasting
treatment paradigm for PD. NET-PD is organized in a developmental research process that
focuses on effective laboratory research that has the potential to be translated into pilot studies
in PD patients. The encouraging results of the Phase II clinical trials of creatine in PD patients
illustrates the potential of creatine supplementation to slow the clinical progression of PD and
provide long-term benefits for people who are currently afflicted with PD.

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS, often called Lou Gehrig’s disease) is a progressive, usually
fatal, neurodegenerative disease caused by the degeneration of motor neurons in the central
nervous system (Hervias et al. 2006). The disorder leads to muscle weakness and atrophy
throughout the body as both the upper and lower motor neurons degenerate, and reduced motor
signals are transmitted to peripheral muscles. ALS is one of the most common neuromuscular
diseases worldwide and it afflicts approximately 1–2 people per 100,000 each year (Hervias
et al. 2006). People of all races and ethnic backgrounds are equally affected and the onset of
the disease is usually between 40 and 60 years of age. ALS can be categorized into a genetically
linked form, termed familial ALS, and a spontaneous form in which there is no known common
genetic predisposition, termed sporadic ALS (Phukan et al. 2007). Familial ALS accounts for
approximately 5–10% of all ALS cases and is caused by a variety of genetic mutations. Of
these genetic abnormalities, the most common (1 in 10) is linked to a mutation in copper/zinc
superoxide dismutase (SOD1), a cytosolic enzyme responsible for scavenging and reducing
free radicals in the cell (Hervias et al. 2006; Fig. 4). Using mutant SOD1 transgenic mice,
studies have shown that mitochondrial swelling and vacuolization are early pathological
features associated with this model of ALS (Gurney et al. 1994; Wong et al. 1995; Fig. 4).
Mice with the G93A human SOD1 mutation have altered electron transport chain enzyme
activities and expression of the mutant enzyme in vitro causes a loss in mitochondrial
membrane potential and elevations in cytosolic calcium levels (Carri et al. 1997; Fig. 4). The
exact mechanism leading to these mitochondrial alterations have yet to be fully understood.
However, there is evidence that suggests a portion of SOD1 (primarily within the cytosol) may
be localized to the mitochondria in both familial ALS patients and transgenic models. Once
translocated to the mitochondrial fraction, evidence suggests that SOD1 forms protein
aggregates, and that this may contribute to mitochondrial dysfunction although the exact
mechanisms have yet to be fully established (Hervias et al. 2006; Fig. 4). Additionally,
biochemical and morphological abnormalities of mitochondria have also been found in
postmortem spinal cords of ALS patients (Hervias et al. 2006). Taken together, these studies
indicate that mitochondrial dysfunction contributes toward the pathogenesis of ALS. Impaired
mitochondrial function could lead to reduced ATP levels and potentially contribute to motor
neuron cell death. Thus, buffering cellular energy with exogenous creatine supplementation
might exert neuroprotective effects and provide an effective treatment paradigm for ALS.

We have shown that oral administration of creatine produced a dose-dependent improvement
in motor performance and extended survival in G93A mice (Klivenyi et al. 1999). Additionally,
creatine supplementation protected against the loss of neurons in both the substantia nigra and
motor cortex and also reduced the level of oxidative damage in our G93A mice (Klivenyi et
al. 1999). Based on the clear neuroprotective effects seen in our transgenic model of ALS, there
appeared to be much promise for creatine supplementation as an effective therapeutic
intervention to treat ALS patients. Despite these findings, two independent human clinical trials
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testing the efficacy of creatine in ALS patients demonstrated no evidence for a beneficial effect
of creatine on survival and/or disease progression in patients with ALS (Groeneveld et al.
2003; Shefner et al. 2004). It is currently unclear as to why there were such stark differences
in the efficacy of creatine when comparing a transgenic ALS model versus ALS patients.
Nonetheless, based on these clinical trials, it appears that creatine supplementation is not an
effective treatment paradigm for ALS patients despite the extremely promising results that we
found with creatine in our transgenic ALS model.

Huntington’s Disease
Huntington’s disease (HD), also called Huntington’s chorea, is an inherited autosomal
dominant progressive neurological disorder that afflicts approximately 3–7 per 100,000
individuals and the onset usually occurs between 40 and 50 years of age (Beal and Ferrante
2004). HD is characterized by abnormal “dance-like” body movements, termed chorea, and a
lack of coordination, but it has also been shown to alter certain mental abilities and some aspects
of behavior (Beal and Ferrante 2004). Huntington’s disease is caused by a trinucleotide
expansion (CAG) in the huntington gene which results in an abnormal polyglutamine repeat
stretch in the huntingtin protein. Huntingtin protein is ubiquitously expressed, predominantly
in the cytosol, of both nervous and peripheral tissues. The normal function of huntingtin is
currently unknown but based on its protein–protein interactions it has been hypothesized to be
involved in intracellular transport, autophagy, transcription, signal transduction, and
mitochondrial function (Beal and Ferrante 2004). Mutant huntingtin has been proposed to
confer toxic effects to neural tissue by several different methods which include: transcriptional
dysregulation, proapoptotic signaling, oxidative injury, excitotoxicity, inflammatory reactions,
malfunctioning proteolysis, metabolic dysfunction, and mitochondrial dysfunction (Ryu and
Ferrante 2005; Fig. 5).

Various transgenic models of HD have been developed which can be placed into three broad
categories: (1) mice that contain only a fragment of exon-1 of the human huntingtin gene
containing polyglutamine mutations (in addition to both alleles of murine wild-type huntingtin,
Hdh), (2) mice with pathogenic CAG repeats inserted into the existing CAG expansion in
murine Hdh (knock-in mice), and (3) mice that express the full-length human HD gene (plus
murine Hdh). Substantial evidence using these various transgenic HD models have suggested
that an important interplay between energy metabolism dysfunction, mitochondrial
abnormalities and excitotoxicity occurs in the pathogenesis of HD (Beal et al. 1993; Brouillet
et al. 1993;Schulz and Beal 1995; Beal 1996, 2000a, b, c; Palfi et al. 1996; Browne et al.
1999; Grunewald and Beal 1999; Tarnopolsky and Beal 2001). We and others have shown
that: (1) lactate levels are elevated in the cerebral cortex and basal ganglia of patients with HD,
(2) there is a reduced phosphocreatine/inorganic phosphate in the resting muscle of HD patients
and, (3) there are reductions in mitochondrial electron transport enzymes in HD postmortem
tissue (Jenkins et al. 1993; Brouillet et al. 1995; Gu et al. 1996; Browne et al. 1997; Koroshetz
et al. 1997; Fig. 5). Additionally, in support of both energetic defects and mitochondrial
dysfunction as contributors to HD, animal models using mitochondrial neurotoxins have
convincingly shown that electron transport chain inhibition can lead to similar behavioral and
neuropathological phenotypes associated with HD (Alston et al. 1977; Bogdanov et al.
1998a; Beal et al. 1993; Brouillet et al. 1993, 1995; Henshaw et al. 1994;Schulz and Beal
1995; Palfi et al. 1996). Administration of a naturally occurring plant toxin, 3-nitroproprionic
acid (3-NP), an irreversible, and/or malonate, a reversible inhibitor, of succinate dehydrogenase
(complex II) of the electron transport chain have both been shown to produce HD-like
symptoms (Candlish et al. 1969; Ludolph et al. 1991; Fig. 5). These neurotoxin treatments are
now commonly used as an experimental animal model to mimic HD pathogenesis (Alston et
al. 1977; Ludolph et al. 1991, 1992; Beal et al. 1993; Brouillet et al. 1995; Palfi et al. 1996).
Furthermore, recent studies have illustrated that the coactivator PGC-1α, an important mediator
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of mitochondrial biogenesis, is downregulated in HD patients and animal models of HD (Cui
et al. 2006; Weydt et al. 2006; Fig. 5). These studies were the first to demonstrate that HD
pathogenesis is related to impaired PGC-1α expression, and this leads to suppressed
mitochondrial function and/or mitochondrial gene expression (Fig. 5). Taken together, these
data provide a mechanistic link between PGC-1α, mutant HD, and mitochondrial dysfunction,
and strongly implies that impaired energy metabolism contributes to HD pathogenesis.

These studies indicate that mitochondrial impairment and energy dysfunction certainly play a
role in HD pathogenesis. This would suggest that any therapeutic treatment that might serve
to buffer intracellular energy stores may delay the onset and/or progression of HD pathogenesis.
Given the role of creatine in cellular bioenergetics, it was hypothesized that creatine
supplementation in animal models of HD might improve cellular bioenergetics and provide
neuroprotection. We have shown that administration of creatine in our transgenic models of
HD improved motor performance, extended survival, attenuated the loss in body weight and
brain weight, reduced neuron atrophy, and lowered the number of Huntington-positive
aggregates (Ferrante et al. 2000; Andreassen et al. 2001; Dedeoglu et al. 2003). Additionally,
we have also shown that creatine supplementation reduces lesion volume in our mitochondrial
toxin models of HD and provides significant neuroprotection (Matthews et al. 1998). Given
the positive results of creatine supplementation in both our neurotoxin HD model and our
transgenic model, we conducted a 16-week, randomized, double-blind, placebo-controlled
phase II clinical trial of the safety, and tolerability of 8 g/day creatine in HD patients (64) and
assessed serum biomarkers (Hersch et al. 2006). This study illustrated that creatine
supplementation suppressed serum levels of 8-hydroxy-2′-deoxyguanosine (8OH2’dG), an
indicator of oxidative-induced damage to DNA and the creatine dosage was both tolerable and
safe to patients (Hersch et al. 2006). Given the efficacy of creatine in this phase II clinical trial,
and the neuroprotective effects illustrated in both our neurotoxin and transgenic HD models,
a double-blind, placebo-controlled phase III clinical trial has been approved (2006) and is
currently ongoing at various centers. Taken together, these data provide strong support for
creatine to be a particularly effective neuroprotective agent in HD which may ultimately
improve and/or extend the quality of life for individuals afflicted with HD.

Conclusion
Exogenous creatine supplementation appears to primarily exert its beneficial effects by
increasing the PCr pool to improve overall cellular bioenergetics. Additionally, some evidence
suggests that creatine may also enhance mitochondrial function and reduce the susceptibility
to mitochondrially mediated apoptosis. These beneficial effects of creatine supplementation
were initially recognized in muscle tissue where they were shown to prolong contractility and
enhance overall athletic performance. The convincing functional improvements in muscle
tissue led to the hypothesis that creatine may be useful as a therapeutic intervention to target
neurological diseases with metabolic/bioenergetic dysfunction as part of their disease etiology.
The evidence presented in this review suggests that creatine supplementation improves
bioenergetic deficits and may exert neuroprotective effects in Parkinson’s and Huntington’s
disease. However, current evidence suggests that creatine supplementation is not efficacious
in the treatment of AD and ALS (refer to Andres et al. 2008 for an additional/alternative review
of the neuroprotective effect of creatine). Further clinical studies investigating the role of
creatine in Parkinson’s and Huntington’s disease over the next several years will certainly
provide insight and potentially substantiate the neuroprotective role of creatine in these
neurological diseases. In addition to the clinical trials of creatine supplementation in
Parkinson’s and Huntington’s disease, more creatine studies utilizing animal and cell culture
models of these diseases are warranted to fully understand and appreciate the exact mechanisms
by which creatine exerts its neuroprotective effects. Further insight of the molecular details
and/or mechanisms of the neuroprotective effects of creatine supplementation in these diseases
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may potentially offer novel cellular targets and/or processes for future therapeutic
interventions.
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Fig. 1.
Creatine kinase/phosphocreatine energy shuttle pathway and the role of mitochondria in
apoptotic cell death in neurons. (1) Mitochondrial involvement in apoptosis. Mitochondria are
intimately involved in apoptotic cell death since, (1) they contain pro-apoptotic proteins which
can lead to cell death upon release into the cytosol (DNA fragmentation is a hallmark feature
of apoptosis), and (2) they produce the majority of the potentially damaging reactive oxygen
species (ROS). ROS can damage intracellular components (i.e., alter DNA, proteins, lipids)
and have also been shown to increase the susceptibility to apoptosis by modulating components
of the channel that traverses the inner and outer mitochondrial membrane termed the
mitochondrial permeability transition pore (mtPTP). Upon a significant apoptotic insult,
mitochondria can release pro-apoptotic factors to the cytosol to induce cellular death. The
octameric form of the mitochondrial creatine kinase (MtCK) interacts with components of the
mtPTP to suppress pore opening and potentially reduce apoptotic susceptibility. Creatine has
been shown to maintain the mtCK in an octameric conformation (as opposed to dimeric) which
inhibits mtPTP opening. (2) Creatine kinase/phosphocreatine energy shuttle pathway. Creatine
(Cr) is taken up by the neuron via specific creatine transporters and transphosphorylated to the
high-energy phosphocreatine (PCr) by either mitochondrial creatine kinases (MtCKs) or
cytosolic creatine kinases (CKs). MtCK is located in the intermembrane space of mitochondria
and is coupled to ATP production by mitochondrial oxidative phosphorylation to produce PCr
which is then exported from the organelle. Cytosolic CK transphosphorylates ATP generated
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via glycolysis to PCr. This PCr can then contribute to the overall cellular PCr pool. The PCr
pool is coupled to localized CKs in areas of high ATP demand such as (2a) organelle transport
and/or ATP dependent cell signaling or (2b) at the cell membrane by ATP-dependent pumps
and/or ATP-dependent receptors. This localized distribution of CKs allows for the efficient
production of ATP from ADP to fuel ATP-dependent processes in various portions of the cell.
(3) Effect of exogenous creatine supplementation (dashed lines). Exogenous creatine is
transported through the cell membrane via creatine transporters to increase the overall creatine
pool. (3a) Increased creatine levels may further stabilize the octameric form of mtCK to
suppress opening of the mtPTP and this may reduce mitochondrially mediated apoptosis. (3b)
Elevated levels of creatine within the cell can be transphosphorylated by mitochondrial and
cytosolic creatine kinases (MtCKs and CKs, respectively) to enhance the overall PCr pool.
Increased PCr levels can be utilized by localized creatine kinases to transphosphorylate ADP
to ATP for various ATP-dependent processes within the cell (2a) and at the cell membrane
(2b). (4) Potential neuroprotective effects of creatine. Creatine supplementation may improve
both the bioenergetic and mitochondrial deficits associated with some neurological diseases
(more efficacious in Parkinson’s and Huntington’s disease). These beneficial effects of creatine
may ultimately reduce neuronal cell death and provide neuroprotection in certain
neurodegenerative disorders
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Fig. 2.
Mitochondrial involvement in Alzheimer’s disease (AD) and the effect of creatine
supplementation. (1) Mitochondrial ROS-induced damage. AD is associated with a greater
level of mitochondrially mediated oxidative damage to intracellular proteins and lipids, and
this elevated oxidative stress can induce damage to mitochondrial DNA. (2) ROS-induced
inactivation of mitochondrial and cytosolic creatine kinase. (2a) Elevated ROS can evoke an
octameric-to-dimeric conformational shift in mitochondrial creatine kinase (MtCK-oct)
leading to an inactive form of the enzyme (MtCK-dim). (2b) Elevated ROS can also cause
damage to, and reduce the activity of the cytosolic creatine kinase (CK). The decreased activity
of both the mitochondrial and cytosolic creatine kinases results in less generation of
phosphocreatine. This leads to an excess accumulation of creatine and the formation of creatine
deposits in the cytosol. (3) Cleavage of amyloid precursor peptide (APP) to Aβ inhibits
chaperone-like activity to reduce mtCK in mitochondria. APP can bind to MtCK and is
proposed to have chaperone-like activity that facilitates translocation of MtCK from the cytosol
to mitochondria. In AD, APP is cleaved to form Aβ fragments that are incapable of this
chaperone-like activity. (4) Exogenous creatine supplementation. Improvements in cellular
bioenergetics in AD with exogenous creatine supplementation is dependent on (a) the extent
of inactivation of the mitochondrial and cytosolic CK and, (b) the levels of reduced
mitochondrial CK due to suppressed translocation to the mitochondria. Given that creatine
deposition sites have found in late-stage AD, creatine supplementation would most likely be
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efficacious only during early stages of AD when mitochondrial and cytosolic CK might be
suppressed but still active to be capable of generating and enhancing the PCr pool
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Fig. 3.
Mitochondrial involvement in Parkinson’s disease (PD) and the potential therapeutic efficacy
of creatine supplementation. (1) PD is characterized by impaired activity of complex I in the
ETC of mitochondria. In support of a mitochondrially based etiology in PD, administration of
the mitochondrial-specific neurotoxin, MPTP, in animal models, inhibits complex I of the ETC
and leads to PD-like pathogenesis. Suppression and/or inhibition of complex I of the ETC
lowers overall mitochondrial ATP production and consequently diminishes the ATP (dashed
lines) that can be potentially utilized for PCr generation by the MtCK. 2) Additionally, impaired
ETC function increases ROS production to induce an octameric-to-dimeric shift of MtCK
rendering it an inactive state and elevated ROS will also reduce cytosolic CK activity. (3) Data
have shown that creatine supplementation is an efficacious treatment paradigm for PD animal
models, but the exact molecular mechanisms are not fully elucidated. However, exogenous
creatine appears to improve overall cellular bioenergetics and mitochondrial function by
enhancing the PCr pool and this reduces the neuronal cell loss associated with PD pathogenesis.
Given the promising results of creatine in animal models of PD, a phase III clinical study of
creatine supplementation in PD patients is now underway
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Fig. 4.
Schematic illustrating the relationship of mitochondria to amyotrophic lateral sclerosis (ALS)
and the potential benefit of creatine supplementation. The most common form of familial ALS
(FALS) is caused by numerous different mutations in the metallo-proteinase, superoxide
dismutase I (SODI). SODI is an antioxidant that is ubiquitously expressed in the cytosolic
fraction of cells and catalyzes the dismutation of superoxide (a highly reactive free radical) to
the less reactive hydrogen peroxide (H2O2) and water. (1) Elevations in ROS may occur due
to mutations in SOD1, causing reduced SOD1 antioxidant activity. Although somewhat
counterintuitive, data have shown that this does not play a major role in the pathogenesis
associated with SOD1 mutations. (2) Alternatively, the effects of mutant SOD1 are due to toxic
gain-of-function properties. While SOD1 is primarily located in the cytosolic portion of the
cell, mutant SOD1 has been found in the intermembrane space and the matrix of mitochondria.
Although the detailed molecular mechanisms are not completely understood, mitochondrial
mutant SOD1 is associated with impaired ETC function, reduced mitochondrial membrane
potential, elevated mitochondrial ROS production, mitochondrial swelling, and intra-
mitochondrial vacuole formation. These alterations likely contribute to reduced ATP
generation by mitochondria and creatine supplementation in ALS may serve to buffer these
mutant SOD1-induced impairments in intracellular bioenergetics. Creatine supplementation
was shown to be neuroprotective in animal models of ALS (G93A), but despite promise, was
ineffective in clinical trials with ALS patients
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Fig. 5.
Mitochondrially associated mechanisms involved in Huntington’s disease and the potential
effect of creatine supplementation. Mutant huntingtin has been proposed to confer toxic effects
to neural tissue by a variety of different mechanisms. (1) With respect to mitochondrial
dysfunction, mutant huntingtin has been shown to impair the levels of an important cofactor,
PGC-1α, which is involved in regulating the expression nuclear genes encoding mitochondrial
proteins (NUGEMPs). (2) Reductions in NUGEMPs can potentially lead to a decrease in the
overall content and function in mitochondria. (3) As a consequence, these changes can lead to
a reduction in ATP levels and enhanced ROS production. (4) Evidence has also shown that
ETC complex activities are impaired in postmortem HD brain tissue. Additionally, in animal
models, administration of the neurotoxin, 3-NP, inhibits complex II of the ETC, and leads to
Huntington’s-like pathogenesis which underscores the importance of mitochondrial
dysfunction in HD. Creatine supplementation reduces lesion volume in the mitochondrial toxin
(3-NP) models of HD and provides significant neuroprotection. Given the promising
neuroprotective effects of creatine found in animal and phase II clinical studies, a phase III
clinical trial in HD patients is currently ongoing
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