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PREFACE 
 

 

Creatine (α-N-methylguanidino acetic acid) is a naturally occurring 

nitrogenous organic acid synthesized in the kidneys, liver, pancreas and 

brain (in less quantity), or obtained from a regular diet or as ergogenic 

nutritional supplement. Creatine is a popular and widely used form of 

protein supplementation due to its efficacy in improving performance in 

healthy athletic populations via increased muscle mass and enhanced 

adenosine triphosphate (ATP) energy regeneration. Chapter One reviews 

the available findings at animal and cellular studies as well as clinical trials 

investigating the neuroprotective effect of creatine and the possible 

mechanisms underlying its effect, which may represent important advances 

in the management of central nervous system diseases. Chapter Two 

considers the potential efficacy of creatine as an anabolic and ergonomic 

therapy for RA patients. In Chapter Three, a low-dimensional antimony-

doped tin oxide aggregated nanoparticles (ATO NPs) were synthesized 

using hydrothermal method in alkaline phase. In Chapter Four, data 

obtained from –omics technologies and dynamical modeling are executed 

and analyzed, given the exponential growth of these methodologies in 

biological scientific research. The relevance of both creatine kinase system 

and creatine metabolism itself, as part of the molecular system 

bioenergetics in several components of cell (i.e., cytoskeleton, 

mitochondria, nucleus, endoplasmic reticulum, etc.), deserve to be 
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examined from a systemic view that covers ascending and descending 

causality. 

Chapter 1 - Creatine (α-N-methylguanidino acetic acid) is a naturally 

occurring nitrogenous organic acid synthesized in the kidneys, liver, 

pancreas and brain (in less quantity), or obtained from a regular diet or as 

ergogenic nutritional supplement. Creatine supplementation has been 

reported to exert beneficial effects in a broad range of central nervous 

system diseases in which mitochondrial dysfunction, energetic imbalance, 

oxidative and nitrosative stress, glutamate excitotoxicity, calcium 

dyshomeostasis, inflammation and apoptosis play an etiological role. Since 

the management of neuropathologies remains unchanged over the last 

decades, creatine supplementation can be a promising therapeutic approach 

to these conditions. In line with this, the use of creatine as a 

neuroprotective strategy has received a lot of attention with several 

beneficial effects in models of Alzheimer’s disease (AD), Parkinson's 

disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis 

(ALS), traumatic brain injury (TBI), ischemic brain injury and psychiatry 

diseases, such as major depressive disorder (MDD). The mechanisms 

underlying the neurobiological properties of creatine have been unveiled in 

recent years, including the neuroenergetic shuttle modulation, antioxidant, 

neuromodulatory, activation of several intracellular signaling pathways, 

antiexcitotoxicity and antiapoptotic with a consequent stimulation of 

neuroprotective and regenerative processes in the central nervous system. 

This chapter critically reviews the available findings at animal and cellular 

studies as well as clinical trials investigating the neuroprotective effect of 

creatine and the possible mechanisms underlying its effect, which may 

represent important advances in the management of central nervous system 

diseases.  

Chapter 2 - Creatine is a popular and widely used form of protein 

supplementation due to its efficacy in improving performance in healthy 

athletic populations via increased muscle mass and enhanced adenosine 

triphosphate (ATP) energy regeneration. If these effects of creatine 

supplementation were to be replicated in patients with rheumatoid arthritis 

(RA), then considerable clinical and patient benefit would ensue, as RA is 
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a condition characterised by generalised muscle loss and substantially 

impaired physical function. The muscle loss inherent in RA is termed 

‘rheumatoid cachexia,’ and its adverse consequences include reduced 

strength and physical function and, consequently, diminished quality of 

life. Whilst regular high-intensity exercise training has been shown to 

increase muscle mass and restore function in RA patients, this form of 

therapy has very low uptake amongst RA patients. Thus, acceptable 

alternatives are required. The aim of this review is to consider the potential 

efficacy of creatine as an anabolic and ergonomic therapy for RA patients. 

To date, only two studies have supplemented RA patients with creatine, 

and the findings from these investigations are inconsistent and 

inconclusive. However, trials in populations with similar losses of muscle 

mass and function as RA, including older adults and those with other 

muscle wasting conditions, indicate that creatine could be an efficacious 

way of improving muscle mass, strength and physical function in RA 

patients, and may offer an easy, safe and cheap means of treating 

rheumatoid cachexia and its consequences. 

Chapter 3 - Nanostructure materials or nanomaterials research takes a 

materials science-based approach to nanotechnology, leveraging advances 

in dope or un-doped materials metrology and facile synthesis which have 

been developed in support of various chemical and nano or micro 

fabrication research. Nanomaterials (NMs) have unique properties, such as 

optical, structural, electronic, chemical, or mechanical in every dimensions 

with nanoscale range. In this chapter, a low-dimensional antimony-doped 

tin oxide aggregated nanoparticles (ATO NPs) were synthesized using 

hydrothermal method in alkaline phase. The optical, morphological, and 

structural properties of ATO NPs were characterized in details using FTIR, 

UV-Vis, FESEM, XEDS, XPS, TEM and XRD techniques. Flat glassy 

carbon electrode (GCE) was fabricated with a thin-layer of aggregated 

ATO NPs by conducting coating binders (5% Nafion) for the development 

of selective and sensitive enzyme-less creatine (Crt) sensor. 

Electrochemical responses along with higher sensitivity, large-dynamic 

range and long-term stability towards Crt were performed by 

electrochemical I-V approach. The calibration curve was found linear over 
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a wide linear dynamic range of Crt concentration. It is an organized route 

for the development of non-enzymatic Crt biosensor based on ATO NPs 

embedded GCE using electrochemical reduction phenomena and 

significantly applied for the real analysis. As far as the authors know, this 

report is the maiden publication on highly sensitive Crt biosensor based on 

the ATO NPs/GCE. This method could be a pioneer development in Crt 

sensitive biosensor development using ATO NPs in reliable I-V method for 

the important biosensor applications with useful doped materials coupled 

nano-technological system. 

Chapter 4 - Systems biology represents a powerful interdisciplinary 

approach which aims to study a phenomenon as a whole by looking at the 

interconnected network of components that are mutually dependent, 

hierarchically organized and dynamic. In order to accomplish this goal, 

data obtained from –omics technologies and dynamical modeling are 

executed and analyzed, given the exponential growth of these 

methodologies in biological scientific research. In this sense, the relevance 

of both creatine kinase system and creatine metabolism itself, as part of the 

molecular system bioenergetics in several components of cell (i.e., 

cytoskeleton, mitochondria, nucleus, endoplasmic reticulum, etc.), deserve 

to be examined from a systemic view that covers ascending and 

descending causality. Creatine is mainly present in cells with fluctuant and 

high-energy demands, such as skeletal and cardiac muscle, brain and 

testes; nonetheless, it should be taken from the bloodstream through a 

specific Na+-Cl--dependent symporter called SLC6A8 to act as one of the 

most important ATP buffers via creatine-phosphocreatine shuttle. This 

tissue-specific feature turns the creatine kinase system into a noteworthy 

mechanism of regulation of energy fluxes, especially because of its 

coordination with proteins of the glycolytic linear phsophotransfer system 

(hexokinase, phosphofructokinase, pyruvate kinase), adenylate kinase 

(AK), adenosine nucleotide translocase (ANT), voltage-dependent anion 

channel (VDAC), myosin- and sarcoplasmic-ATPases, nucleoside 

diphosphate kinase (NDPK), Na+/K+-ATPase, among others. Besides 

cytoplasmic streaming, cytoskeleton rearrangement, and mitochondrial 

position, these interactions encompass one of the most complex and 

Complimentary Contributor Copy



Preface xi 

dynamic systems of human body. In fact, effects of creatine 

supplementation in human show a marked proteomic, transcriptomic and 

genomic response that determine activation or repression of certain 

signaling pathways through mechanisms involving positive and negative 

feedback or feedforward motifs. New organ energy interconnections and 

microbiome influence are discussed to contemplate a whole representation 

of creatine interactions. 
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Chapter 1 

 

 

 

AN UPDATE ON THE NEUROPROTECTIVE 

EFFECTS OF CREATINE IN CENTRAL 

NERVOUS SYSTEM DISEASES 

 

 

Mauricio P. Cunha*, PhD 
Department of Biochemistry, Center of Biological Sciences, 

Universidade Federal de Santa Catarina, Florianópolis, SC, Brazil 

 

 

ABSTRACT 

 

Creatine (α-N-methylguanidino acetic acid) is a naturally occurring 

nitrogenous organic acid synthesized in the kidneys, liver, pancreas and 

brain (in less quantity), or obtained from a regular diet or as ergogenic 

nutritional supplement. Creatine supplementation has been reported to 

exert beneficial effects in a broad range of central nervous system 

diseases in which mitochondrial dysfunction, energetic imbalance, 

oxidative and nitrosative stress, glutamate excitotoxicity, calcium 

dyshomeostasis, inflammation and apoptosis play an etiological role. 

                                                           
* Corresponding Author address: Department of Biochemistry, Center of Biological Sciences, 

Universidade Federal de Santa Catarina (UFSC), Campus Universitário, Trindade, 88040-

900, Florianópolis, SC, Brazil. Phone: +55 (48) 3721-2817; Email: 

mauricio.personal@gmail.com. 
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Since the management of neuropathologies remains unchanged over the 

last decades, creatine supplementation can be a promising therapeutic 

approach to these conditions. In line with this, the use of creatine as a 

neuroprotective strategy has received a lot of attention with several 

beneficial effects in models of Alzheimer’s disease (AD), Parkinson's 

disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis 

(ALS), traumatic brain injury (TBI), ischemic brain injury and psychiatry 

diseases, such as major depressive disorder (MDD). The mechanisms 

underlying the neurobiological properties of creatine have been unveiled 

in recent years, including the neuroenergetic shuttle modulation, 

antioxidant, neuromodulatory, activation of several intracellular signaling 

pathways, antiexcitotoxicity and antiapoptotic with a consequent 

stimulation of neuroprotective and regenerative processes in the central 

nervous system. This chapter critically reviews the available findings at 

animal and cellular studies as well as clinical trials investigating the 

neuroprotective effect of creatine and the possible mechanisms 

underlying its effect, which may represent important advances in the 

management of central nervous system diseases.  
 

Keywords: antiexcitotoxicity, antioxidant, creatine, neurological and mental 

diseases, neurotrophic 

 

 

LIST OF ABBREVIATIONS 

 

5-HT1A Receptor 5-Hydroxytryptamine 1A Receptor 

6-OHDA  6-Hydroxidopamine  

8-OHdG  8-Hydroxy-2′-Deoxyguanosine 

Aβ   Amyloid β 

ADP  Adenosine Diphosphate 

AGAT  L-arginine Glycine Amidine Transferase 

AMP  Adenosine Monophosphate 

AMPA  α-amino-3-hydroxy-5-methyl-4- 

isoxazolepropionic acid 

ATP   Adenosine Triphosphate 

AD   Alzheimer’s Disease 

HD   Huntington’s Disease  

ALS  Amyotrophic Lateral Sclerosis  
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TBI    Traumatic Brain Injury  

CaMKII  Ca2+/calmodulin-dependent protein kinase II  

CA   Cornu Ammonis  

COX-2  Cyclooxygenase 2 

DCF  Dichlorofluorescein 

ERK  Extracellular Signal-Regulated Kinase  

GABA  γ-Aminobutyric Acid 

GAMT  Guanidineacetate-Methyltransferase 

GFAP  Glial Fibrillary Acid Protein 

GSK3β  Glycogen Synthase Kinase 3β 

H2DCFDA  2’,7’ – Dichlorofluorescein Diacetate  

IkBα   Nuclear Factor of Kappa Light Polypeptide  

Gene Enhancer in B-cells Inhibitor, Alpha  

IGF-1  Insulin-like Growth Factor 1  

MDD   Major Depressive Disorder 

MEK   Mitogen-Activated Protein Kinase Kinase/ 

MPTP   1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine 

NFkB  Nuclear Factor kappa B 

NINDS   National Institute of Neurological Disorders  

and Stroke  

NMDA  N-Methyl-D-aspartate 

Nrf2  Nuclear Factor Erythroid 2-Related Factor 2 

PD    Parkinson’s Disease 

PI3K   Phosphatidylinositol-3 Kinase 

PKA  Protein Kinase A 

PKC   Protein Kinase C 

VEGF  Vascular Endothelial Growth Factor  

 

 

INTRODUCTION 

 

There are more than 1,000 diseases, disorders and injuries affecting the 

central nervous system, such as neurological and psychiatry diseases. 

Central nervous system diseases associated with progressive loss of structure 
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and functions of neurons have a high prevalence worldwide. In line with this, 

approximately 700 million new cases of mental, neurological and behavioral 

diseases are reported annually, accounting for 13% of the overall global 

disease burden [1]. These disorders are an important and growing cause of 

morbidity and disability [2].  

Through the years, the pieces of evidence have suggested that impairment 

of energy production in the brain may play a pivotal role in the pathogenesis 

of certain neurologic and mental diseases [3]. Moreover, creatine is a 

guanidine-like compound that plays an important role in the central nervous 

system’s metabolism [4, 5]; it is hypothesized to then protect against brain 

damage associated with mental and neurological diseases. This chapter 

summarizes and discusses the therapeutic potential of the energetic 

molecule creatine in the central nervous system diseases, since in vitro and 

animal studies reported that neurochemical alterations induced by 

neurologic and psychiatry diseases can be counteracted by creatine. 

Nowadays, these preclinical evidences of the neuroprotective effect of 

creatine encourage researchers to investigate whether it can be translated to 

cure human diseases. 

 

 

THE CREATINE/PHOSPHOCREATINE SYSTEM  

IN THE BRAIN 

 

Creatine is widely found in the mammalian brain tissue. Creatine 

concentrations in the brain are several fold higher than in plasma, so there 

is active accumulation of this compound in the brain coming from 

peripheral tissues or synthesized in the central nervous system [6]. 

Moreover, this guanidine-like compound could be synthesized in the brain, 

although the majority of total body synthesis takes place in kidney, 

pancreas and liver [6]. In the central nervous system, some neuronal, 

astrocytic and oligodendrocyte subpopulations contain both enzymes of 

creatine synthesis: AGAT (arginine–glycine amidino transferase) and 

GAMT (guanidinoacetate methyltransferase) and can make their own 

creatine supply [7, 8]. However, other central nervous system cells possess 
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only AGAT and are, therefore, net producers of guanidinoacetate, which is 

released into the extracellular medium. Some oligodendrocytes and 

astrocytes cells, but not neurons, possess only GAMT and therefore need 

the creatine transporter SLC6A8 in order to take up the precursor 

guanidinoacetate [7–9]. Furthermore, some neurons, but not astrocyte, 

possess none of the enzymes of creatine synthesis and are absolutely 

dependent of SLC6A8 to take up creatine produced by other cells [8, 10, 

11]. Still, other cells of central nervous system do not possess any enzymes 

of creatine synthesis or transporters and does not use creatine in its 

metabolism [7, 8].  

Creatine obtained from diet or synthesized in peripheral tissues can 

contribute to brain creatine levels supply. However, the oral creatine 

supplementation only promotes modest increases on creatine levels in the 

brain, suggesting that the creatine transporter is near saturated under 

physiological conditions limiting creatine uptake [12, 13]. Furthermore, 

transfer of creatine from periphery to brain across the blood–brain barrier 

or blood-cerebrospinal fluid appears to be limited [14]. 

The energy demand in the adult brain is extremely high (around 20% 

of resting metabolism) [15] and the creatine kinase/phosphocreatine system 

is available in the brain connecting sites of adenosine triphosphate (ATP) 

production (glycolysis and mitochondrial oxidative phosphorylation) with 

subcellular sites of ATP utilization (ATPases) [6]. For this purpose, brain 

contains the cytosolic brain-type creatine kinase [16, 17] and the 

ubiquitous mitochondrial creatine kinase [6]. The cytosolic creatine kinase 

generates significant amounts of ATP upon brain activation, when 

mitochondrial creatine kinase generates phosphocreatine from freshly 

synthesized ATP [6, 8]. Interestingly, cytosolic brain-type creatine kinase 

is more expressed in astrocytes and oligodendrocytes than neurons, when 

ubiquitous creatine kinase is widely expressed in neurons with high 

oxidative demand [8].  

In addition to its role in modulating bioenergetics status in the central 

nervous system, creatine could be also released in an action-potential 

dependent (exocytotic) manner, providing strong evidence for its role as a 

neuromodulator in the brain [18]. Moreover, creatine seems to exert action 
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on postsynaptic receptors in neurotransmission systems and to modulate 

memory, mood and neurodegenerative process [8]. Furthermore, creatine 

produces also pleiotropic effects, such as antioxidant, antiexcitotoxicity 

and antiapoptotic [6]. 

 

 

ANTIOXIDANT EFFECT OF CREATINE  

IN THE CENTRAL NERVOUS SYSTEM 

 

Some studies suggest that creatine counteracts to oxidative and 

nitrosative stress associated with neurological and mental diseases. The 

first evidence for an antioxidant property of creatine in the central nervous 

system was reported by Matthews et al. (1998) [19]. In this study, creatine 

supplementation by 2 weeks was capable of protecting rats from malonate-

induced striatal hydroxyl radical production and 3-nitropropionic acid-

induced increases in 3-nitrotyrosine concentrations, a marker of 

peroxynitrite-mediated oxidative injury [19]. Subsequently, a study 

performed by Klyvenyi et al. (1999) reported that creatine supplementation 

for 50 days in G93A mice (a amyotrophic lateral sclerosis model) 

prevented the 3-nytrotyrosine/tyrosine ratio increased in the lower and 

upper spinal cord, an indicative of nitrosative stress [20]. In the same study 

the authors reported through the microdialysis approach that the 

administration of mitochondrial toxin 3-nitropropionic acid caused a 

significant increase in the conversion of salicylate to 2,3- 

dihydroxybenzoic acid in the striatum of G93A mice (an indicative of 

hydroxyl radical production) and creatine supplementation prevented this 

conversion [20].  

From this evidence, several studies indicated that creatine could 

decrease reactive oxygen and nitrogen species levels induced by several 

neurotoxins, using 2’,7’ dichlorofluorescein diacetate (H2DCFDA) probe, a 

dye that is used to measure hydroxyl, peroxyl and other reactive oxygen 

and nitrogen species within the cell. In line with this, creatine decreases 

dichlorofluorescein (DCF) fluorescence induced by multiple neurotoxins 
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such as 6-hydroxidopamine (6-OHDA) [21], glutamate [22], high glucose 

concentrations [23], HIV-1 transactivator of transcription protein [24], and 

staurosporine [25]. Furthermore, the activation of mitochondrial creatine 

kinase by creatine prevents H2O2 production obeyed the steady-state 

kinetics of the enzyme to phosphorylate creatine in the cerebral cortex 

neurons [23]. 

The superoxide is a natural reactive oxygen anion implicated in 

oxidative stress at several mammalian body tissues. Interestingly, a study 

demonstrated that creatine administration is able to prevent the increased 

xanthine oxidase activity (an enzyme implicated in the superoxide anion 

generation) induced by pentylenetetrazol in the cerebral cortex of rats [26]. 

Controversially, Juravleva et al. (2003, 2005) demonstrated that neuron-

glia primary cells incubated with creatine increased superoxide production 

and creatine when combined with glutamate produced adjunctive effect on 

the superoxide generation [27, 28]. 

Lipid peroxidation is the oxidative degradation of lipids, resulting in 

cell damage. Evidences suggest that creatine prevents the increase of the 

tiobarbituric acid reactive species (a biomarker of lipoperoxidation) in 

experimental models of PD [21, 29, 30], epilepsy [26], severe traumatic 

brain injury (TBI) [31], methylmalonic acidemia [32], inborn errors [33, 

34], intrapartum hypoxia in the precocial spiny mouse (Acomys cahirinus) 

[35], but did not alter the lipoperoxidation in rats exposed to chronic 

cerebral hypoperfusion [36].  

Protein carbonylation is a type of protein oxidation that can be 

promoted by reactive oxygen species. Creatine supplementation decreased 

the levels of protein carbonyl in the brain of rats submitted to severe TBI 

[31]. Moreover, acute creatine treatment prevented pentylenetetrazol-

induced protein carbonylation in the cerebral cortex of rats. 

The level of 8-hydroxy-2′-deoxyguanosine (8-OHdG), a biomarker of 

oxidative damage to DNA, tended to be lower in the brain of aging mice (2 

years) supplemented with creatine in fed, even though this difference failed 

to reach significance [37]. Furthermore, creatine administered for 16 weeks 

to Huntington’s disease (HD) patients decreased serum 8-OHdG [38]. 
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The oxidation of lipid, protein and DNA could generate neuronal 

death. Sartini et al. (2012) demonstrated at the first time that creatine 

protected against H2O2-induced spinal cord cell death and glutathione 

decrease [39]. Cunha et al. (2016b) also demonstrated that SH-SY5Y cells 

(a neuron mimetic model) incubated with creatine prevented cellular death, 

NOx production and reactive oxygen and nitrogen species generation 

induced by H2O2 [22]. Additionally, creatine also increased cellular 

viability and prevented reactive oxygen and nitrogen species formation in 

striatal cells expressing mutated huntingtin (a HD cell model) subjected to 

H2O2 [25]. Unexpectedly, a study performed by Genius et al. (2012) 

demonstrated that hippocampal primary cells challenged with creatine did 

not prevent H2O2-induced toxicity and decreased intracellular ATP/PCr 

ratio [40]. 

The mechanism like creatine acts as an antioxidant in the central 

nervous system is still unknown. One hypothesis to explain the antioxidant 

effects in the central nervous system is that creatine is able to exert 

antioxidant properties acting as a radical scavenger. Lawler et al. (2002) 

used a well-controlled acellular experimental setting and the authors 

reported that creatine was capable of scavenging charged radicals such as 

the 2,20-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid radical, 

superoxide anion and peroxynitrite; by contrast, no significant quenching 

effect was observed on the radical oxidants H2O2 and lipid peroxide tert-

butyl-hydroperoxide [41]. Recently, Cunha et al. (2016b) also 

demonstrated at acellular set of experiments that creatine (concentration-

dependent) decreased the amount of nitrite formed in the reaction of 

oxygen with nitric oxide produced from sodium nitroprusside solution, 

suggesting also direct scavenger activity of creatine [22]. Controversially, 

at a cell-free approach employing xanthine oxidase/xanthine as an 

enzymatic generator of superoxide anions, a rise of chemiluminescence 

was seen after adding creatine to solution, indicating increased superoxide 

generation or enhanced life-time of these species [40]. Thus, more 

evidences are needed to verify the importance of the direct antioxidant 

properties of creatine for its neuroprotective effect in neurological and 

mental diseases. 
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Therefore, another putative explanation for the antioxidant effect of 

creatine in the neurological and mental diseases is that creatine can activate 

the nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and subsequently 

translation of antioxidant enzymes such as glutathione peroxidase and 

hemeoxygenase-1 in the cerebral hippocampus [42]. 

 

 

THE ROLE OF CREATINE ON GLUTAMATE 

NEUROTRANSMISSION AND EXCITOTOXICITY  

 

Glutamate is the most abundant neurotransmitter in the vertebrate 

nervous system mediating cognitive functions such as learning and 

memory, as well as long-term potentiation associated to neuroplasticity 

[43, 44]. However, the glutamate excess could cause calcium ions to enter 

in neurons via N-Methyl-D-aspartate (NMDA) receptor channels, leading 

to neuronal damage and eventual cell death at process known as glutamate 

excitotoxicity [45]. 

Of note, several molecular actions of creatine, such as increased Na+, 

K+-ATPase activity, neuronal excitability, reduction of intracellular 

calcium ions, and antiexcitotoxicity property, appear to be mediated by 

glutamate receptors. Moreover, Rambo et al. (2012) showed that the 

incubation of rat hippocampal slices with creatine for 30 min increased 

Na+,K+-ATPase activity and the preincubation of hippocampal slices with 

NMDA (MK-801) and NMDA receptor subunit 2B (NR2B; ifenprodil) 

antagonists, but not with the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)/kainate receptor antagonist (DNQX), 

blunted the effect of creatine [46].  

Furthermore, the electrophysiological actions of creatine are dependent 

at least in part of glutamate receptors. In line with this, a study 

demonstrated that creatine gradually increases the amplitude of first 

population spike and elicits secondary population spike in stratum 

radiatum of the CA1 region of hippocampal rat slices [32]. Creatine also 

decreased the intensity of the stimulus to induce population spike, when 
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compared with control slices [32]. The competitive NMDA receptor 

antagonist, 2-amino-5-phosphonopentanoic acid (AP5) attenuated creatine-

induced increase of amplitude of population spike and appearance of 

secondary population spike, providing pharmacological evidence of 

NMDA receptors involvement in the electrophysiological effects of 

creatine [32]. In addition, creatine also increased [3H] MK-801 binding to 

hippocampal membranes; further indicating that this compound may 

produces NMDA receptor activation [32]. However, Genius et al. (2012) 

showed that creatine produces a direct inhibitory action on the NMDA 

receptor-mediated calcium response, which initiates the excitotoxic 

cascade [40]. These studies demonstrate differences in the direct effect of 

creatine on the NMDA receptor and more evidence with controlled 

conditions of concentration and time of exposure of creatine are needed to 

elucidate the effect of creatine on this receptor.  

In addition, several in vitro reports have indicated that creatine inhibits 

the glutamate neurotransmission and excitotoxicity. For example, Brewer 

and Wallimann (2000) demonstrated at first time that hippocampal neurons 

incubated with creatine greatly reduced glutamate toxicity and protected 

against glutamate-induced dendritic pruning. In the same study, creatine 

incubation at hippocampal neurons exposed to glutamate also increased the 

reserve energy ratio [47]. Subsequently, Juravleva et al. (2003, 2005) 

showed that creatine when incubated in the neuron/glia cells protected 

against the toxicity of glutamate [27, 28]. The neuroprotective effect of 

creatine is dependent at least in part of nitrite, farnesylated Ras and nuclear 

factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 

(IkBα) immunocontent reduction, suggesting that factor nuclear kappa B 

(NFkB) activation is an important step in the protective effect of creatine 

against glutamate [27, 28]. Genius et al. (2012) also demonstrated that 

embryonal hippocampal and cortical cells challenged with glutamate 

decreased the cell viability and ATP levels and creatine mediated a direct 

effect on the bioenergetic balance, thereby acting as a neuroprotectant in 

the excitotoxicity induced by glutamate [40]. Cunha et al. (2016b) 

demonstrated that creatine prevented the reduction of SH-SY5Y cell 

viability induced by glutamate incubation and this effect is dependent at 

Complimentary Contributor Copy



An Update on the Neuroprotective Effects of Creatine … 11 

least in part of antioxidant properties of creatine, since creatine was able to 

decrease glutamate-induced nitrite and reactive oxygen and nitrogen 

species production [22].  

Studies using animal models also indicated that creatine modulates 

glutamate receptors, metabolism and excitotoxicity. For example, the 

glutamate receptors involvement is reported in the cognitive and mood 

enhancer effect of creatine [48, 49]. Oliveira et al. (2008) demonstrated 

that the cognitive enhancer effect of intrahippocampal administration of 

creatine in the Barnes maze test (latency for scape and mean number of 

errors) was reverted by co-administration of arcaine (polyamine site 

NMDA receptor antagonist) and intensified by spermidine (polyamine site 

NMDA receptor agonist), suggesting that the activation of polyamines 

binding site at NMDA receptor play an important role in the spatial 

memory induced by creatine [49].  

Furthermore, Cunha et al. (2015a) also demonstrated that the 

antidepressant-like effect of creatine in mice is mediated by NMDA 

receptor, but not AMPA receptor, since the antidepressant-like effect of 

creatine in the tail suspension test is antagonized by NMDA, D-serine 

(glycine-site NMDA receptor agonist) and arcaine administrations, but not 

by DNQX (AMPA receptor antagonist) [48].  

In relation to glutamate metabolism, creatine altered the glutamate 

levels and uptake in the rodent brain [50, 51]. In line with this, Andreassen 

et al. (2001b) stated that creatine supplementation significantly increased 

longevity and motor performance of the G93A mice (an animal model of 

amyotrophic lateral sclerosis) and attenuated the increases in cortical 

glutamate levels measured by spectroscopy at 75 days of age [50].  

Magni et al. (2007) showed also that creatine administration prevented 

the glutaric acid-induced inhibition of l-[3H] glutamate uptake in striatal 

synaptosomes of rats, suggesting that creatine may reduce the deleterious 

effects of glutaric acid by maintaining glutamate uptake in the synaptic 

cleft [51].  

Of note, the first evidence indicating that creatine could prevent the 

glutamate excitotoxicity in animals was performed by Malcon et al. (2000) 

[52]. In this study, oral administration of creatine significantly attenuated 
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striatal lesions produced by infusion of NMDA, but not AMPA or kainic 

acid [52]. Moreover, Cunha et al. (2016b) demonstrated that the 

subchronic administration of creatine in mice for 21 days (but not single 

administration) prevented the reduction of cell viability in hippocampal 

slices submitted to glutamate exposition [22].  

Clinical trials also reported the effect of creatine supplementation on 

the glutamate levels in the central nervous system. For example, upon 

creatine supplementation healthy controls and amyotrophic lateral sclerosis 

patient had a decline in the unresolved glutamate ([glutamate+ 

glutamine]/creatine or [glutamate+glutamine]/choline) in the motor 

cortices [53]. In addition, twenty HD patients showed a 15.6% decrease of 

unresolved glutamate and a 7.8% decrease of glutamate after creatine 

supplementation by 8-10 weeks [54]. Therefore, the action of creatine on 

the glutamate metabolism and it signaling plays a pivotal role in the 

neuroprotective effect of creatine against mental and neurological diseases. 

 

 

THE NEUROTROPHIC AND NEUROGENIC  

PROPERTIES OF CREATINE 

 

Neurogenesis is a complex processes in the mammalian brain 

involving proliferation, fate specification, differentiation, maturation, 

migration, and functional integration of newborn cells into the existing 

neuronal circuitry [55]. Neurons are generated from early embryonic 

development, with only a few neurogenic zones remaining active in the 

adult [56–58]. Specifically, the main neurogenic regions in the adult brain 

are the subventricular zone and the subgranular zone of the dentate gyrus 

in the hippocampus [57, 59–61]. Moreover, adult hippocampal 

neurogenesis is extremely regulated by growth factors including brain-

derived neurotrophic factor (BDNF), vascular endothelial growth factor 

(VEGF) and Insulin-like Growth Factor 1 (IGF-1) [62]. 

The neurotrophic and neurogenic effects of creatine have been reported 

in hippocampal, fetal rat spinal cord neurons and progenitor neuronal cells, 
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where this molecule was shown to induce proliferation, differentiation, 

neurite arborization and outgrowth, as well as exert antiapoptotic effects. 

Of note, creatine supplementation in aged mice up-regulated the brain 

expression of genes correlated with dendrite morphogenesis and cell 

motility/axon guidance, including the gene expression of several 

neurotrophic factors such as Bdnf, Ndn, Hgf, and Tgfb2 [37]. Furthermore, 

acute administration of creatine, similar to fast-acting antidepressant 

ketamine, increased BDNF levels in the corticosterone-treated mice, but 

not in the vehicle-treated mice, as compared to respective control groups 

[63]. 

The first neuroanatomic evidence investigating the neurotrophic 

properties of creatine was performed by Ipsiroglu et al. (2001) [64]. In this 

study, creatine maternal supplementation produced alterations on neuronal 

morphology of hippocampus of pups, since confocal micrographs of 

hippocampal CA1 neurons immunostained with biocityn (neuroanatomical 

tracer taken up by axons and dendrites) increased the numbers of dendritic 

crossings along the Scholl rings as a function of distance from soma ([64] 

and reviewed by [65]).  

Furthermore, a study performed by Pazini et al. (in press) 

demonstrated the neurogenic properties of creatine treatment in a 

depression model induced by chronic treatment with corticosterone in mice 

[66]. Firstly, this study showed that chronic corticosterone administration 

decreased hippocampal Ki-67 immunostaining, an indicative of cell 

proliferation impairment, and creatine treatment by 21 days prevented this 

effect [66]. Since cellular differentiation is an important event in 

neurogenesis, Pazini et al. (in press) also demonstrated that chronic 

corticosterone treatment decreased hippocampal neuronal differentiation 

(Neuro-D immunostaining) and chronic creatine treatment was able to 

prevent this effect [66]. Finally, this study also demonstrated that 

depressive-like model induced by corticosterone increased glial fibrillary 

acid protein (GFAP) immunostaining (suggestive of astrogliosis) in dentate 

gyrus of the hippocampus and treatment with creatine for 21 days 

prevented this effect [66]. Of note, the effect of creatine treatment in the 
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hippocampal neurogenesis is similar to fluoxetine (a conventional 

antidepressant) treatment [66]. 

Di Santo et al. (2013) demonstrated that the cumulative total number, 

but not size, of floating spheres containing early postnatal rat spiral 

ganglia, utricle, and organ of Corti-derived progenitors cells over all 

passages was significantly higher after creatine incubation, suggesting that 

creatine could increase the cell proliferation [67]. Furthermore, creatine 

during differentiation of spiral ganglia cells resulted in a significantly 

higher density of β-III-tubulin-positive cells (an indicative of neuronal 

differentiation) [67]. Importantly, a combination of creatine with the 

neurotrophin BDNF resulted in further significantly increased densities of 

β-III-tubulin-positive cells in cultures of spiral ganglia cells as compared 

with each drug alone [67]. 

GABA is the main inhibitory neurotransmitter within the CNS and 

appears to be involved in a wide variety of physiological functions and 

mental and neurological diseases [68]. Strategies that increase the 

differentiation of neural progenitors in GABAergic neurons can be 

consolidated as important neuroprotective approach [69]. In line with this, 

cellular studies strongly indicated that creatine increases the differentiation 

of progenitor cells to GABAergic neuron-like cells. Andres et al. (2005a) 

showed at first time that chronic creatine incubation (7 days) increased the 

densities of γ-Aminobutyric acid (GABA)-immunoreactive neurons in the 

striatal cells, although total neuronal cell number and general viability 

were not affected [70]. Similar effects were seen after short-term treatment, 

suggesting that creatine is a differentiation inductor. Interestingly, 

inhibitors of transcription or translation did not abolish the creatine-

mediated differentiation effects, whereas inhibition of mitogen-activated 

protein kinase (MAPK), also known as extracellular signal-regulated 

kinase (ERK) and phosphatidylinositol-3-kinase (PI3K) significantly 

attenuated the creatine induced increase in GABA-immunoreactive cell 

densities [70]. Accordingly, chronic creatine incubation (7 days) and short-

term creatine incubation in rat striatal neural progenitor cells at early (E14) 

and late (E18) developmental stages significantly increased the percentage 

of GABA-immunoreactive neurons as compared to control group [71]. 
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Creatine exposure promoted morphological differentiation of GABA-ergic 

neurons, including an increase of neurite length and the number of 

branching points in rat striatal neural progenitor cells [71, 72, 73] also 

demonstrated that although cell survival and total neuronal cell density 

were not altered by chronic creatine incubation, chronic creatine and short-

term creatine exposure produced a significantly higher density of GABA-

immunoreactive neurons hinting to a differentiation-inducing mechanism 

of creatine in the fetal rat spinal cord neurons. In addition, a significant 

higher content of glutamate decarboxylase (an enzyme that catalyzes the 

decarboxylation of glutamate to GABA and CO2) was demonstrated in the 

rat spinal cord incubated with creatine [73]. In the same study, creatine 

also affords neuroprotection for GABA-immunoreactive neurons against 3-

nitropropionic acid induced toxicity [73].  

Moreover, chronic creatine or neurotrophin-4/5 incubation, or a 

combination of both factors significantly increased numbers of neuronal 

nitric oxide synthase-immunoreactive neurons in the E14 rat ganglionic 

eminences [74]. The authors also showed in the double-immunostaining 

experiments that all neuronal nitric oxide synthase-immunoreactive cells 

co-localized with GABA-immunoreactive cells, suggesting a nitrergic 

modulation in GABA interneurons by creatine [74].  

In addition, a study also demonstrated that creatine incubation induced 

the bone marrow stromal cells differentiation into GABAergic neuron-like 

cells with low yield [75, 76]. Subsequently, the same research group 

showed also that the combination of all-trans-retinoic acid, the ciliary 

neurotrophic factor, and creatine substantially induced differentiation of 

neurosphere-derived neural stem cells provided from bone marrow stromal 

cells into GABAergic neuron-like cells within 1 week [77]. Darabi et al. 

(2017) also reported that the mechanism of differentiation was clearly 

associated with induction of several differential pluripotent genes [77]. 

Studies also indicated that creatine is able to produce neuronal 

survival. For example, rat embryonic day 14 (E14) ventral mesencephalic 

neurons grown as organotypic free-floating roller tube and incubated with 

creatine by 14 days increased tyrosine hydroxylase-immunoreactive cell 

density [78]. In line with this, fetal ventral mesencephalic neurons 
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incubated with creatine increased survival and soma size of dopaminergic 

neurons [79]. The ability of creatine in the modulation of cell proliferation, 

differentiation and survival could contribute to neuroprotective effect 

exerted by creatine against several toxic insults and central nervous system 

diseases. 

 

 

THE EFFECT OF CREATINE SUPPLEMENTATION  

IN THE CENTRAL NERVOUS SYSTEM DISEASES 

 

Creatine seems to exert neuroenergetic and pleiotropic effects 

(antioxidant, antiexcitotoxicity and neurotrophic) on the brain that can 

counteract the neurodegeneration associated with several diseases affecting 

the central nervous system [6, 8, 80]. This chapter has reviewed the main 

findings of the effects of creatine on several neurological and psychiatric 

disorders. 

 

 

THE THERAPEUTIC EFFECT OF CREATINE IN THE 

PARKINSON’S DISEASE 

 

Parkinson’s disease (PD) is a progressive movement neurologic 

disorder associated to motor symptoms, such as: resting tremor, 

bradykinesia, muscular rigidity, and postural instability, degeneration of 

dopaminergic neurons in the substantia nigra pars compacta and a 

reduction on dopamine levels in the striatum of the adult brain [81]. PD is 

the second most common neurodegenerative disease after Alzheimer's 

disease (AD) and affects 2% of the population aged over 65 years [82, 83]. 

One of the major neurobiological characteristics of genetic and sporadic 

forms of PD is the presence of Lewy bodies composed of the misfolding 

and fibrillar aggregation of α-synuclein [84]. Recently, other mechanisms 

are also associated to PD, including reactive oxygen and nitrogen species, 

neuroinflammation, glutamate excitotoxicity, apoptosis, and a reduction of 
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trophic factors. There is no cure for PD at the present moment and the 

goals of neuroprotective treatment are only to alleviate the symptoms of 

disease for the comfort of patients and to minimize the dyskinesia.  

The first evaluation of neuroprotective effect of creatine in PD started 

in 1999 when it was shown to be strongly protective in a toxic mouse PD 

model induced by peripheral administration of neurotoxin 1-methyl-4-

phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), targeting mitochondrial 

function [85]. Creatine in the chow for 2 weeks completely prevented the 

deleterious effects of MPTP on dopaminergic neurons (striatal dopamine 

depletion and substantial neuronal loss in the substantia nigra pars 

compacta) [85]. Klivenyi et al. (2004a) reported that creatine 

administration to the ubiquitous creatine kinase-deficient mice exerted 

significant neuroprotective effects against MPTP toxicity (tyrosine 

hydroxylase and nissl immunostaining reduction in the substantia nigra 

pars compacta and dopamine, DOPAC and homovanillic acid levels 

decreased in the striatum) that were comparable in magnitude to those seen 

in wild-type mice, suggesting that the neuroprotective effects of creatine in 

animal PD model are not mediated by an effect on energetic shuttle 

mediated by ubiquitous creatine kinase [86].  

Since PD is a disease with inflammatory features, the same research 

group reported also a synergistic neuroprotective effect of combination of 

creatine and the cyclooxygenase 2 (COX-2) inhibitor rofecoxib in the 

MPTP toxicity animal model [87]. Additionally, a study showed that 

creatine when combined with coenzyme Q10 yielded even more 

neuroprotection in MPTP-lesioned mice, including robust improvements 

on the dopamine depletion in the striatum, loss of tyrosine hydroxylase 

immunostaining, lipid peroxidation damage and alpha-synuclein 

accumulation within dopaminergic substantia nigra neurons [30].  

The neuroprotective effect of creatine is also reported at non rodents 

PD model. For example, Hosamani et al. (2010) demonstrated that creatine 

supplementation resulted in reduced mortality, better motor performance in 

a negative geotaxis assay, improvement in the mitochondrial oxidative 

stress, and restored the glutathione and nitric oxide levels, manganese-

dependent superoxide dismutase activity impairment and dopamine levels 
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depletion in flies exposed to classical dopaminergic neurotoxin rotenone, 

suggesting an important protective effect of creatine in the dopaminergic 

degeneration [29]. Interestingly, drosophila model express arginine kinase 

instead creatine kinase and are not capable to synthesize phosphocreatine, 

suggesting that neuroprotective effect of creatine is not dependent of 

energetic shuttle and phosphocreatine synthesis.  

Since degeneration of dopaminergic neurons in the substantia nigra 

and dopamine levels depletion in the striatum are molecular hallmarks of 

PD, efforts were made to verify the neuroprotective effect of creatine for 

dopaminergic neurons against neurotoxic insults exposure [21, 78, 79, 88, 

89]. Creatine significantly protected dopaminergic cells facing MPP+-

induced deterioration of neuronal morphology including overall process 

length/neuron, number of branching points/neuron and area of influence 

per individual neuron in cultured fetal ventral mesencephalic tissue [78]. 

Also, the neurotoxin rotenone decreases SH-SY5Y cellular viability and 

creatine is able to prevent this toxicity [89]. Furthermore, the protective 

effect afforded by creatine against 6-OHDA-induced SH-SY5Y cell death 

was reversed by inhibitors of different protein kinases, i.e., PI3K, 

Ca2+/calmodulin-dependent protein kinase II (CaMKII), protein kinase 

dependent of cAMP (PKA), mitogen-activated protein kinase kinase 1/2 

(MEK1/2) and protein kinase C (PKC), suggesting that the activation of 

these kinases may be an important step toward the neuroprotective effect 

of creatine [88]. Exposure of striatal slices to 6-OHDA caused a significant 

disruption of the cellular homeostasis increasing the levels of reactive 

oxygen and nitrogen species and thiobarbituric acid reactive substances 

production and decreasing mitochondrial membrane potential and the 

phosphorylation of Akt (Serine473) and glycogen synthase kinase 3 β 

(GSK3β, Serine9) and creatine incubation abolished these effects [21].  

The neuroprotective effect of creatine reported at cell and animal 

models of PD encouraged significant number of clinical trials, reviews and 

meta-analysis on this topic. The first clinical trial investigating the 

neuroprotective effect of creatine was performed by Bender et al. (2006) 

over 2 years in 60 PD patients [90]. This trial was negative for creatine 

treatment in the primary outcomes (no effect on single-photon emission 
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computed tomography variables of disease progression and overall scores 

of the Unified PD Rating Scale), but slightly positive on measures for 

mood and behavior and the PD patients had to increase their dopamine 

dose for symptomatic treatment less than the control group [90]. In 2007, 

the National Institute of Neurological Disorders and Stroke (NINDS) 

announced a multi-center, randomized, double-blind, placebo-controlled, 

phase III trial with 1741 early PD patients receiving dopaminergic therapy 

and creatine supplementation [91, 92]. Unfortunately, this clinical trial was 

prematurely terminated due to futility [93, 93]. 

The conclusion of a meta-analysis using 194 patients and two pilot or 

Phase II trials revealed no effect on either motor function or activities of 

daily living, but the authors cautioned that the data was insufficient to 

exclude the neuroprotective effects of creatine in PD [94]. Recently, 

another meta-analysis using 1935 patients and three randomized controlled 

trials phase III robustly point in that current evidence does not support the 

use of creatine for neuroprotection against PD and future well-designed 

randomized controlled trials are needed [95]. 

Klein and Ferrante (2007) and Adhihetty and Beal (2008) pioneering 

reviewed and discussed the contribution of mitochondria and bioenergetics 

to the progression of PD, as well as the potential neuroprotective value of 

creatine supplementation in this neurological disease [96, 97]. 

Subsequently, Beal (2011) elegantly reviewed the neuroprotective effects 

of creatine and described the beneficial actions of creatine in PD [98]. In 

addition, Bender and Klopstock (2016) reviewed critically the beneficial 

actions of creatine supplementation in the PD at preclinical levels (animal 

and cell models), as well as initial phase II randomized clinical trials, 

which however turned out to be negative for all outcome measures at well-

designed phase III trial, suggesting a low translation of basic experimental 

studies to clinical trials in the analysis of neuroprotective effects of 

creatine in the PD [99]. The neuroprotective effect of creatine in PD is still 

very speculative and many research groups continue to add new findings 

about this thematic. 

Currently, prospective studies tend to analyze the effect of creatine 

supplementation in non-motor symptoms of PD, as well as in the 
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prevention of toxicity and adverse effects of current treatment for the 

disease. Since standard treatment for PD is levodopa, but prolonged 

treatment with levodopa generates several motor adverse effects such as 

dyskinesia, a study investigated the effect of creatine supplementation in 

the levodopa-induced dyskinesia in an animal PD model [100]. In line with 

this, rats administered with 6-OHDA (a PD rat model) and treated 

chronically with levodopa presented abnormal involuntary movements and 

creatine-supplemented group prevented levodopa-induced dyskinesia 

[100]. In the same study, creatine supplementation diet reduced mRNA 

prodynorphin and FosB/DeltaFosB-immunopositive cells in the striatum, 

an effect associated to anti-dyskinesia behavior elicited by creatine [100].  

 

 

FINDINGS OF THE NEUROPROTECTIVE PROPERTY  

OF CREATINE ON ALZHEIMER'S DISEASE 

 

Alzheimer's disease (AD) is a severe, chronic and progressive neurologic 

disease associated with learning/memory and cognition impairment, and 

degeneration of specific population of neurons with a prevalence of 

approximately 1.5% of people until 65 years old and 30% until 80 years old 

(about 48 million people worldwide living with AD) [1, 101]. The main 

pathological hallmarks of AD are the presence in the brain of senile plaques 

mainly composed of aggregated amyloid β (Aβ) and neurofibrillary tangles 

composed of aggregated tau proteins hyperphosphorylated that may initially 

cause dysfunctions in biochemical communication between neurons and at a 

later stage produce neuronal death [102–107]. Currently, studies demonstrated 

abnormalities in neuronal metabolism in AD patients [108–110]. Drugs 

capable to halt or even stabilizing disease progression are not available and 

new pharmacological compounds can represent important advances for 

prevention and neuroprotection against AD.  

Since mouse model of creatine transporter deficiency reveals early onset 

cognitive impairment [111, 112], some studies have been delineated to verify 

the importance of creatine in memory and learning, as well as in dementias 

diseases. The literature data widely reported the cognitive enhancer effect of 
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creatine supplementation at several tasks. Furthermore, creatine administration 

in the hippocampus of rats decreased the latency for escape and the mean 

number of errors on Barnes maze test [49, 113]. Oliveira et al. (2008) 

demonstrated that creatine-induced spatial learning enhancement was reverted 

by co-administration of arcaine (an antagonist of the polyamine binding site at 

the NMDA receptor) and intensified by spermidine (an agonist of the 

polyamine binding site at the NMDA receptor spermidine), suggesting that 

cognitive-enhancer effect of creatine may be mediated at least in part of 

NMDA receptor activation at polyamine binding site [49]. Additionally, 

creatine-induced spatial retention was reverted by co-administration of the 

CaMKII inhibitor STO-6095, suggesting the involvement of this kinase 

activation in the facilitated learning and memory induced by creatine 

administration [113]. Moreover, mice supplemented with creatine had 

significantly more entries in platform area in Morris water maze test, 

indicating improved spatial memory [114]. A study demonstrated also that a 

single administration of creatine improves working memory efficiency at 

adapted Morris water maze test and mice co-administered with creatine and l-

arginine improves reference memory retention in rats, a phenomenon that is 

possibly associated with increased creatine/phosphocreatine levels and nitric 

oxide synthesis [115].  

The human trials also revealed that creatine supplementation could be a 

cognitive enhancer compound. A creatine mimetic, namely creatine ethyl 

ester, led to an improvement over the placebo regimen on several cognitive 

tasks in young adults [116]. In vegetarians rather than in those who consume 

meat, creatine supplementation for 5 days resulted in better performance in 

memory tasks [117]. Another study demonstrated that vegetarians 

supplemented with creatine for 6 weeks had a significant positive effect on 

both working memory (backward digit span) and intelligence (Raven's 

Advanced Progressive Matrices), both memory tasks that require speed of 

processing [118]. Elderly individuals supplemented with creatine had better 

performance on random number generation, forward and backward number 

and spatial recall, and long-term memory tasks as compared to placebo group 

[119]. However, studies also showed that creatine supplementation did not 

alter any parameter of cognitive performance in young adults [120] and older 

people [121].  
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The propositions that creatine improved memory and learning in both 

animals and humans studies has led some researches to investigate the effect 

of creatine supplementation on AD, the major condition associated to 

dementia. The first study to investigate the neurpoprotective effect of creatine 

in a cell model of AD induced by Aβ was performed by [47]. In this study, 

embryonic neurons exposed to Aβ25-35 toxicity for 48 hours were partially 

prevented by creatine incubation as well. 

However, the promising results found in AD cell model were not 

replicated in animal studies. Interestingly, the distance traveled to the platform 

in the Morris water maze test was significantly higher in the rats administered 

with Aβ in the subregion CA1 of hippocampus, as compared to control group, 

suggesting spatial memory impairment [122, 123]. In this model, creatine 

supplementation before Aβ administration had no effect on learning, memory 

retrieval, or neuron apoptosis [122]. The same research group used another 

creatine supplementation paradigm (before and after Aββ administration) 

[123]. Unexpectedly, an adjunctive effect in the impairment on Morris water 

maze test was observed when animals were administered with Aβ and 

supplemented with creatine, suggesting that creatine supplementation before 

the amyloid beta-induced toxicity could exacerbate the learning and memory 

impairment of rats submitted to AD animal model [123]. The frustrating 

results in the investigations of the neuroprotective effects of creatine in animal 

models of AD have led researchers not to require efforts in clinical trials with 

AD patients.  

 

 

ELUCIDATING THE EFFECTS OF CREATINE  

ON HUNTINGTON’S DISEASE 

 

Huntington’s disease (HD) is a progressive autosomal dominantly 

inherited disorder with worldwide incidence of approximately 2.7 cases per 

100,000 people [124]. The symptoms of HD are manifestations of 

involuntary movements (chorea), cognitive dysfunction and behavioral 

disturbance [125]. HD is caused by an expansion of copies of CAG in the 

first exon of the gene encoding huntingtin generating mutated huntingtin 
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protein synthesis, which in turn is associated to early striatal atrophy and 

subsequent degeneration of other brain structures, including the cerebral 

cortex [126, 127]. Among mechanisms of neurodegeneration associated to 

HD, bioenergetic abnormalities and the unbalance in the Ca2+ handling 

have been suggested as potential contributors to neuronal dysfunction in 

HD [128, 129]. Currently, besides symptomatic treatments, no therapy 

modifies the fatal history of HD. 

The first evidence reporting the neuroprotective effect of energetic 

compound creatine on HD was performed by Matthews et al. (1998) at 

experimental pharmacological models of HD induced by 3-nitropropionic 

acid and malonate [19]. In this study, oral supplementation with creatine 

produced significant protection against malonate-induced striatal lesions 

and hydroxyl radical generation [19]. Furthermore, Matthews et al. (1998) 

also demonstrated that creatine supplementation produces neuroprotective 

effect against 3-nitropropionic acid neurotoxicity (phosphocreatine and 

ATP depletion, increases in striatal lactate and 3-nitrotyrosine 

concentrations) [19]. Subsequently, Shear et al. (2000) reported that 

creatine supplementation for 2 weeks can attenuate 3-nitropropionic acid-

induced striatal lesions, striatal atrophy, ventricular enlargement, cognitive 

deficits, and motor abnormalities on a balance beam task [130]. 

Interestingly, creatine when combined with coenzyme Q10 produced 

additive neuroprotective effects in reducing striatal lesion volumes, 

impairment of glutathione homeostasis, lipid peroxidation and DNA 

oxidative damage produced by chronic subcutaneous administration of 3-

nitropropionic acid to rats, an animal model of HD [30]. In the same study, 

the combination of coenzyme Q10 and creatine produced additive 

neuroprotective effects on improving motor performance and extending 

survival in the transgenic R6/2 HD mouse model [30]. 

One set of studies investigated the neuroprotective effect of creatine 

supplementation in genetic animal and cell models of the HD. For 

example, creatine increased cell viability of striatal cells expressing mutant 

huntingtin with 111 glutamines (HD cell model) and prevented reactive 

oxygen species formation in HD cells subjected to H2O2 and staurosporine 

[25]. In addition, studies reported that creatine significantly extends 
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survival and improves clinical and neuropathological phenotype in 

transgenic R6/2 HD mice strain, which the creatine supplementation 

starting at weaning (before clinical symptoms appear) [131] or starting at 

6, 8, and 10 weeks of age (analogous to early, middle, and late stages of 

human HD) [132]. Furthermore, creatine supplementation for 24 prevented 

the Purkinje cell numbers lost in transgenic R6/2 HD mice, but did not 

improve or delay the ataxic phenotype [133]. Creatine supplementation 

during 8 weeks increased brain-type creatine kinase expression and 

reduced Huntingtin aggregate formation in the striatum of R6/2 mice 

(genetic model of HD) [134]. In other genetic mouse model of HD 

produced by 82 polyglutamine repeats in a 171 amino acid N-terminal 

fragment of huntingtin (N171-82Q mice), creatine supplementation 

significantly improved survival, slowed the development of motor 

symptoms, and delayed the onset of weight loss [135]. In the same study, 

creatine lessened brain atrophy and the formation of intranuclear 

inclusions, as well as attenuated reductions in striatal N-acetylaspartate and 

delayed the development of hyperglycemia [135].  

Creatine administered for 16 weeks was well tolerated, safe and 

reduced serum 8-OHdG levels, an indicator of oxidative injury to DNA in 

HD patients [38]. Neuroimaging approaches demonstrated treatment-

related slowing cortical and striatal atrophy in premanifest and at-risk HD 

subjects at 6 and 18 months of high dose of creatine supplementation 

[136]. In addition, Tuckfield (2015) reported the use of creatine 

hydrochloride in two premanifest HD patients, with excellent tolerability 

over more than 2 years of use demonstrating safe and tolerance to creatine 

supplementation [137]. 

Although high-dose creatine supplementation for 12 or 24 months was 

generally well tolerated for HD patients, a study demonstrated that there 

was no significant change in the mean of total motor score, functional 

capacity scores, and neuropsychological testing before creatine regimen 

[138, 139]. Another study showed also that one year of creatine intake did 

not improve functional, neuromuscular, and cognitive status in HD patients 

with stage I to III [140]. Although creatine supplementation did not alter 

the clinical rating scales of HD, a study using proton magnetic resonance 
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spectroscopy approach showed a 15.6% decrease of glutamate brain levels 

after creatine treatment for 8-10 weeks [54].  

Ryu et al. (2005) reviewed the neuroprotective effect of creatine in the 

HD patients and concluded that creatine may provide a relatively safe and 

immediately available therapeutic strategy to HD patients [141]. The 

authors also suggested that creatine may be the cornerstone of a combined 

treatment necessary to delay the relentless HD progression. Naia et al. 

(2011) reviewed the role of creatine that target mitochondrial dysfunction 

and impaired bioenergetics and concluded that although creatine results in 

HD are promising, more clinical studies should be performed and analyzed 

[142]. 

 

 

CREATINE PROPERTIES ON AMYOTROPHIC  

LATERAL SCLEROSIS  

 

Amyotrophic lateral sclerosis (ALS) is a fatal syndrome characterized by a 

progressive loss of motor neurons on corticospinal tract, brainstem and 

anterior horn cells of the spinal cord, but also astrocytes, microglia and 

oligodendrocytes dysfunction, leading to muscle wasting, weakness and 

spasticity [143–147]. The worldwide ALS incidence is 2–3 new cases/year per 

100,000 individuals [148]. Multiple cellular events, including oxidative stress, 

mitochondrial dysfunction, protein aggregation, impaired axonal transport, 

neuroinflammation, immunological imbalance and glutamate-mediated 

excitotoxicity, contributed to ALS [149–155]. Therefore, it is imperative to 

search for new alternatives to treat ALS patients. 

Creatine significantly increased longevity and motor performance of the 

G93A mice (a mutant mouse model of familial ALS) and significantly 

attenuated the increases in glutamate levels at 75 days of age, but had no effect 

at 115 days of age [50]. Interestingly, the first study reported the 

neuroprotective effect of creatine in G93A mice was performed by Klivenyi  

et al. (1999) [20]. In this study the authors reported that oral administration of 

creatine produced a dose-dependent improvement in motor performance and 

extended survival in G93A transgenic mice, as well as it protected mice from 
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loss of both lumbar spinal cord motor neurons (reduction of Nissl 

immunostaining) and substantia nigra neurons (reduction of tyrosine 

hydroxylase, dopamine transporter and Nissl immunostaining) [20]. In 

addition, the authors also reported that creatine administration protected G93A 

transgenic mice from increases in biochemical indices of nitrosative and 

oxidative damage (3-nitrotyrosine levels increased in the lower and upper 

spinal cord and conversion ratio of salicylate to 2,3-DHBA increased) [20]. 

Subsequently, Klivenyi et al. (2004) reported that G93A mice supplemented 

with creatine started at 30 day of age increased the survival and motor 

performance and attenuated weight loss [156]. In the same study, the authors 

showed that creatine when combined with cyclooxygenase 2 inhibitors, such 

as rofecoxib or celecoxib, produced additive neuroprotective effects and 

extended survival of mice by approximately 30% [156]. Creatine 

supplementation in the diet increased creatine levels in cerebellum (25%) 

medulla (11%) and cerebral cortex (4%) of G93A strain mice, reflecting the 

ordering of creatine kinase activity [157]. Choi et al. (2009) reported also that 

creatine prevented N-acetylaspartate levels reduction in the medulla at late 

stages and produced weight retention in a genetic mouse model of ALS [157]. 

A clinical study by Mazzini et al. (2001) demonstrated the promising 

beneficial effect of creatine supplementation for ALS, since maximal 

voluntary isometric muscular contraction and the slope of fatigue test 

improved after 7 days of supplementation with creatine in knee extensors 

and also in elbow flexors [158]. However, during the 6-month follow-up 

period of clinical protocol all the examined parameters showed a linear 

progressive decline [158]. In another study, although creatine 

supplementation for 6 months was well tolerated by ALS patients, no 

benefit effect of creatine could be demonstrated in any outcome measure 

(maximum voluntary isometric contraction of eight upper extremity 

muscles, grip strength, ALS functional rating scale-revised, and motor unit 

number estimates) [159]. Furthermore, a study also demonstrated that 

creatine supplementation for 16 months did not affect survival or the rate 

of decline of functional measurements in ALS patients [160]. Rosenfeld et 

al. (2008) also showed that creatine monohydrate supplementation did not 

significantly improve motor, respiratory or functional capacity in the ALS 

patient population, but there was a trend toward improved survival in 
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patients taking daily creatine monohydrate [161]. In relation to respiratory 

function, creatine supplementation for 1-4 months did not alter the 

pulmonary capacity (forced vital capacity, forced expiratory volume, peak 

expiratory flow rate and maximum voluntary ventilation) in patients with 

definite advanced ALS [162].  

While the beneficial effects of creatine supplementation on ALS are 

still not consensual in clinical trials, one study has pointed out that creatine 

regimen at higher dosages for three week increased about 8% brain 

creatine levels and decreased 17% glutamate + glutamine brain signals in 

ALS patients, suggesting that creatine modulates glutamate metabolism 

and it may be important for neurodegenerative conditions such as ALS 

[163]. Confirming these results Vielhaber et al. (2001) reported that the 

ALS patients upon creatine supplementation decrease the glutamate + 

glutamine/creatine and glutamate + glutamine/choline ratios in motor 

cortex. In this same study, creatine supplementation is not able to alter the 

N-acetylaspartate/creatine or the N-acetylaspartate//choline ratios in the 

motor cortex, as compared to control non-supplemented group [53].  

A systematic review, including three clinical trials and 386 participants 

randomized, examined the efficacy of creatine in prolonging the survival of 

ALS patients and disease slowing [164, 165]. In this study, no statistical 

difference in survival and ALS functional rating revised scores between the 

placebo and creatine groups were observed [164, 165]. There was a trend 

towards slightly worsened forced vital capacity in the creatine group as 

compared to placebo [164, 165]. Furthermore, Strong and Pattee (2000) 

reviewed the theoretical propositions of the neuroprotective effect of 

creatine and the authors concluded that there is considerable theoretical 

evidence supporting the use of creatine in the treatment of ALS patients 

[166]. Ellis and Rosenfeld (2004) also reviewed the pharmacokinetics and 

rationale for the use of creatine at available evidence from animal models 

and clinical trials for ALS and related neurodegenerative or neuromuscular 

diseases [167].  
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UNDERSTANDING THE EFFECTS OF CREATINE  

ON TRAUMATIC BRAIN INJURY 

 

Traumatic brain injury (TBI) is a major cause of mortality and 

morbidity, which constitutes a considerable health problem throughout the 

world. At least 1.4 million cases occur each year in the United States 

(50,000 cases are fatal, 235,000 persons are admitted to hospitals and 1.1 

million of persons are treated and released from hospital) [168]. 

Approximately 5.3 million people live suffering from long-term 

disabilities, impairment or handicap as a result of TBI [169]. The primary 

injury associated to TBI is caused as a direct result of the mechanical 

impact and the secondary injury is consequence from the effects of primary 

injuries [170, 171]. During the second stage, damage is primarily due to 

neurotransmitters release, calcium overload, free radical-mediated damage, 

inflammation, proapoptotic gene activation, mitochondrial dysfunction and 

energetic status impairment [172]. 

Studies have indicated that concussion decreases the cerebral creatine 

levels in athletes [173] and in rats exposed to mild TBI experimental model 

[174], suggesting that this energetic compound may generate 

neuroprotective effects when administered post traumatic brain injury. Of 

note, chronic administration of creatine improved the extent of cortical 

damage induced by TBI (about 36% in mice and 50% in rats), as well 

induced maintenance of mitochondrial bioenergetics (increased 

mitochondrial membrane potential and ATP levels and decreased 

intramitochondrial levels of reactive oxygen species and calcium) and 

inhibited the induction of mitochondrial permeability transition pore [175]. 

Adult rats supplemented with creatine for 2 weeks before TBI presented a 

significant reduction on both lactate and free fatty acid in hippocampus and 

cerebral cortex ipsilateral to the injury, suggesting that a creatine-enriched 

diet can provide substantial neuroprotection in part by suppressing 

secondary brain injury [176]. Although creatine reduces oxidative stress 

markers (protein carbonylation, thiobarbituric acid reactive species) in the 
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ipsilateral cortex to injury, creatine administration does not protect against 

seizure susceptibility after severe TBI [31]. 

The administration of creatine for 6 months to children with TBI 

improved several parameters, including duration of post-traumatic 

amnesia, duration of intubation, intensive care unit stay, disability, good 

recovery, self-care, communication, locomotion, sociability, 

personality/behavior and neurophysical, and cognitive function [177]. 

Furthermore, the administration of creatine to children and adolescents 

with TBI improved duration of post traumatic amnesia, duration of 

intubation, intensive care unit stay, headache, dizziness and fatigue in all 

patients analyzed [178]. However, further clinical studies should be 

performed to determine the neuroprotective effects of creatine 

supplementation after traumatic brain injury. Currently, Royes and Cassol 

(2016) reviewed the role of creatine in secondary damage induced by TBI 

in a translational perspective of animal studies to clinical studies [179]. 

In addition, similar beneficial effects were observed in another central 

nervous system injury, such as spinal cord injury model, which creatine 

regimen significantly spared gray matter in rats, suggesting that creatine 

could be also a promising strategy to promote neuroprotection after spinal 

cord injury [180]. Furthermore, rats submitted to spinal cord injury and 

supplemented with creatine scored better than the non creatine 

supplemented rats in the locomotion in the open-field test and significantly 

smaller amount of scar tissue surrounding the traumatic cavity was found, 

suggesting that creatine treatment seems to reduce the spread of secondary 

injury [181]. 

 

 

PROTECTIVE EFFECTS OF CREATINE AGAINST STROKE 

AND CEREBRAL HYPOXIA/ISCHEMIA 

 

Stroke (also known as cerebrovascular accident) is the second leading 

cause of death worldwide [182–184]. Particularly, there are two types of 

cerebral vascular accidents: ischemic stroke (85% of all cases), occurring 
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as a result of thrombotic obstruction, and hemorrhagic stroke (15% of 

cases and high prevalence of mortality), occurring as weakening of blood 

vessels of the brain generating small ruptures and blood outflow to the 

brain and surrounding tissues [185]. Reduction in the cerebral blood flow 

and glucose and oxygen supply to brain is consequence of obstruction of 

blood vessel in the stroke. Under deprivation of oxygen and glucose, 

neuronal death occurs initially from anoxia/hypoxia and energy depletion, 

followed by reperfusion, oxidative stress, glutamate excitotoxicity, and 

nitric oxide synthesis with energy failure and death [186, 187]. To date, 

there is no effective treatment to prevent the brain damage in ischemic 

stroke and new neuroprotective strategies are welcome.  

The neuroprotective effect of creatine is widely demonstrated in 

models of partial or total deprivation of oxygen (hypoxia or anoxia, 

respectively) at neuronal cell investigation. Krivánek and coworkers were 

the first to demonstrate the beneficial effect of creatine incubation in the 

cerebral cortex slices submitted to oxygen deprivation, which the content 

of phosphocreatine was related to the maintenance of tissue polarization 

[188]. Subsequently, a study demonstrated that guinea pig hippocampal 

slice at creatine-fortified buffer markedly elevated tissue phosphocreatine 

and creatine levels associated with a 300% increase of the evoked response 

spike in the granule cells of dentate gyrus during anoxia, suggesting that 

creatine incubation may protect cerebral synaptic transmission in the 

oxygen deprivation condition [189]. The same research group 

demonstrated that the guinea pig hippocampal slice submitted to creatine 

for 3 hours elevated the phosphocreatine levels in molecular layer 

(fourfold), as well as the time of synaptic transmission during hypoxia 

(three times as long as it does in the absence of creatine). Additionally, 

creatine fortified medium produced a delay in the reduction of ATP levels 

during hypoxia [190]. Corroborating, Yoneda et al. (1983) using also 

guinea pig hippocampal slices demonstrated that creatine incubation 

increased the phosphocreatine content of tissue and reduced the rate of 

ATP exhaustion during anoxia [191]. Furthermore, the concentrations of 

ATP and phosphocreatine rapidly were recovered in slices preincubated 

with creatine in the reoxygenation after anoxia period, suggesting that the 
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elevation of phosphocreatine concentration may therefore prolong the 

survival time of brain tissue during anoxia and facilitate recovery during 

reoxygenation [191]. An electrophysiological approach revealed also that 

the accumulation of phosphocreatine in the hippocampal slice not only 

prolonged the latency of the loss of the postsynaptic potential during 

deprivation of oxygen and glucose, but also enhanced the tolerance to the 

deprivation resulting in the complete recovery of the postsynaptic potential 

[191]. The same authors demonstrated through the biochemical approaches 

that phosphocreatine accumulation not only slowed down the rate of 

decrease of ATP during oxygen and glucose deprivation, but facilitated the 

recovery of the high-energy phosphates in the reoxygenation period [192]. 

Furthermore, rat hippocampal slices incubated with creatine 

(concentration-dependent) increased baseline levels of phosphocreatine, 

reduced the anoxia-induced decline in phosphocreatine and ATP levels, 

prevented the impairment of protein synthesis, and reduced neuronal death 

[193]. Carter et al. (1995) also reported that creatine when combined with 

the noncompetitive NMDA antagonist MK-801 provided complete 

adjunctive protection against anoxia condition [193]. In brainstem slices, 

amplitude and duration of bursts increased in the slices submitted to anoxia 

and preincubated with creatine, as compared to preanoxic values (59% and 

37%, respectively) [194]. In addition, creatine preincubation delayed 

anoxic depolarization [195], even creatine at low concentration (1 mM) 

[196]. Creatine is able to delay the disappearance of population spike 

during anoxia [197].  

Creatine-fed rats revealed a statistically significant increase of cerebral 

creatine concentration and slightly less severe and mildly delayed of brain 

water diffusion changes during ischemia and similar beneficial trends 

during early reperfusion although not statistically significance [198]. 

Furthermore, Zhu et al. (2004) found that rats supplemented with creatine 

increased phosphocreatine content in the brain and reduced ischemic 

damage and caspase activation induced by transient focal ischemia [199]. 

Moreover, after 3 weeks of dietary creatine supplementation mice had 40% 

reduction in infarct volume after transient focal cerebral ischemia, as 

compared to control dietary group [200]. However, minor changes in brain 
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creatine, phosphocreatine, ATP, adenosine diphosphate (ADP) and 

adenosine monophosphate (AMP) levels were detected following creatine 

supplementation, suggesting that creatine-mediated neuroprotection can 

occur independent of changes in the bioenergetic status of brain tissue 

[200]. 

In addition, researchers have made great efforts in investigating the 

neuroprotective effect of a system of continuous release of creatine in the 

brain by osmotic pump against ischemia experimental models. Creatine 

affords protection against an in vivo model of global cerebral ischemia 

when administered directly to the brain by an osmotic pump implanted in 

the rat lateral ventricle [201–203]. The first study to investigate the effect 

of creatine administration by osmotic pump on the 10-minutes transient 

global cerebral ischemia clamping of rat carotid arteries and controlled 

arterial hypotension was conducted by Payan et al. (1965) [203]. In this 

study, creatine pretreatment decreases the number of necrotic neurons in 

hippocampal CA1 area after transient ischemia [203]. Otellin et al. (2003) 

demonstrated that transient brain ischemia induced glial astrocyte 

reactivity in the hippocampus of rats and creatine administered by 

intracerebroventricular route, for 5 days before ischemia and 7 consecutive 

days after ischemia, prevented this neurotoxicity [202]. Lensman et al. 

(2006) showed that creatine administered before and continuing with no 

interruption for 7 days after the cerebral ischemia reduced the damage in 

all brain regions examined (hippocampus (Cornu Ammonis region 1, 2 and 

3 (CA1, CA2 and CA3), and fascia dentate), caudate, putamen, and 

neocortex) and neurological score [201]. However, Lensman et al. (2006) 

also showed that creatine administered intracerebroventricularly 30 min 

after ischemia and continuing without interruption for 7 days did not alter 

significantly the damage in the brain regions analyzed and neurological 

scores [201].  

Due to low solubility, difficulty in permeability through the blood-

brain barrier and low cellular uptake rate, researchers have developed 

hybrid salts of creatine to attenuate such limitations. Cyclocreatine, an 

analog of creatine and substrate for creatine kinase, but its phosphorylated 

form presents low capacity to donor phosphate, as compared to 
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phosphocreatine, produces both positive [204] and negative [205] effects in 

brain ischemia. For example, in brains of cyclocreatine-fed mice, the pool 

of phosphocyclocreatine and ATP is increased during anoxia with a 

correspondingly increase of inorganic phosphate, suggesting that during 

ischemic episodes cyclocreatine can prolong the time required to exhaust 

the available energy stores of ischemic brain [204]. However, a study 

reported that cyclocreatine did not increase survival time of animals during 

hypoxia and in the absence of hypoxia caused significant mortality and 

reduction on the body weight, suggesting high toxicity rate and low 

efficacy under oxygen deprivation conditions of cyclocreatine 

supplementation [205]. Another creatine mimetic molecule was 

phosphocreatine magnesium complex acetate, which reduced the infarct 

volume by 48% and the Clark's neurological score in mice submitted to 

transient middle cerebral artery occlusion [206]. Furthermore, a study 

suggested a significant neuroprotective effect of creatine glycine ethylic 

ether fumarate, since decreased brain lesion volume and clinical score in 

Garcia scale produced in rats exposed to focal ischemic and reperfusion 

experimental model [207]. Recently, hippocampal slices incubated with 

creatine gluconate (a hybrid salt) was superior to creatine in increasing 

tissue content of creatine after transporter block and produced slowed 

down population spike disappearance during anoxia, an effect that creatine 

per se did not have [208], suggesting that creatine when uptake by 

hippocampal cells promotes neuroprotection against anoxia condition.  

Although the experimental results at cellular and animal models are 

not conclusive about neuroprotective effect of creatine in hypoxia/ischemia 

and stroke conditions, these studies encouraged analysis of neuroprotective 

effect on healthy individuals and individuals who had stroke. Hypoxia (gas 

mixture with 10% oxygen)-induced decrements in cognitive performance 

(specifically attentional capacity) and corticomotor excitability, wich were 

restored when healthy young adults participants were supplemented with 

creatine for seven days [209]. Skrivánek et al. (1995) showed that 119 

ischemic stroke patients administered with phosphocreatine by oral route 

within 8 hours after the onset of symptoms did not have significant 

improvement [210, 211]. 
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Besides the effects of creatine supplementation on experimental 

models of stroke and generalized ischemia, administration of creatine 

given to mother before hypoxia/ischemia of the pups or neonates has 

demonstrated to improve survival and neurological outcome of mice [212, 

213]. Ellery et al. (2016) reviewed the neuroprotective effect of creatine in 

the perinatal brain from hypoxic-ischemic encephalopathy and concluded 

that dietary creatine supplementation during pregnancy may be an effective 

prophylaxis strategy protecting the fetus from the multi-organ 

consequences of severe hypoxia at birth [214]. 

Creatine may provide also neuroprotection of neonates even when 

administered after hypoxia/ischemic insult [215, 216]. In neonatal animals, 

amplitudes and duration of hypoglossal nerve bursts increased during 

anoxia (41% and 18%, respectively) in creatine supplemented animals 

when compared with preanoxic values [194]. Iqbal et al. (2015a) 

demonstrated that creatine supplementation for 8 weeks following neonatal 

brain damage resulted in enhanced muscular strength, neuromuscular 

coordination, body weight, mean swimming speed in the Morris water 

maze test, but the spatial memory was not improved significantly 

following hypoxia ischemia encephalopathy [217]. In addition, the 

ambulation parameters and percentage of infarct volume remained also 

unaffected following creatine supplementation [217]. Furthermore, a study 

of the same research group demonstrated that 10 weeks of creatine 

supplementation significantly improved locomotor and exploratory 

behavior in the open field test, as well as neuromuscular coordination in 

the rota rod test and spatial memory in the Morris water maze tests 

following neonatal brain ischemia [215]. In this study, the authors reported 

also that creatine supplementation reduced the infarct size induced by 

neonate brain ischemia [215]. Iqbal et al. (2015b) also demonstrated that 

long term creatine monohydrate supplementation (15 weeks) following 

neonatal hypoxic ischemic insult improves neuromuscular coordination in 

the rota-rod test and spatial learning in Morris water maze test in male 

albino mouse, but not the brain infarct volume (although it tended to be 

significantly different, as compared to control group) [218].  
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Iqbal et al. (2013) point in the involvement of hematological and 

biochemical parameters in the creatine supplementation effect against 

neonate ischemia [216]. Alanine aminotransferase activity, low density 

lipoprotein and total cholesterol levels were higher in mice feeding on 

normal diet for 8-12 weeks following asphyxia, when compared with the 

creatine supplemented mice [216]. Glycemic rate was significantly lower 

in creatine supplemented mice as compared to untreated group following 

ischemic insult [216]. Subsequently, the same authors investigated the 

involvement of neuroinflammatory pathways in the neuroprotective effect 

of long term creatine supplementation against cerebral ischemia [219]. 

Mouse serum concentration of cytokines interleukin 6, as well as 

interleukin 18 (cytokines), were significantly higher in mice supplemented 

with creatine monohydrate for 15 weeks following hypoxic ischemic 

insult, indicating that long term creatine monohydrate supplementation up 

regulates cytokines concentrations triggering the neuroinflammatory and 

neuroprotective responses [219].  

 

 

THE EFFECT OF CREATINE IN THE SEIZURE DISORDERS  

 

Epilepsy affects approximately 65 million people worldwide [220]. 

Classically, epilepsy is characterized by excessive or uncontrolled 

discharges of neurons leading to epileptic seizures, cognitive and mood 

impairment, and injuries [221–223]. Current antiepileptic treatments have 

several drawbacks, since they are ineffective for about 22-30% of patients 

and produce frequent and persistent side effects, such as allergies, 

neurological and systemic toxicity, depression, memory loss, and 

osteoporosis [220, 224]. Considering these limitations in the epilepsy 

management, there is significant clinical interest in finding alternative 

therapies for epilepsy.  

Specifically, epileptic seizures are associated with decreased 

phosphocreatine/ATP ratio in the brain [225], implicating the metabolism 

of creatine in the convulsions. Interestingly, the first study to investigate 

the neuroprotective effect of creatine in convulsions was performed by 
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Holtzman et al. (1998) using rats pups submitted to hypoxia protocol, since 

the incidence of clinical seizures is highest in the newborn period [226]. In 

this study, rat pups injected with creatine for 3 days before postnatal 

hypoxia decreased hypoxia-induced seizures and deaths associated to an 

increase of brain phosphocreatine/nucleoside triphosphate ratio and 

recovery of brain phosphocreatine and ATP depletion after hypoxia [226].  

Royes et al. (2003) demonstrated that peripheral acute creatine 

administration by intraperitoneal route prevented the number and duration 

of convulsions and the lactate increase in the striatum of rats submitted to 

intrastriatal injection of methylmalonate and NMDA [227]. Subsequently, 

the same research group also reported that acute creatine treatment, similar 

to NMDA receptor antagonist MK-801, protected againstmethylmalonate-

induced increase of number and time spent convulsioning, seizure 

evidenced by electrographic recording in the ipsilateral striatum and 

cerebral cortex, protein carbonylation and tiobarbituric acid reactive 

species production in the striatum [32]. The acute creatine administration 

prevented also methylmalonate-induced creatine and phosphocreatine 

depletion [32].  

Magni et al. (2007) showed that although acute creatine administration 

by oral route did not prevent convulsions induced by administration 

intrastriatal of glutaric acid (an experimental rat model of glutaric acidemia 

type I characterized by striatal degeneration and seizures), creatine 

treatment decreased seizures (evidenced by electrographic changes), 

protein carbonylation and Na+,K+-ATPase inhibition [51]. Magni et al. 

(2007) demonstrated also that creatine also protected against the glutaric 

acid-induced inhibition of glutamate uptake in striatal synaptosomes [51]. 

Rambo et al. (2013) added several issues on the anticonvulsant effect 

of creatine [26]. Firstly, the authors demonstrated that acute creatine 

treatment by oral route in rats prevented the increase in 

electroencephalographic wave amplitude typically elicited by 

pentylenetetrazol, a proconvulsant agent [26]. Secondly, the authors 

reported that creatine treatment increased the latency periods of first 

myoclonic jerks, lengthened the latency periods of the generalized tonic-

clonic seizures and reduced the time spent in the generalized tonic-clonic 
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seizures induced by pentylenetetrazol [26]. Additionally, the acute creatine 

treatment prevented Na+, K+-ATPase activity inhibition, as well as ATP 

and ADP levels reduction, xanthine oxidase activity increased, and AMP, 

adenosine, inosine and uric acid levels increased induced by 

pentylenetetrazol treatment [26]. Finally, the authors also showed that 

creatine prevented pentylenetetrazol-induced mitochondrial dysfunction 

characterized by decreasing of mitochondrial membrane potential and 

increasing of thiobarbituric acid-reactive substance and protein 

carbonylation levels in the mitochondria of cerebral cortex [26].  

Importantly, the combination between physical training and creatine 

administration by 6 weeks caused additive anticonvulsant effects, since it 

increased the onset latency for pentylenetetrazol-induced seizures (number 

and time of convulsions and electroencephalography records in the 

cerebral cortex and hippocampus) [228]. Physical training, creatine 

administration or its combination abrogated the pentylenetetrazol-elicited 

increased thiobarbituric acid-reactive substances and protein carbonylation, 

as well as decreased non-protein-thiols content, and the activity of 

antioxidant enzymes such as catalase and superoxide dismutase [228]. 

A study demonstrated also that acute creatine treatment by oral route 

reduces oxidative stress markers (thiobarbituric acid-reactive substance 

and protein carbonylation levels), but does not protect against seizure 

susceptibility after severe TBI [31]. In this study, electroencephalography 

analysis revealed that the injection of a subconvulsant dose of 

pentylenetetrazol 8 days after neuronal injury, decreased latency for the 

first clonic seizures and increased the time of spent generalized tonic-

clonic seizures compared with the sham group and creatine acute treatment 

had no effect on convulsive parameters induced in this seizure model [31]. 

In another animal model of temporal lobe epilepsy induced by 

peripheral administration of pilocarpine creatine produced beneficial 

effect. Two hours after pilocarpine-seizure induction, brain-type cytoplasm 

creatine kinase and creatine transporter immunoreactivity were decreased 

to 70% and 60% of control level and creatine prevented the brain creatine 

kinase reduction [229]. Corroborating with these findings, Vielhaber et al. 

(2003) reported also that creatine feeding in epileptic rats increases 
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hippocampal N-acetylaspartate concentrations, suggesting improved 

neuronal survival [230]. However, in the same study the authors showed 

that hippocampal slices from creatine-treated epileptic rats revealed a more 

pronounced loss of pyramidal neurons and decrease in activity of 

mitochondrial enzymes in hippocampal subfields, suggesting deleterious 

effects of creatine supplementation [230]. The authors also suggested that 

further studies are necessary to understand the effects of creatine 

supplementation on temporal lobe epilepsy.  

 

 

THE EFFECT OF CREATINE ON PSYCHIATRY DISEASES  

 

Although mental disorders are generally classified separately to 

neurological disorders, there are sometimes unclear boundaries in the 

distinction between neurological and mental disorders, since psychiatry 

disorders can now be diagnosed as reliably and accurately as most of the 

common physical disorders [231, 232]. Of note, 150 million of persons live 

with depression, 25 million live with schizophrenia, and 90 million live with a 

substance abuse disorder. 

Since psychiatry diseases are associated to impaired brain energy 

metabolism, studies suggest that interventions modulating energetic status, 

such as creatine, would improve these conditions [80]. This chapter also 

summarized the main findings of neuroprotective effect of creatine in the 

psychiatry disorders, such as major depressive disorder (MDD) and 

schizophrenia.  

 

 

MAJOR DEPRESSIVE DISORDER 

 

Among mental disorders, major depressive disorder (MDD) is the most 

prevalent psychiatric disorder in the population, with a lifetime prevalence 

of approximately 20% [233, 234]. Depression is a disorder characterized 

by a broad range of symptoms, including altered mood and cognitive 

functions, loss of interest or pleasure in daily activities, feelings of guilt or 
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low self-worth, disturbed sleep or appetite, low energy and recurrent 

thoughts of death or suicide [234]. The etiology of depression is associated 

to genetic and environmental factors, including stress, medical conditions, 

and pharmacologic agents exposition [234–239]. Of note, the neurobiology 

of depression is associated to monoamine dysfunction, inflammation, 

oxidative and nitrosative stress, glutamate excitotoxicity, apoptosis and 

neuronal bioenergetics impairment [240–246]. The antidepressant 

treatment available has limited success mainly due to the delayed onset of 

therapeutic effect, partial or no responses attained by the patients, as well 

as poor tolerability, high cost, and stigma associated with its use [247, 

248]. These limitations in the antidepressant therapies have encouraged the 

search for more effective agents [237, 246, 249].  

Initially, the effect of creatine administration was investigated in the 

predictive tests of antidepressant action, such as forced swimming test and 

tail suspension test. In these tests the immobility time is measured in 

rodents submitted to acute inescapable stress of forced swimming or tail 

suspension, respectively. These tests are sensitive to all major classes of 

antidepressant drugs, since effective antidepressant treatments decrease 

immobility time of rodents [250]. Similar to antidepressants, creatine 

supplementation for 5 weeks produces an antidepressant-like effect in 

female rats submitted to forced swimming test, since it is able to decrease 

the immobility time of rats, as compared to control group [251]. 

Interestingly, male rats maintained on creatine supplementation regimen 

displayed increased immobility in the rats submitted to forced swimming 

test [251]. Subsequently, the same research group did not reproduce the 

previous results obtained with male rats supplemented with creatine and 

submitted to forced swimming test [252, 253]. Furthermore, Cunha et al. 

(2012) demonstrated also that acute oral administration of creatine elicited 

a robust antidepressant like effect in another behavior despair paradigm, 

namely tail suspension test [254]. Moreover, a intracerebroventricular 

administration of creatine also produced antidepressant-like effect in the 

tail suspension test in mice, suggesting a central effect of this guanidine 

compound [255]. 
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The overall clinical aim of combining antidepressants with various 

pharmacological groups or substances is to increase the efficacy for 

depression management whilst minimizing the side effects. Allen et al. 

(2012) demonstrated that creatine supplementation when combined with 

subeffective acute dose of classic antidepressant fluoxetine produced the 

synergistic antidepressant-like effect in the forced swimming test [253]. 

Cunha et al., (2013) also reported that creatine when combined with 

antidepressants selective serotonin reuptake inhibitors, such as fluoxetine, 

paroxetine or citalopram produces synergistic antidepressant-like effect in 

the tail suspension test [256]. Besides the ability of creatine to produce an 

antidepressant-like effect when combined with selective serotonin reuptake 

inhibitors, another study also pointed out that creatine was able to cause a 

synergistic antidepressant-like effect when combined with the tricyclic 

antidepressants imipramine and desipramine, as well as with the selective 

noradrenaline reuptake inhibitor reboxetine [255]. Furthermore, bupropion, 

a dopamine reuptake inhibitor with subtle activity on noradrenergic and 

serotonergic metabolism, produced a synergistic antidepressant-like effect 

when combined with creatine [254]. 

In addition, Allen et al. (2015) reported that female rats submitted to 

ovariectomy and ovarian hormone replacement (progesterone + estradiol) 

supplemented with creatine by 5 weeks reduced the immobility time and 

increased the swimming time in the forced swimming test as compared to 

ovariectomy + ovarian hormone replacement without creatine regimen 

group [252]. A similar trend in testosterone-treated castrates fed creatine 

rats to reduce the immobility time in the forced swimming test was 

observed [252], suggesting that creatine when combined with sexual 

hormones produced the synergistic antidepressant-like effect. 

Some studies have pointed out the mechanisms of action in which 

creatine acts as an antidepressant. Cunha et al. (2013a/b) demonstrated the 

involvement of monoamine bioavailability in the synaptic cleft in the 

antidepressant-like effect of acute creatine administration [255, 256]. 

Studies reported the involvement of monoamine receptors in the 

antidepressant-like effect of creatine in the tail suspension test through the 

pharmacological agonists and antagonists utilization. Specifically, the 
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dopamine D1 and D2 receptors, 5-HT1A receptor and α1-adrenoceptor were 

implicated in the antidepressant-like effect of creatine in the tail suspension 

test [254–256]. Subsequently, Cunha et al. (2015a) demonstrated the 

involvement of NMDA receptor inhibition in the antidepressant like effect 

of creatine [48]. Furthermore, the activation of adenosine A1 and A2A 

receptors also were implicated in the antidepressant-like effect of creatine 

[257].  

The activation of intracellular kinases, such as PKA, PKC, CaMKII, 

MEK 1/2, ERK 1/2, protein kinase B or Akt were also implicated in the 

antidepressant-like effect of creatine [42, 258]. Classically these kinases 

coordinate the transcription of genes related to neuroplasticity. Allen et al. 

(2015) also reported that combined creatine supplementation and 

testosterone in castrates male rats prevented downregulation of BDNF, 

doublecortin, and calretinin mRNAs and trended to decrease the 

immobility time [252]. Similarly, creatine supplementation combined with 

ovarian hormone replacement in ovariectomized females attenuated 

downregulation of BDNF and calbindin mRNA levels associated to an 

antidepressant profile in the forced swimming test, suggesting that 

combined treatment with creatine and sex steroids is neuroprotective to 

gonadectomized rats, potentially by reducing metabolic dysfunctions 

associated with castration or ovariectomy [252]. However, the same study 

showed that creatine supplemented rats per se decreased the expression of 

BDNF, tyrosine kinase B, doublecortin, calretinin, and calbindin 

(hippocampal plasticity-related genes) in the hippocampus of male rats and 

BDNF, doublecortin, and calbindin mRNAs in the hippocampus of females 

rats, suggesting that creatine supplementation negatively impacted 

hippocampal neuronal integrity in otherwise healthy brains, possibly 

through negative compensatory changes in energy metabolism [252]. 

The effect of creatine administration also was tested in the animal 

models of depression, such as chronic mild stress and chronic 

administration of corticosterone. Pazini et al. (2016) recently demonstrated 

that acute creatine treatment, similar to the fast acting antidepressant 

ketamine, affords antidepressant-like effect in the tail suspension test in 

mice administered chronically by 21 days with corticosterone [63]. 
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Furthermore, in the same study the authors suggested that the 

antidepressant-like effect of creatine could be dependent at least in part of 

activation of PI3K and mammalian target of rapamycin, since the 

pretreatment of mice with wortmannin (a PI3K inhibitor) or rapamycin (a 

mammalian target of rapamycin inhibitor) abolished the anti-immobility 

effect of creatine in animals submitted to chronic corticosterone 

administration [63]. Subsequently, Pazini et al. (in press) also showed that 

the treatment with creatine for 21 days, similar to fluoxetine (a 

conventional antidepressant), abolished corticosterone-induced increases 

on the immobility time in the tail suspension test and forced swimming test 

and decreases on the sucrose consumption in the sucrose preference test 

associated to decreases on the hippocampal cell proliferation and neuronal 

differentiation and increases of glial fibrillary acid protein immunostaining 

(an indicative of astrogliosis) in dentate gyrus of the hippocampus [66]. 

Another animal model of depression induced by chronic mild stress for 

4 weeks significantly produced depressive-like behavior in the forced 

swimming test and tail suspension test and decreased the serotonin 

immunostaining in the dorsal raphe nucleus of mice and creatine treatment 

abolished this effect [259]. Furthermore, creatine supplementation when 

combined with experimental exercise protocol significantly decreased the 

immobility time of mice submitted to chronic mild stress in both the forced 

swimming test and tail suspension test, as compared to animals only 

supplemented with creatine [259]. In addition, the combination of creatine 

supplementation and exercise produced synergistic beneficial effect in the 

chronic mild stress-induced serotonin depletion in the dorsal raphe nucleus 

and median raphe nucleus [259]. 

The clinical trials also reported extensively the antidepressant 

properties of creatine supplementation. The first evidence of antidepressant 

properties in clinical depression was conducted by [260]. In this study, 

creatine monohydrate added to ongoing psychotropic treatment in 

posttraumatic stress disorder patients by 4 weeks improved the scores in 

the clinician administered posttraumatic stress disorder scale, the Hamilton 

Rating Scale for Depression, the Clinical Global Impressions scale, and the 

Sleep Quality Scale, suggesting that creatine supplementation might 
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represent a pivotal strategy for the management of posttraumatic stress 

disorder-induced mood dysfunction [260]. The same research group also 

demonstrated that a patient with posttraumatic stress disorder and 

comorbid depression and fibromyalgia demonstrated improvement in both 

conditions following supplementation with creatine [261].  

An important study conducted by Roitman et al. (2007) demonstrated 

that adult seven unipolar depression patients following creatine 

supplementation by 4 weeks improved significantly the Hamilton 

Depression Rating Scale, Hamilton Anxiety Scale, and Clinical Global 

Impression scores, suggesting that creatine may have antidepressant 

properties [262]. Although adverse reactions were mild and transitory 

following creatine treatment, bipolar patients treated with creatine for 4 

weeks developed hypomania/mania [262]. Interestingly, eighteen patients 

with bipolar disorder according to DSM-IV criteria supplemented with 

creatine as adjunctive therapy had a reduction on the total scores in the 

verbal fluency test, indicative of cognitive improvement in these patients 

[263]. These studies with bipolar patients demonstrate the need for more 

well-controlled and well-designed studies to conclude the effects of 

creatine supplementation in these patients. 

Lyoo et al. (2012) also demonstrated that female adult MDD patients 

receiving creatine augmentation (escitalopram treatment + creatine 

supplementation) showed significantly greater improvements in Hamilton 

depression rating scale score, as early as week 2 of treatment, maintaining 

at weeks 4 and 8 [264]. The same research group also demonstrated at 

randomized, double-blind, placebo-controlled trial, that 52 women with 

escitalopram-resistant MDD improved the depressive symptoms as 

compared to placebo augmentation group [265]. Yoon et al. (2016) also 

demonstrated that after 8 weeks of creatine supplementation, prefrontal N-

acetylaspartate levels increased significantly in the creatine augmentation 

group compared with the placebo augmentation group [265]. Increment in 

rich club hub connections was also greater in the depressive patients 

supplemented with creatine group than in the placebo augmentation group, 

suggesting that creatine may improve the intricate neural connection [265]. 

Complimentary Contributor Copy



Mauricio P. Cunha 44 

The effect of creatine augmentation also was demonstrated in the 

elderly and adolescents with treatment-resistant MDD. The mean 

Children's Depression Rating Scale-Revised score declined in 5 female 

adolescents with fluoxetine-resistant MDD following creatine 

supplementation for 2-4 weeks [266]. Subsequently, as part of the National 

Institute of Mental Health's experimental medicine initiative, Kondo et al. 

(2016) conducted an elegant placebo-controlled dose-ranging study of 

adjunctive creatine effect for adolescent females with selective serotonin 

reuptake inhibitors-resistant MDD [267]. In this study, the mean frontal 

lobe phosphocreatine levels increased in the depressive patients 

supplemented with 2, 4 and 10 g of creatine, as compared to placebo group 

[267]. Furthermore, regression analysis of phosphocreatine levels and 

depression scores across the entire sample showed that frontal lobe 

phosphocreatine was inversely correlated with depression scores [267]. In 

addition, Alves et al. (2013) showed that creatine supplementation for 24 

weeks did not alter the Geriatric Depression Scale scores in the elderly 

sedentary or submitted to strength training [121]. 

A pilot dose-finding clinical trial of creatine monohydrate 

augmentation to selective serotonin reuptake inhibitors, selective 

noradrenaline reuptake inhibitors and noradrenergic and specific 

serotonergic antidepressant treatment demonstrated that creatine 

supplementation produced no difference on Hamilton rating scale for 

depression scores as compared to placebo group [268]. However, two 

female depression patients supplemented with creatine, but no placebo-

supplemented patients, showed early improvement of more than 50% 

reduction in depression scores after 2 weeks of creatine supplementation, 

suggesting that creatine augmentation may induce a more rapid 

antidepressant response [268].  

Eleven females with MDD and comorbid methamphetamine 

dependence supplemented with creatine for 8 weeks reduced Hamilton 

rating scale and Beck Anxiety Inventory scores as early as week 2 when 

compared to baseline scores [269]. Also, a reduction in methamphetamine 

positive urine drug screens (about 50%) was observed in the patients 

supplemented with creatine [269].  
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This set of studies led Allen (2012) to review the creatine metabolism 

in the psychiatric disorders and the therapeutic value of creatine 

supplementation on these disorders [80]. 

 

 

SCHIZOPHRENIA 

 

Schizophrenia is a complex mental illness with a significant negative 

impact on individual’s and their families. This disorder is characterized by 

positive symptoms (such as delusions and hallucinations), negative symptoms 

(such as social withdrawal and reduced motivation) and cognitive impairment 

[270–272]. The lifetime risk of schizophrenia is about 1% and typically 

manifests in early adulthood [273].  

A randomized, double-blind crossover study showed that ten 

schizophrenia patients (DSM-IV criteria) supplemented with creatine for 3 

months did not alter the positive and negative syndrome scale, the clinical 

global impressions scale, as compared to placebo group [274]. However, 

seven inpatients with chronic schizophrenia supplemented with creatine for 6 

months mildly improved the schizophrenia symptomatology, but there were no 

significant changes in cognitive functions [275]. Furthermore, several ward 

behaviors were also improved in the schizophrenia inpatients supplemented 

with creatine [275]. In the same study, Levental et al. (2015) also showed that 

the late onset of Parkinsonism was significantly improved in patients with 

schizophrenia and supplemented with creatine [275]. Since few studies have 

been conducted to verify the neuroprotective effects of creatine in 

schizophrenic patients, more robust evidence with a larger sample size are 

necessary. 

 

 

CONCLUSION 

 

Oxidative and nitrosative stress, glutamate excitotoxicity, neurotrophic 

support dysfunctions and bioenergetic impairment are common features in 

several neurological conditions and compounds capable of counteracting 
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these events are valuable candidates for putative new promising interventions. 

In particular, the guanidine-like compound creatine has recently 

demonstrated its therapeutic potential in both in vitro and in vivo models of 

several neurological pathologies with low toxicity and minimal side 

effects. The preclinical evidence has encouraged a number of clinical 

studies investigating the neuroprotective effect of creatine.  

Clinical trials demonstrated that creatine supplementation produces 

beneficial results to many mental and neurological conditions, such as HD, 

several ischemic conditions, TBI and MDD, causing great enthusiasm in 

the scientific community. However, further controlled clinical studies are 

required to better clarify the neuroprotective actions of creatine. 

Despite the increasing number of studies supporting the therapeutic 

potential of creatine, the neurobiological mechanisms underlying its 

neuroprotective properties are still not fully understood. In particular, 

creatine seems to couple sites of ATP production (glycolysis and 

mitochondrial oxidative phosphorylation) with subcellular sites of ATP 

utilization (ATPases) and increases neuroenergetic efficiency. However, 

the pleiotropic effects (antioxidant, antiexcitotoxicity and neurotrophic 

effects) of creatine in the central nervous system also emerge as important 

aspects in the neuroprotective effect of this guanidine-like compound. 

However, animal or cellular models, as well as clinical trials, are still 

necessary to understand the mechanism of action of creatine in central 

nervous system diseases. 
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