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Abstract 

The phosphocreatine energy system buffers alterations in metabolic demand and provides a 

reservoir of immediately available energy for cells. The capacity of this energy reservoir can be 

increased via oral creatine supplementation using creatine monohydrate (CM). We examined the 

relationship between CM supplementation and changes in total creatine compound (TCr) 

concentrations in various metabolically active tissues. 32 Sprague-Dawley rats (16 males, 16 

females) were given ad libitum access to AIN-93G pelleted diet and water containing 0 g/L, 2.5 

g/L, 5 g/L, or 10 g/L creatine monohydrate and 1% sucrose for 8 weeks. CM supplementation 

had no effect on the weight or food/water consumption of rats. CM supplementation at all doses 

significantly increased TCr concentrations in brain (BR) and extensor digitorum longus (EDL) 

muscle while a CM dose of 5 g/L was sufficient to increase TCr concentrations in soleus (SOL) 

and red gastrocnemius (RGAS). Females experienced increases in white gastrocnemius (WGAS) 

TCr concentrations in response to 5 g/L CM, but not 2.5 g/L or 10 g/L CM, while the WGAS in 

males was not responsive to any dose. Female cardiac muscle (HRT) was responsive to both 5 

g/L and 10 g/L CM supplementation but no effect was observed in males. Both sex- and tissue-

dependent responses to CM supplementation should be investigated further as such knowledge is 

required as there is an expanding body of research into the use of CM supplementation to treat 

various diseases or insults within metabolically active tissues. 

  



ii 

 

Acknowlegements 

To my supervisor Dr. Brian Roy, thank you so much for the guidance that you have given 

me over the past three years. The direction and support you provided was invaluable during my 

time at Brock and I am fortunate to have had the privilege of being a part of your lab group. I 

will be forever grateful for the time and effort you dedicated to helping me succeed in all aspects 

of my academic journey.  

To Dr. Val Fajardo, Dr. Rebecca Macpherson, and Dr. Wendy Ward, thank you all so 

much for your contributions to this project. I am fortunate to have had such a well-rounded 

committee and I greatly appreciate the time, effort, and expertise that each of you contributed to 

this project.  

To my past and current lab-mates, thank you for your friendship and for your support 

throughout my time at Brock. From presentation feedback, to pickup hockey games, to working 

together in the lab, you have all contributed more than you know to both the development of this 

project and to my own personal development during this time.  

To my family, thank you for always believing in me and pushing me to try my best even 

when I doubted myself. Your love and reassurance mean the world to me and I could not have 

gotten this far without you.  

Finally, to Alyssa, thank you so much for the love and support you’ve given to me over 

the past three years. I am so appreciative of your countless hours of feedback and you’ve 

provided me with more help and feedback than I could have hoped for in a thousand lifetimes. 

  



iii 

 

Table of Contents 

Abstract ............................................................................................................................................ i 

Acknowlegements ........................................................................................................................... ii 

Table of Contents ........................................................................................................................... iii 

List of Tables and Figures............................................................................................................... v 

List of Symbols, Nomenclature, and Abbreviations ...................................................................... vi 

1. Literature Review........................................................................................................................ 1 

1.1. Creatine and the Phosphocreatine Energy System ............................................................... 1 

1.1.1. Overview ....................................................................................................................... 1 

1.1.2. Creatine Kinase.............................................................................................................. 2 

1.1.3. Buffering Ability of the Phosphocreatine System ......................................................... 2 

1.2. The Physiology of Creatine in Mammals ............................................................................. 4 

1.2.1. The Life Cycle of Creatine ............................................................................................ 4 

1.2.2. The Creatine Transporter ............................................................................................... 7 

1.2.3. Creatine Transport and the Brain .................................................................................. 9 

1.3. The Neuroprotective Effect of Creatine ............................................................................. 10 

1.3.1. Traumatic Brain Injury and Metabolic Cascade .......................................................... 10 

1.3.2. Creatine Monohydrate Supplementation ..................................................................... 15 

1.3.3. Attenuation of the Metabolic Deficit ........................................................................... 16 

1.3.4. Tissue Sparing ............................................................................................................. 18 

1.3.5. Behavioural Outcomes ................................................................................................ 21 

1.3.6. Summary ...................................................................................................................... 23 

1.4. Knowledge Gap .................................................................................................................. 23 

1.5. Statement of the Problem ................................................................................................... 24 

1.6. Purpose ............................................................................................................................... 26 

2. Methodology ............................................................................................................................. 26 

2.1. Experimental Design .......................................................................................................... 26 

2.2. Outcome Measures ............................................................................................................. 28 

2.2.1. Body Mass and Food and Water Consumption ........................................................... 28 

2.2.2. Preparation of Tissues ................................................................................................. 29 

2.2.3. Measurement of High-Energy Phosphate Concentrations .......................................... 29 

2.2.4. Measurement of Protein Content ................................................................................. 31 

2.3. Statistical Analysis ............................................................................................................. 33 

3. Results ....................................................................................................................................... 33 

3.1. Rat Weight.......................................................................................................................... 33 

3.1.1. Food and Water Consumption ..................................................................................... 35 

3.1.2. Creatine Consumption ................................................................................................. 35 

3.2. Tissue Response to Creatine Supplementation .................................................................. 38 

3.2.1. Brain ............................................................................................................................ 38 

3.2.2. Skeletal Muscle ........................................................................................................... 39 



iv 

 

3.3.3. Heart and Liver ............................................................................................................ 41 

3.3. TCr Comparison Between Skeletal Muscle ....................................................................... 43 

3.4. GAMT Protein Content ...................................................................................................... 45 

4. Discussion ................................................................................................................................. 46 

4.1. Brain TCr Concentrations .................................................................................................. 46 

4.2. Creatine Monohydrate Use as a Prophylactic Supplement for Athletes ............................ 47 

4.3. Creatine Monohydrate Supplementation and MDD ........................................................... 48 

4.4. Sex-Dependent Differences in TCr Concentrations ........................................................... 49 

4.5. Mechanisms Promoting Sex-Dependent TCr Concentration Regulation .......................... 50 

4.6. Creatine Synthesis Pathway ............................................................................................... 54 

4.7. Skeletal Muscle Comparison .............................................................................................. 55 

4.8. Creatine and the Heart ........................................................................................................ 58 

4.9. Physiological Relevance of Dose ....................................................................................... 59 

4.10. Regulation of Creatine Transport and Synthesis .............................................................. 60 

4.11. Comparison to Previous Literature .................................................................................. 63 

4.12. Rat Weights and Consumption ......................................................................................... 65 

4.13. Limitations ....................................................................................................................... 65 

4.14. Conclusions ...................................................................................................................... 66 

References ..................................................................................................................................... 68 

Appendix I: Tissue Lyophilization and Fluorometric Assays ...................................................... 84 

Appendix II: Protein Expression by SDS-PAGE.......................................................................... 87 

Appendix III: List of Reagents ..................................................................................................... 88 

Appendix IV: Raw TCr Concentration Data ................................................................................ 90 



v 

 

List of Tables and Figures 

Tables 

Table 1. Name, subcellular location, and tissue expression of CK isoforms……...……………...2 

Table 2. Neuroprotective outcomes in response to CM supplementation in TBI models……….23 

Table 3. Animal weights and total consumption of food, water, and creatine…………………..37 

Table 4. Absolute and relative creatine consumption per day in CM supplementation groups 

between males and females………………………………………………………………………37 

Table 5. TCr concentrations within tissue between CM dosing groups………………….…..….42 

Table 6. TCr concentrations within CM dosing group between skeletal muscle tissues………...44 

 

Figures 

Figure 1. Molecules of creatine and phosphocreatine.…………….……………………....….…..1 

Figure 2. The phosphocreatine energy system………………………………………...…………..4 

Figure 3. The physiological lifecycle of creatine in the body……………………….…………….6 

Figure 4. Structure and configuration of the creatine transporter protein…………..……………..8 

Figure 5. TBI-induced neurometabolic cascade in neurons……………………………..……….13 

Figure 6. Growth of male and female rats over 8 weeks of CM supplementation…….……..….34 

Figure 7. TCr concentrations in brain………………………………………………………...….38 

Figure 8. TCr concentrations in EDL, SOL, RGAS, and WGAS……………………………..…40 

Figure 9. TCr concentrations in heart muscle and liver………………………………………….41 

Figure 10. Representative blot and relative GAMT protein content in liver…………...………..45 

 

 

 

  



vi 

 

List of Symbols, Nomenclature, and Abbreviations 

ADP  adenosine diphosphate 

AGAT  arginine:glycine amidinotranferase  

AICAR  5-aminoimidazole-4-carboxamide ribonucleotide 

AIN   American Institute of Nutrition  

Akt   also referred to as PKB  

AMP   Adenosine monophosphate 

AMPK  5' AMP-activated protein kinase 

ATP   adenosine triphosphate 

BAI   Beck Anxiety Inventory 

BB-CK brain-type cytosolic CK  

BBB   blood-brain-barrier  

BBBLS  Basso, Beattie, Bresnahan locomotor scale 

BCA   bicinchoninic acid 

BGT1   betaine-GABA transporter 1 

BR  brain 

BSA   bovine serum albumin  

Ca2+   calcium ion 

CCAC   Canadian Council on Animal Care 

CCC  controlled cortical contusion 

CCI   controlled cortical impact 

CDC   Centers for Disease Control 

CDRS-R  Children’s Depression Rating Scale-Revised 



vii 

 

CK   creatine kinase 

CM   creatine monohydrate 

Cr   creatine 

CRT   creatine transporter 

CSF   cerebrospinal fluid 

DMD   Duchenne’s Muscular Dystrophy 

D.T.T   dithiothreitol 

EDL   extensor digitorum longus 

G6PDH  glucose-6-phosphate dehydrogenase  

GAA   guanidinoacetic acid 

GABA  gamma aminobutyric acid 

GAMT  guanidinoacetate N-methyltransferase 

GAT1   GABA transporter 1 

GAT3   GABA transporter 3 

GAT4   GABA transporter 4 

GDP   Guanosine diphosphate 

GMP  Guanosine monophosphate 

GPA  guanidinopropionic acid 

GSK3β Glycogen synthase kinase 3 beta  

GTP   Guanosine triphosphate 

H+   hydrogen ion  

HF  heart failure 

1H-MRS  proton magnetic resonance spectroscopy  



viii 

 

HDRS   Hamilton Depression Rating Scale  

HED   human equivalent dose 

HK   hexokinase 

HRP   horseradish peroxidase 

ICR   Institute of Cancer Research 

IL-10   interleukin 10  

IL-1α   interleukin 1 alpha 

IL-1β   interleukin 1 beta  

IL-1ra   interleukin 1 receptor agonist  

IL-6   interleukin 6  

K+  potassium ion 

KCl   potassium chloride 

KHCO3  potassium bicarbonate 

LDH   lactate dehydrogenase  

LIV   liver  

MB-CK  hybrid/ectopic-type cytosolic creatine kinase  

MCA   middle cerebral artery occlusion 

MDD   Major Depressive Disorder 

MgCl2  magnesium chloride 

MHC   myosin heavy chain  

MM-CK  muscle-type cytosolic creatine kinase 

mRNA  messenger ribonucleic acid 

mTBI   mild traumatic brain injury 



ix 

 

mTOR  mammalian target of rapamycin 

Na+   sodium ions 

NAA   N-acetylaspartate 

NAD   nicotinamide adenine dinucleotide 

NADH  reduced nicotinamide adenine dinucleotide 

NADP  nicotinamide adenine dinucleotide phosphate  

NADPH  reduced nicotinamide adenine dinucleotide phosphate  

NGF   nerve growth factor 

NHANES  National Health and Nutrition Examination Survey 

NMDAR  N-methyl-d-aspartate receptor 

NO   nitric oxide 

O2●-   superoxide 

OF1   Oncins France 1 

OFA   Oncins France Strain A 

31P-MRS  31P-magnetic resonance spectroscopy  

PCr   phosphocreatine  

PEP   phosphoenolpyruvate 

PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PGE2   prostaglandin E2 

Pi   inorganic phosphate 

PIKfyve  FYVE finger-containing phosphoinositide kinase 

PKB  protein kinase B 

PLB   phospholamban  



x 

 

PMFS   phenylmethylsulfonyl fluoride 

PPAR  peroxisome proliferator-activated receptor  

PVDF  polyvinylidene difluoride 

RGAS  red fiber dominant gastrocnemius  

RNCM  rat neonatal cardiomyocytes  

ROS   reactive oxidative species  

SCC   spinal cord contusion 

SCI  spinal cord injury 

SD  standard deviation 

SERCA  sarco-endoplasmic reticulum Ca2+ATPase 

SGK1   serum and glucocorticoid-regulated kinase 1 

SGK3   serum and glucocorticoid-regulated kinase 3 

SLC   solute carrier superfamily 

SLC6A8  the gene encoding for CRT 

SLN   sarcolipin 

sMtCK  sarcomeric mitochondrial creatine kinase 

SOL   soleus 

SR   sarco-endoplasmic reticulum 

sTBI   severe traumatic brain injury 

TAUR   taurine transporter 

TBI   traumatic brain injury 

TBST   tris-buffered saline and Polysorbate 20 solution 

TCA   tricarboxylic acid 



xi 

 

TCr   total creatine 

TGF-β   transforming growth factor β 

TNFα   tumor necrosis factor α 

uMtCK  ubiquitous mitochondrial creatine kinase 

WGAS  white fiber dominant gastrocnemius 



1 

 

1. Literature Review 

1.1. Creatine and the Phosphocreatine Energy System 

1.1.1. Overview 

 During energy consuming metabolic processes, the molecule adenosine triphosphate 

(ATP), often referred to as the energy currency of the cell, is broken down into adenosine 

diphosphate (ADP) and inorganic phosphate (Pi) to liberate usable energy. The ability to 

resynthesize ATP from its constituents ADP and Pi is one of the most important physiological 

processes undertaken by living cells. This conversion is accomplished through a variety of 

energy systems and metabolic pathways, each of which has their own advantages and 

disadvantages; one example of which is the phosphocreatine energy system. When compared to 

other energy systems, the advantage of the phosphocreatine system is that it can regenerate ATP 

without the use of oxygen and without the production of lactate. The disadvantage of this system 

is that it is only able to function at a high capacity for a relatively short period of time (Tiidus, 

Tupling, & Houston, 2012). 

Figure 1. Molecules of Creatine 

(Cr) and Phosphocreatine (PCr) 
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1.1.2. Creatine Kinase 

 The enzyme responsible for ATP synthesis within the phosphocreatine system is creatine 

kinase (CK). This enzyme catalyzes an equilibrium reaction through which a phosphate group 

from ATP is transferred to the molecule creatine (Cr) to form phosphocreatine (PCr), ADP, and a 

free proton. The reaction is as follows: 𝐶𝑟 + 𝐴𝑇𝑃
𝐶𝐾
↔ 𝑃𝐶𝑟 + 𝐴𝐷𝑃 + 𝐻+  (Tiidus et al., 2012) and 

the ratio of its substrates to products are regulated by substrate availability (Sherwood, Kell, & 

Ward, 2013). Multiple isoforms of CK exist and belong to one of two main groups; 

mitochondrial CK, which can exist as either the sarcomeric isoform (sMtCK) or the ubiquitous 

isoform (uMtCK), and cytosolic CK, which consists of two subunits, brain (B) or muscle (M), 

which can be combined to form one of three isoenzymes; muscle-type (MM-CK), brain-type 

(BB-CK), or a hybrid/ectopic-type (MB-CK) (Schlattner, Tokarska-Schlattner, & Wallimann, 

2006). These isoenzymes catalyze the same reaction but are differentially expressed both in 

terms of subcellular location and tissue type (Joncquel-Chevalier Curt et al., 2015). 

 

1.1.3. Buffering Ability of the Phosphocreatine System  

 Creatine and phosphocreatine concentrations are especially high in metabolically active 

tissues such as skeletal muscle, cardiac muscle, and brain (Ipsiroglu et al., 2001). Within these 

tissues concentrations of ATP range from 2-5 mM (wet weight) while phosphocreatine 

Table 1. Name, subcellular location, and tissue expression of CK 

isoforms. Adapted from Joncquel-Chevalier Curt et al., 2015. 

Subcellular location

Protein name sMtCK uMtCK MM-CK BB-CK MB-CK

Tissue expression Striated muscle Most cell types Muscle Brain Other tissues

Mitochondria Cytoplasm
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concentrations can be much higher at 20-35 mM (wet weight) (Wallimann, Wyss, Brdiczka, 

Nicolay, & Eppenberger, 1992). Each PCr molecule can theoretically resynthesize one molecule 

of ATP, therefore the phosphocreatine system stores a considerable amount of energy. This 

stored energy which can be quickly liberated acts as a metabolic capacitor, avoiding large 

fluctuations in ATP concentrations during changes in the rate of energy expenditure and acting 

as a ‘temporal buffer’. When ATP consumption quickly increases (i.e. during skeletal muscle 

contraction), high concentrations of PCr allow for ADP to be quickly converted back to ATP. 

The process is made even more efficient through the localization of CK and certain ATPases 

allowing them to be metabolically coupled (Korge & State, 1993) increasing the potential rate of 

ATP turnover. The PCr system also links the sites of ATP production and ATP consumption 

(Figure 2); because two separated sets of CK isoenzymes exist, PCr can be generated in the 

mitochondria and then used to transport energy to the sites of ATPase activity. In addition to the 

temporal buffering of local ATP concentrations, PCr production in the mitochondria allows for 

‘spatial buffering’ of PCr between different sites in the cell (Wallimann et al., 1992). The PCr 

system is also involved in proton buffering; when the CK reaction is shifted towards ATP 

production (i.e. during ATP hydrolysis) a free proton is consumed in the process. Spontaneous 

hydrolyzation of PCr [𝑃𝐶𝑟 + 𝐻2𝑂 + 𝐻
+ ↔ 𝐶𝑟 + 𝑃𝑖] can also occur in a manner which 

consumes a free proton at low pH, although this leads to the phosphate group from PCr 

becoming free phosphate rather being used to regenerate ATP (Meyer, Brown, Krilowicz, & 

Kushmerick, 1986). An increase in H+ (or a decrease in pH) often acts as a physiological 

regulator for energy production, inhibiting the rate of ATP synthesis through glycolysis. Creatine 

may also play a supportive role as an effective anti-oxidant against certain oxidative species 

(Lawler, Barnes, Wu, Song, & Demaree, 2002). The combination of the various buffering 
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capabilities of the PCr system allow it to act against large-scale perturbations to the homeostatic 

environment of the cell and may be especially important during times of extreme fluctuations in 

metabolic demand.  

1.2. The Physiology of Creatine in Mammals 

1.2.1. The Life Cycle of Creatine 

 Creatine is an organic compound which is essential for life in vertebrates and is obtained 

through dietary consumption and endogenous synthesis. Creatine consumed in the diet is 

obtained through animal sources; it is estimated that there is ~350 mg of creatine per 100 g of red 

Figure 2. The phosphocreatine energy system links sites of ATP production (both in the 

mitochondria and cytosol) to ATP consumption by using Cr to transport energy in the form of 

phosphate groups to sites of ATPases. IMM; inner mitochondrial membrane, OMM; outer 

mitochondrial membrane, ANT; adenosine nucleotide translocator. Adapted from Schlattner et 

al., 2006, Saks et al., 1978, Juhn et al., 1998, Andres et al., 2008. 
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meat, and that this creatine has high bioavailability (Persky, Brazeau, & Hochhaus, 2003; 

Williams, 2007). Due to the lack of creatine in plant foods, vegetarians have significantly lower 

serum creatine concentrations compared to a non-vegetarian reference population (Delanghe et 

al., 1989) suggesting that dietary creatine intake contributes significantly to the total body 

creatine pool and that endogenous creatine synthesis may not be able to make up for a lack of 

dietary creatine consumption.  

 Creatine is synthesized via a two-step reaction (Figure 3.), the first of which takes place 

mainly in the kidneys and involves the combination of arginine and glycine by the enzyme 

arginine:glycine amidinotransferase (AGAT) to produce the intermediate substrate 

guanidinoacetic acid (GAA) and ornithine. In the second step, S-adenosyl methionine is then 

used to donate a methyl group to GAA via the enzyme guanidinoacetate N-methyltransferase 

(GAMT) to form creatine and S-adenosyl-L-homocysteine; this reaction occurs primarily in the 

liver (Joncquel-Chevalier Curt et al., 2015). Once synthesized, creatine is transported via the 

circulatory system to various tissues where it can then be phosphorylated by CK. 

 Both creatine and phosphocreatine are spontaneously converted via an irreversible 

reaction to creatinine, a waste product, which is then excreted from the body in the urine and has 

been estimated to occur at a rate of ~1.7% of the total body creatine pool per day at a consistent 

rate in both males and females (Wyss & Kaddurah-Daouk, 2000). A typical 70 kg male, age 20-

39 years, has been estimated to have a total body creatine pool of ~120 g with ~1.91 g of this 

being converted to creatinine per day. In females in the same age range, the total body creatine 

pool is estimated at ~96 g with ~1.53 g being converted to creatine per day (Brosnan, da Silva, & 

Brosnan, 2011). To avoid a net loss of creatine over time this amount must be gained through a 

combination of synthesis and/or consumption. Using NHANES (National Health and Nutrition 



6 

 

Examination Survey) data, daily consumption of creatine is estimated as being ~1.04 g per day 

for males and ~0.66 g per day for females in the 19-39 year age group (Brosnan et al., 2011) with 

~0.83 g and ~0.53 g being bioavailable for males and females, respectively (MacNeil et al., 

2005). To maintain a zero net balance of creatine would require a synthesis at a rate of ~1.09 g 

per day for males and ~1.00 g per day in females (Brosnan et al., 2011). This suggests that 

endogenous creatine synthesis is a larger contributor to the total body creatine pool than dietary 

consumption accounting for ~57% of creatine replenishment in males and ~65% in females.  

Figure 3. The physiological lifecycle of creatine in the body. Creatine is either consumed in diet 

or synthesized from a two-step reaction in the kidneys and liver before being transported in the 

blood. Skeletal muscle must uptake creatine from the blood via CRT whereas brain is able to 

uptake as well as synthesize creatine locally. Creatine is then broken down to creatinine and 

excreted. Adapted from Andres et al., 2006, Braissant et al., 2001, Hanna-El-Daher et al., 2016, 

Joncquel-Chevalier Curt et al., 2015, and Wyss et al., 2000.  
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1.2.2. The Creatine Transporter 

 Creatine must be readily available at high intracellular concentrations to accomplish its 

energy buffering role. Creatine synthesis occurs mainly in the kidneys, liver, and pancreas 

(Joncquel-Chevalier Curt et al., 2015) and this synthesized creatine, as well as consumed 

creatine, must be transported to a destination tissue via the bloodstream. Creatine concentrations 

in serum are as low as ~40 μM and ~50 μM in males and females, respectively (Delanghe et al., 

1989), while creatine concentrations in Type 2B skeletal muscle fibers are as high as 39mM 

(Kushmerick, Moerland, & Wiseman, 1992), a difference of roughly three orders of magnitude. 

Creatine must be transported ‘uphill’ against a concentration gradient into cells; this is 

accomplished by the creatine transporter (CRT, also referred to as CRT1, SLC6A8, CT1, or 

CreaT in the literature), a symporter which exploits existing ion gradients to transport 1 Cl- ion, 2 

Na+ ions, and 1 Cr molecule into the cell (Dai, Vinnakota, Qian, Kunze, & Sarkar, 1999). In rat, 

the highest levels of CRT protein expression are found in skeletal muscle, cardiac muscle, and 

brain, while mRNA transcripts have been observed in many tissues including kidney, small 

intestine, colon, lung, spleen, pancreas (Snow & Murphy, 2001). The expression of CRT among 

different tissue types is highly correlated with the expression of CK (Wyss & Kaddurah-Daouk, 

2000), most likely because having high intracellular creatine concentrations would not be 

beneficial to metabolically active cells with high rates of ATP turnover if there was no way to 

liberate the energy stored in PCr, i.e. through the CK reaction. CRT activity can be regulated by 

substrate availability but it is also suspected that the protein can be regulated through either 

phosphorylation or N-linked glycosylation, however the exact sites at which these 

conformational changes occur (Figure 4.) are still being investigated (Santacruz & Jacobs, 2016). 

The rate of Cr transport through CRT can be regulated, both positively and negatively, by the 
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presence of multiple proteins including SGK1 (serum and glucocorticoid-regulated kinase 1) 

(Lang et al., 2003), mTOR (mammalian target of rapamycin) (Shojaiefard, Christie, & Lang, 

2006), GSK3β (glycogen synthase kinase 3 beta) (Fezai et al., 2016), PGC-1α (peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha) (Brown et al., 2014), and AMPK (5' 

AMP-activated protein kinase) (Darrabie et al., 2011; Li et al., 2010), while also being regulated 

by the availability of its substrates (Darrabie et al., 2011; Loike, Zalutsky, Kaback, Mirandat, & 

Silverstein, 1988).  Investigations into changes in CRT protein expression have been conducted, 

however the CRT antibodies used have been found to be non-specific to CRT causing the data 

from these experiments to be brought into question (Speer et al., 2004).  

 

Figure 4. Top: Structure of the creatine transporter protein, suspected potential sites of 

regulation, and transported solutes. Bottom: Different configurations of the transporter 

result in an outward- and inward- facing open position as well as an occluded position 

allowing for controlled solute transport. Adapted from Guerro-Ontiveros et al., 1998, 

Kristensen et al., 2011, and Santacruz et al., 2016. 
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1.2.3. Creatine Transport and the Brain 

 Transport of molecules into the brain is tightly regulated by the blood-brain-barrier 

(BBB). This barrier exists to ensure that the brain is not exposed to toxic chemicals or pathogens 

via the blood. Many solutes that are necessary for the brain to function cannot diffuse through 

the BBB and must be transported across. The BBB maintains a barrier in part due to tight 

junctions formed by astrocytes around microcapillaries (Abbott, Patabendige, Dolman, Yusof, & 

Begley, 2010). In the rat brain CRT is present in virtually every cell type throughout every 

region of the brain with the exception of astrocytes (Braissant, Henry, Loup, Eilers, & 

Bachmann, 2001). Both AGAT and GAMT are present in almost every cell type across all 

regions within the brain, with the notable exception of astrocytes (Braissant et al., 2001), 

suggesting that creatine could be both transported to, and synthesized in, the brain. 

 Multiple in vivo models have been used to investigate creatine uptake into the brain. CM 

supplementation in mice and rats (2 g/kg per day) for 2, 4, and 8 weeks significantly increases Cr 

concentrations within the brain after 2 weeks in mice and after 4 weeks in rats (Ipsiroglu et al., 

2001). CM supplementation ranging from 1 to 4 weeks has also led to increases in brain creatine 

concentrations in multiple human studies (Dechent, Pouwels, Wilken, Hanefeld, & Frahm, 1999; 

Lyoo et al., 2003; Pan & Takahashi, 2006). While these creatine concentration increases could 

potentially be explained by an increase in endogenous synthesis within the brain rather than 

direct transport of creatine across the BBB and into the brain, Perasso et al. confirmed that this is 

not the case. An intraperitoneal injection of 14 mg/mL 14C-labelled creatine led to significant 

increases in brain 14C radioactivity after 15 minutes demonstrating that creatine is able to be 

transported across the BBB (Perasso et al., 2003).  
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Additionally, creatine may remain in the brain for a longer period of time than in skeletal 

muscle; mice fed GPA (β-guanidinopropionic acid), a creatine analogue that can be 

phosphorylated by CK to become GPAP, and then later removed from this diet experienced a 

much slower rate of GPAP loss in brain tissue than in skeletal muscle tissue suggesting that 

creatine turnover may occur at a slower rate in the brain (Holtzman et al., 1989). Together, this 

data suggests that creatine concentrations in the brain are a result of both transport from 

circulation and endogenous synthesis and that the regulation of brain creatine stores differ from 

that of skeletal muscle. 

1.3. The Neuroprotective Effect of Creatine 

1.3.1. Traumatic Brain Injury and Metabolic Cascade 

 Traumatic Brain Injury (TBI) has become highly publicized in the media over the past 

decade (Malpass, 2013). This injury, which in the past may have been downplayed in severity 

and/or treated as a right of passage by some, has now been thrown into the spotlight of both the 

medical and sporting communities (Bachynski & Goldberg, 2018; Langlois, Marr, Mitchko, & 

Johnson, 2005). TBI is generally thought of as an injury that occurs when playing sports, but 

motor vehicle accident and falls are both leading causes of severe TBIs and TBI-related deaths. 

Analysis of public health data from the Calgary Health Region from 1999-2002 found a severe 

TBI incidence rate of 11.4 per 100,000 population with the leading causes being motor vehicle 

crash (47%), fall or jump (34%), struck by animal or object (12% ), or other (8%), with 74% of 

victims being male (Zygun et al., 2005). Victims of TBI experience a prolonged decrease in 

quality of life and 75% still suffer from multiple physical, cognitive, emotional, or sleep related 

symptoms after three months and 33% still exhibit functional impairments (McMahon et al., 

2014). TBIs may also disproportionately affect adolescent and elderly populations; the rate of 
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TBI’s due to falls in elderly populations increased by 7% annually in Canada from 2006 to 2011 

(Fu, Fu, Jing, Mcfaull, & Cusimano, 2017) and in the United States, adolescents aged 5-18 years 

old accounted 65% of all sports and recreation related TBI’s between 2001 and 2005 and from 

2001 to 2009 the rate of sport and recreation related TBI emergency department visits increased 

by 57% (Centers for Disease Control and Prevention, 2005, 2011). 

 At rest, the brain is suspended in cerebrospinal fluid (CSF) within the cranium. When the 

head is accelerated in any direction inertia of the brain will cause it to remain at rest until it is 

also accelerated via contact with the cranium. This is not an issue under normal circumstances 

but if the acceleration of the head is particularly forceful then the brain may strike the inside of 

the skull with considerable force one or more times before coming to rest. This deformation of 

the brain can lead to the tissue and cells within to be physically stretched and compressed, 

leading to injury. Interestingly, much of the damage caused by TBI is attributed to a so-called 

“metabolic cascade” where the distension of cellular structures causes the internal environment 

to be disrupted, initiating a metabolic positive-feedback loop which leads to large-scale 

excitotoxicity and an energy shortage as brain tissue attempts to restore homeostasis. In short, 

this physical disruption compromises the membrane integrity of cells in the affected areas and 

leads to an efflux of potassium (K+) from cells into the extracellular space (Farkas, Lifshitz, & 

Povlishock, 2006). This K+ efflux initiates membrane depolarization and the opening of voltage-

gated K+ channels instigating a positive-feedback loop which further increases the efflux of K+ 

(Takahashi, Manaka, & Sano, 1981). Excitatory amino acids, specifically glycine and glutamate, 

are then released from presynaptic terminals and damage neuronal membranes further 

stimulating the release of K+ through the opening of membrane-bound ligand gated channels 

(Katayama, Becker, Tamura, & Hovda, 1990). The N-methyl-d-aspartate receptor (NMDAR) is 
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responsible for the regulation of positively charged ions into neurons (Furukawa, Singh, 

Mancusso, & Gouaux, 2005). When glutamate and glycine bind to NMDAR it permits the 

inward flow of calcium (Ca2+) ions (Xiong, Gu, Peterson, Muizelaar, & Lee, 1997). Under 

normal conditions mitochondria are able to sequester and release Ca2+ to control its cellular 

availability and Ca2+ also acts as an important regulator of mitochondrial metabolism (Giorgi, 

Marchi, & Pinton, 2018). If mitochondrial Ca2+ homeostasis is disrupted and the concentration of 

Ca2+ in neurons passes a critical threshold ( above ~1 μM Ca2+) this can lead to mitochondrial 

calcium overload and a decrease in the ability to produce ATP (Witt, Dekermendjian, Frandsen, 

Schousboe, & Nielsen, 1994); this also leads to an increase in oxidative stress and the production 

of reactive oxidative species (ROS) (Dykens, 1994). Na+/K+ ATPase pumps, which rely on ATP 

to counter-transport Na+ and K+ against their respective concentration gradients, are activated 

resulting in a large increase of ATP consumption. As ATP is converted to ADP, glycolytic flux 

is increased to match cellular energy demands. Pyruvate, the end-product of glycolysis, is 

produced and is typically used as a substrate in the energy producing TCA cycle within the 

mitochondria, however, mitochondrial dysfunction causes pyruvate to instead be converted to 

lactate. This increase in lactate concentration leads to a state of acidosis, inhibiting glycolytic 

flux, and further compromising the energy producing capacity of the cell (Verweij, Amelink, & 

Muizelaar, 2007). The result of this metabolic cascade is that there is a large-scale increase in the 

need for ATP production to restore disturbed ionic gradients in neurons and a simultaneous 

decrease in the ability of these cells to produce the required ATP. If this state is allowed to 

persist the continuation of the hypometabolic state along with calcium excitotoxicity will lead to 

neuronal death (Kirino, 2000).  
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 Under normal conditions glial cells within the brain can maintain homeostasis through 

various mechanisms. Astrocytes are typically able to provide support for nervous tissue by 

regulating glutamate uptake and release, K+ and H+ buffering, regulation of blood flow and the 

blood-brain-barrier (BBB), water transport, and metabolic support (Sofroniew & Vinters, 2010). 

Unfortunately, many of these regulatory mechanisms are also somewhat dependent on existing 

ion gradients and energy availability. As such, during TBI astrocytes become less efficacious at 

Figure 5. TBI-induced neurometabolic cascade in neurons. 

A K+ efflux (1) occurs in response to insult followed by K+ 

induced depolarization (2) and EAA release (3) causing a 

Ca2+ influx (4) and mitochondrial calcium overload (5). As 

Na+/K+ ATPase pumps are activated (6) glycolytic flux 

increases (7) leading to acidosis (8) and a hypometabolic 

state. Adapted from Giza et al., 2001 and Choe et al., 2016. 
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buffering glutamate and K+ fluctuations (Longuemare & Swanson, 1995), have a decreased 

ability to scavenge ROS (Reichert, Kim-Han, & Dugan, 2001), and contribute to an undesirable 

inflammatory response and scar tissue formation (Bush et al., 1999; Chen & Swanson, 2003; 

Ridet, Malhotra, Privat, & Gage, 1997). Similarly, the effectiveness of oligodendrocytes to 

maintain and repair damaged myelin sheaths caused by physical and metabolic insult is reduced 

due to the lack of available energy, increase in ROS, and inflammatory response (Connor & 

Menzies, 1996; Jurewicz et al., 2005; Thorburne & Juurlink, 2002). Microglia, which are 

resident macrophage cells within the CNS are also activated in response to various factors and 

further exacerbate the inflammatory response by releasing various pro-inflammatory factors 

including TNFα (tumor necrosis factor α), IL-1α/β (interleukin-1α/β), IL-6 (interleukin-6), NO 

(nitric oxide), O2
●- (superoxide), and PGE2 (prostaglandin E2) (Block & Hong, 2005; Gao & 

Hong, 2008). These cells also release various anti-inflammatory factors including NGF (nerve 

growth factor), TGF-β (transforming growth factor β), IL-10 (interkeukin-10), and IL-1ra (IL-1 

receptor agonist) (Aloisi, De Simone, Columba-Cabezas, & Levi, 1999; Block & Hong, 2005; 

Elkabes, DiCicco-Bloom, & Black, 1996; Kiefer, Schweitzer, Jung, Toyka, & Hartung, 1998) 

but it is currently unknown whether the balance between these pro- and anti-inflammatory 

factors promotes a more beneficial or harmful response. 

 Seeing as the phosphocreatine energy system plays a main role in buffering ATP 

concentration alterations it would be beneficial if the buffering potential of this energy system 

could be further enhanced by increasing creatine stores locally. While an increase in PCr would 

not necessarily prevent the mechanically induced K+ efflux which is observed during TBI, it 

could provide a larger reservoir of energy which could slow the progression of the metabolic 

cascade and afford cells the chance to restore their desired homeostatic environment.  
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1.3.2. Creatine Monohydrate Supplementation 

 Creatine monohydrate (CM) is a stable form of creatine with an attached molecule of 

water [Cr●H2O] that is commonly used as a dietary supplement and can be added to either water 

or food. CM is readily absorbed after consumption, increasing plasma Cr concentrations within 1 

hour. Consumption of 20g of CM in water per day for only 4.5 days leads to significant increases 

in total creatine (TCr) content in the quadriceps femoris in humans (Harris, Söderlund, & 

Hultman, 1992). Consumption of 20 g of CM per day for 4 weeks also leads to significant 

increases in Cr concentrations in grey matter, white matter, cerebellum, and the thalamus in 

humans (Dechent et al., 1999). CM is often consumed as a performance enhancing agent in the 

athletic population due to its ability to increase the capacity for work during short duration, high-

intensity movements such as cycling sprints, and weightlifting (Earnest, Snell, Rodriguez, 

Almada, & Mitchell, 1995; Richard B. Kreider et al., 1998; Prevost, Nelson, & Morris, 1997) 

and it is estimated that CM supplementation is used for this purpose in ~9% to ~37% of post-

secondary athlete populations across multiple disciplines (Froiland, Koszewski, Hingst, & 

Kopecky, 2004; Kristiansen, Levy-Milne, Barr, & Flint, 2005). It is typical for consumer CM 

products to be consumed at lower doses of 2-5 grams per day, with or without a “loading phase” 

where up to 30 grams per day may be consumed for the first week (Persky et al., 2003; Wyss & 

Kaddurah-Daouk, 2000). Importantly, long-term CM supplementation has been demonstrated to 

be safe for both athletes and the general population (Bender & Klopstock, 2016; R. B. Kreider et 

al., 2003). Over the past two decades the limited research on TBI and CM supplementation have 

shown that increasing creatine stores within the brain may be an effective way of attenuating the 

damage caused by TBI.  
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1.3.3. Attenuation of the Metabolic Deficit 

 Evidence of the metabolic cascade occurring in response to TBI has been observed using 

in vivo models. Vagnozzi et al. found significant changes in high-energy phosphate 

concentrations in Wistar rat brains in response to TBI-inducing weight-drop. Rats were allowed 

to survive to 1 minute, 10 minutes, 30 minutes, 2 hours, 6 hours, 15 hours, 24 hours, 48 hours, or 

120 hours post-TBI. In whole brain tissue, ATP concentrations of injured rats were significantly 

lower than controls at 2, 6, 15, 24, and 48 hours post-TBI while both ADP and AMP 

concentrations were significantly higher in injured rats at 2, 6, 15, and 24 hours post-TBI 

compared to controls with no differences being observed between individual timepoints. Similar 

changes in guanosine compounds occurred; GTP concentrations in injured brains were 

significantly lower than controls at 0.5, 2, 6, 15, 24, and 48 hours post-TBI whereas GDP and 

GMP concentrations in injured brains were significantly higher than controls at 2 and 6 hours, 

and 2, 6, and 15 hours respectively (Vagnozzi et al., 1999).  

In another study a weight-drop model was used to induce TBI in Wistar rats which were 

allowed to survive to either 2, 6, 24, 48, or 120 hours after injury; various high-energy 

phosphates and metabolites were then measured in whole brain homogenates. Creatine 

concentrations in the brain were significantly lower at 2, 6, 24, and 48 hours compared to 

controls and PCr concentrations were significantly lower at 48 hours post-TBI compared to 

controls with total creatine compounds (Cr + PCr) following the same trend as creatine. The 

Cr/PCr ratio was significantly lower than controls at 2, 6, and 24 hours post-TBI but significantly 

higher at 48 hours post-TBI. ATP concentrations were significantly lower than controls at 2, 6 

and 24 hours post-TBI while ADP concentrations were significantly higher than controls at 24 

hours post-TBI. N-acetylaspartate (NAA), a marker of neuronal energy metabolism, was also 
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measured; NAA concentrations were significantly lower than control values at 2, 6, 24, and 48 

hours post-TBI (Signoretti et al., 2010). 

There is currently a knowledge gap in the literature in that no study has investigated the 

effect of an impact derived (CCC or CCI) TBI on rodents on a CM supplemented diet. To date, 

only alternative methods of inducing an injury to the brain, such as subjecting rodents to anoxic 

conditions or artificial middle cerebral artery occlusion (MCAO) to create a hypometabolic state 

within the CNS, have been used in conjunction with CM supplementation. 

 The effect of prophylactic CM supplementation has been investigated under anoxic 

conditions. Pregnant mice were fed 2 g/kg CM or a control diet throughout their pregnancies. 

Once born, brainstem slices from mouse pups of both the CM fed mothers and non-CM fed 

mothers were prepared and exposed to an anoxic environment for 30 minutes. Under normoxic 

conditions there was no difference in ATP concentrations of brainstem slices between groups. 

When subjected to anoxia, brainstem slices of the control mouse pups had a decrease in ATP 

concentration by 54% while brainstem slices of pups of CM fed mothers showed a decrease of 

8%. The decrease in PCr concentrations was even more pronounced; in control pup brainstem 

slices there was an 88% decrease in PCr concentrations while the CM exposed pup brainstems 

only experienced decrease of 26% (Wilken, Ramirez, Probst, Richter, & Hanefeld, 2000). 

 In another study, C57BL/6 female mice were fed a 2% CM supplemented diet, or a 

normal control diet, for 4 weeks and then subjected to MCAO for 2 hours. After MCAO the mice 

in the control group suffered a significant decrease in ATP concentrations in the affected 

hemisphere of the brain compared to CM fed mice. The control mice also experienced a 

significant decrease in creatine concentrations in the affected hemisphere while the CM fed mice 

did not (S. Zhu et al., 2004).  
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 While these two studies do provide insight into how CM supplementation can attenuate 

drops in high-energy phosphates in brain tissue after ischemia, the hypometabolic state that 

follows ischemia does not fully represent the toxic environment that cells are exposed to in 

response to TBI. As of yet there have not been any studies examining the effects of prophylactic 

CM supplementation on high-energy phosphate concentrations in rodents subjected to a TBI-

inducing CCC or CCI that would initiate the typical excitotoxic environment seen in the TBI 

metabolic cascade.  

 Importantly, it appears that the decrease in ATP and PCr concentrations are not directly 

correlated with the degree of cell death.  In cultured astrocytes from newborn mouse pups 

subjected to both substrate deprivation and anoxia, cell death in both mature and immature 

cultures did not occur if ATP concentrations remained above 25% of it’s control value. Despite 

both ATP and PCr concentrations falling at each observed time point it was not until ATP 

concentrations fell below 10% of their control value that there was near complete cell death in 

both mature and immature cultures (Yager, Kala, Hertz, & Juurlink, 1994). This suggests that if 

CM supplementation could increase the energy buffering capacity of the cell even by a small 

degree it could lead to a sizeable attenuation of the metabolic cascade and its consequential 

effects. 

1.3.4. Tissue Sparing 

 In addition to examining metabolic changes within the brain, multiple studies have tried 

to quantify the degree to which TBI damages cellular structures and tissues. Multiple rodent 

investigations have demonstrated that TBI-insult leads to a decrease in oligodendrocyte 

population in white matter tracts (Dent et al., 2015; Flygt, Djupsjö, Lenne, & Marklund, 2013; 

Lotocki et al., 2011), axon degeneration and demyelination as well as an increase in free myelin 



19 

 

debris (Flygt et al., 2013; Mierzwa, Marion, Sullivan, McDaniel, & Armstrong, 2015; Taib et al., 

2017), a decrease in astrocyte populations (Raghavendra Rao, Dogan, Bowen, & Dempsey, 

2000; Zhao, Ahram, Berman, Muizelaar, & Lyeth, 2003) followed by reactive astrogliosis 

(Chirumamilla, Sun, Bullock, & Colello, 2002; Raghavendra Rao et al., 2000), microglia 

activation and an accompanied inflammatory response (Chirumamilla et al., 2002; Mierzwa et 

al., 2015; Turtzo et al., 2014), and the formation of a glial scar (Burda, Bernstein, & Sofroniew, 

2016). The tissue damage that occurs in response to TBI-insults can be extensive and potentially 

lethal. 

 Rodent models have been used to investigate the effectiveness of CM supplementation at 

reducing the degree of TBI-induced tissue damage. One of the first investigations into the effects 

of CM supplementation on TBI was conducted by Sullivan et al. in 2000. In their first study, ICR 

(Institute of Cancer Research) mice were given injections of 0.1 mL CM per 10 g bodyweight or 

injections of the suspension vehicle alone (olive oil) for 1, 3, or 5 days before being subjected to 

closed skull CCC; brains were then examined at 7 days post-TBI. Mice experienced a significant 

protective effect when given CM injections for 3 and 5 days pre-TBI with 21% and 36% less 

cortical damage compared to controls (Sullivan, Geiger, Mattson, & Scheff, 2000). In their 

second study, Sprague-Dawley rats were fed either a control diet or a diet containing 1% CM for 

4 weeks and then subjected to CCC. Rats in the CM fed group had significantly less (50%) 

cortical damage than those in the control group at 7 days post-TBI (Sullivan et al., 2000). 

 Another study investigated the tissue sparing effect of CM supplementation by feeding 

female Lewis rats a 5% CM supplemented diet or control diet for 4 weeks before inducing SCI 

(spinal cord injury) by means of SCC (spinal cord contusion). This method is essentially the 

same as a CCC, but the impact target is the upper spinal cord, in this case at the T8 vertebra, 
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rather than the skull. While rats fed a CM supplemented diet did not experience a significant 

difference in either cystic cavern volume or scar tissue volume, the CM fed rats had a 

significantly lower scar to cavern volume suggesting that the damage within the affected region 

(i.e. cavern volume) was less severe (i.e. resulted in a lower proportion of scarring) at 4 days 

post-injury (Hausmann, Fouad, Wallimann, & Schwab, 2002). 

 Female Sprague-Dawley rats were subjected to SCC using one of two impacting devices 

(NYU device or IH Impactor) in a study comparing TBI outcome between devices as well as the 

effect of CM supplementation. In the first study the rats were subjected to 4 weeks of a control 

diet or a 2% CM supplemented diet before receiving the SCC via the NYU device. Animals 

brains were then analyzed 6 weeks after the SCC. Rats in the CM group did not have any 

differences in either grey or white matter sparing compared to controls. In the second study, rats 

were also fed a 2% CM supplemented diet or control diet for 5 weeks before receiving an SCC 

via the IH Impactor. After SCC, half of the CM fed rats were continued on their CM 

supplemented diet while half were switched over to the control diet and brains were analyzed at 

5 weeks post-SCC. At 5 weeks post-SCC both CM fed cohorts exhibited a significant increase in 

spared grey matter but not in spared white matter compared to controls (Rabchevsky, Sullivan, 

Fugaccia, & Scheff, 2003). 

 In another study from the same lab, Sprague-Dawley rats given access to either a control 

diet, a 0.5% CM diet, or a 1% CM diet for 2 weeks and then subjected to CCI. At 7 days post-

TBI both the 0.5% and 1% CM fed cohorts demonstrated significantly more cortical tissue 

sparing than controls with the 1% CM fed group having a larger, but not significantly larger, 

amount of cortical tissue sparing compared to the 0.5% CM fed group (Scheff & Dhillon, 2004). 
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 Zhu et al. 2004 also demonstrated a CM supplementation dependent tissue sparing effect 

in response to MCAO. Mice fed a 2% CM supplemented diet for 4 weeks and then subjected to 2 

hours of MCAO experienced cerebral infarction volumes that were significantly (56%) smaller 

than mice in the control diet group as measured after 24 hours after reperfusion. Another cohort 

that was fed a 2% CM supplemented diet for only 1 week did not receive any tissue sparing 

benefit (S. Zhu et al., 2004). 

 CM supplemented diets in the range of 0.5% to 2% (w/w), a range of doses that could be 

considered high but still physiologically relevant, for a length of 2 months result in a significant 

attenuation of tissue damage after TBI. Importantly, the tissue sparing effects have been 

demonstrated in both the brain and the spinal cord, although Rabchevsky et al. 2003 did find that 

the impactor device used, which most likely does not replicate the exact same injuries, can result 

in variable outcomes; although these two interventions did use similar but different time frames 

(i.e. 5 weeks vs. 4 weeks of supplementation and analysis at 5 weeks vs. 6 weeks post-SCI).  

1.3.5. Behavioural Outcomes 

 Attenuation of both the metabolic deficit and tissue necrosis within the brain may lead to 

an increase in cognitive and behavioural outcomes after TBI. Rodents subjected to TBI often 

develop behavioural or motor control issues as a result of tissue damage. Rodents subjected to 

TBI experience an impairment of balance and motor skills (Hamm, Pike, O’dell, Lyeth, & 

Jenkins, 1994; Lindner et al., 1998) and an impairment of spatial memory and learning (Dixon et 

al., 1999; Sanders, Dietrich, & Green, 1999). These impairments, which can be severe in nature, 

do not resolve quickly; a review of motor and cognitive function in TBI-affected rodents 

suggests that vestibulomotor function can remain impaired for between 5 days to 11 weeks, 
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while cognitive performance commonly remains impaired from 1 week to 1 year after moderate 

TBI in rats (Fujimoto, Longhi, Saatman, & McIntosh, 2004). 

 Two investigations into the tissue sparing effect of CM supplementation also examined 

behavioural outcomes in rats using the Basso, Beattie, Bresnahan locomotor scale (BBBLS); in 

short, rats are observed in an open space and given a score based on the amount of spontaneous 

movement they undergo during a set time with no movement receiving a score of 0, and normal 

movement and gait receiving a 21. In one study the rats subjected to CM supplementation had a 

significantly higher BBBLS score than control rats at 7 days post-TBI with no significance 

between groups at 14 days post-TBI (Hausmann et al., 2002). A second study however, found no 

difference in BBBLS scores between control and CM supplemented groups at any point from 2 

to 42 days post-TBI (Rabchevsky et al., 2003). 

 These contrasting results (Table 2.) highlight the need for more investigations into the 

effects of prophylactic CM supplementation on functional outcomes such as locomotion, motor 

control, and learning. It has been shown that TBI itself impairs these abilities so if CM 

supplementation were demonstrated to be effective it could provide a novel and cost-effective 

way to reduce the long-term disabling effects of TBI. The discrepancy of outcomes between 

studies could be in part due to the fact that the CM supplementation dosage is highly variable 

between investigations. Some studies have used doses of CM based on bodyweight while others 

use the same absolute dose across all animals; for the latter, this dose varies wildly being as low 

as 0.5% (Scheff & Dhillon, 2004) and as high as 5% (Hausmann et al., 2002) representing a 10-

fold difference between the doses used. More research is needed to elucidate the relationship 

between CM dose and creatine uptake and this research area as a whole could benefit from the 
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standardization of CM dose, supplementation length, and the control diet used to allow for better 

comparisons of results across studies.  

 

1.3.6. Summary  

 It has been repeatedly demonstrated that not only can the buffering capacity of the 

phosphocreatine energy system be effectively enhanced through oral CM supplementation of 

various doses over various lengths of time but that this increase in creatine buffering ability is 

able to at least partially attenuate some aspects of the metabolic cascade which is responsible for 

much of the damage which occurs in response to TBI.  

1.4. Knowledge Gap 

 Many investigations have examined the effect of CM supplementation on Cr tissue 

uptake, especially in skeletal muscle. These interventions have examined changes in tissue 

creatine content in response to the alteration of dose, frequency, and duration of CM 

Table 2. Neuroprotective outcomes in response to CM supplementation in TBI models. MCAO, 

middle cerebral artery occlusion; SCC, spinal cord contusion; CCC, controlled cortical 

contusion. 
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supplementation, the supplementation of various creatine analogues, or by supplementing 

creatine precursor substrates (Harris et al., 1992; Ipsiroglu et al., 2001; Jäger, Harris, Purpura, & 

Francaux, 2007; McBreairty, Robinson, Furlong, Brunton, & Bertolo, 2015). These studies have 

generally only examined the effect of CM supplementation versus no CM supplementation and 

do not involve multiple CM doses. There has yet to be an investigation of the effect of different 

CM supplementation doses on tissue TCr concentrations. A study investigating the dose-

response effect that CM supplementation has on various tissues is necessary before more 

research into the effects of CM supplementation can be undertaken. Additionally, because the 

relative contribution of creatine synthesis and consumption towards the total body Cr pool differs 

between males and females and there are reports in the literature of higher TCr concentrations in 

female skeletal muscle compared to males (Forsberg, Nilsson, Werneman, Bergstrom, & 

Hultman, 1991; Harris et al., 1992) it stands to reason that males and females may respond 

differently to CM supplementation and therefore, both males and females should be included in 

any investigation involving CM supplementation.  

1.5. Statement of the Problem 

 It has been established that CM supplementation leads to an increase in brain tissue Cr 

concentrations and that higher Cr tissue concentrations may provide a neuroprotective effect 

against TBI. It seems reasonable that the degree of neuroprotection afforded by Cr may increase 

with higher CM doses however, there has not been a study that establishes the relationship 

between the dose of CM supplementation and the resulting increase of TCr concentration in 

different tissues. Assuming there is a physiological saturation limit of Cr in tissue, knowing the 

CM dose that provokes this response would be beneficial for future CM supplementation studies. 

Furthermore, this knowledge would be beneficial for any researchers aiming to further modulate 
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Cr transport into cells as it would be desirable for a study of this nature to use a CM dose that 

leads to an increase in tissue TCr that is under this physiological ceiling (i.e. to allow for an 

increase in Cr tissue concentrations to occur above that of CM supplementation alone). It would 

also be beneficial to observe this trend in males and females as they may react to CM 

supplementation differently. Another issue that persists in the rodent literature is that the chow 

diet provided to animals is often not standardized between studies; this area of the literature 

could benefit from the use of a standardized diet. The use of such a diet would not only allow for 

better comparisons between CM supplementation studies but it would also ensure that there are 

no undesirable influences on the total body Cr pool which could occur due to creatine being 

present in the diet or by differences in the relative composition of amino acids (i.e. glycine, 

arginine, and methionine) which could influence the rate of creatine synthesis. 

 For these reasons there is a need for a well-controlled investigation into the effects of 

multiple CM doses on Cr tissue concentrations in various tissues. Tissues which have high 

energetic demands such as brain, skeletal muscle, and heart muscle should be specifically 

investigated. CM supplementation studies often focus on uptake into a specific tissue of interest, 

generally either the brain or skeletal muscle but there is a need for more direct comparisons of 

CM uptake between different tissues. Comparisons between brain and skeletal muscle creatine 

uptake in response to differing lengths of CM supplementation have been made but no study has 

yet compared brain and skeletal muscle creatine uptake in response to differing CM 

supplementation doses. Skeletal muscle is a highly versatile tissue and its metabolic properties 

can vary considerably based on fiber type distribution of the tissue of interest. Resultantly, there 

is no one skeletal muscle sample that could be considered representative of all skeletal muscle 
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and so any investigation into the effects of CM supplementation should account for this 

difference in metabolic properties.  

1.6. Purpose 

The primary purpose of this experiment was to investigate the relationship between 

increasing doses of CM supplementation in a standardized diet and the corresponding increases 

in TCr concentration in the in vivo rat brain in both males and females. It was hypothesized that 

higher CM supplementation doses will lead to greater Cr concentration increases in the brain and 

that this effect would be more pronounced in females compared to males. 

The secondary purpose of this experiment was to investigate the effect of CM 

supplementation dose on TCr concentrations in in vivo rat skeletal muscle, cardiac muscle, and 

liver in males and females. It was hypothesized that TCr concentrations in all tissues would 

increase in response to higher CM doses and that the highest TCr concentrations would be 

observed in skeletal muscles with the highest glycolytic capacity and that TCr concentrations 

would be higher in females compared to males. 

2. Methodology 

2.1. Experimental Design 

 Creatine uptake studies have been performed using a variety of methods in cell culture, 

animal models, and human models. For the purpose of this study, Sprague-Dawley rats were 

used as the experimental model; this strain of rat is commonly used in nutrition research and due 

to their status as an outbred strain have more genetic trait variation compared to inbred strains 

which may be better suited for nutritional research and may allow for better comparisons to 

humans and human research (Tuttle, Philip, Chesler, & Mogil, 2018). Sprague-Dawley rats have 
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been used in many CM supplementation studies previously (Antolic et al., 2007; Brault, 

Abraham, & Terjung, 2003; Perasso et al., 2003; Rabchevsky et al., 2003; Roy, Bourgeois, 

Mahoney, & Tarnopolsky, 2002). Rats were purchased from Charles River Laboratories Inc. 

(Wilmington, Massachusetts, USA) at 11 weeks of age and were 12 weeks of age at study 

commencement. Rats at this age have already reached sexual maturity (~7 weeks) but have not 

yet reached adulthood (~ 30 weeks) (Agoston, 2017); therefore rats from 12 to 20 weeks of age 

could be considered to be in middle to late adolescence. 

 This study was performed while adhering to Canadian Council on Animal Care (CCAC) 

guidelines and was approved by the Brock University Animal Care Committee (AUP. 19-02-01). 

Upon arrival to the animal facility 16 male and 16 female rats were randomly divided into one of 

four experimental groups, housed in pairs, and given a 6-day environmental and procedural 

habituation period before the beginning of the intervention. The animal housing facility was kept 

under a 12:12 light-dark cycle. Groups were given ad libitum access to water containing 0 g/L, 

2.5 g/L, 5 g/L, or 10 g/L (w/v) of creatine monohydrate (Millipore Sigma). 

 Delivery in water is a common method of CM supplementation in both rodent and human 

studies and is the most common method of CM supplementation used by the general population 

(Duarte, Neuparth, & Soares, 2001; Ipsiroglu et al., 2001; Nicastro et al., 2012; Sartini et al., 

2016). The water supply for each group was also supplemented with 1% (w/v) sucrose (Millipore 

Sigma) to negate any decreases in palatability of the water supply by CM and to encourage water 

consumption. Rats were provided access to two water bottles each containing 300mL of the 

appropriate water solution per group. Water consumption per cage was measured every Monday, 

Wednesday, and Friday. On Mondays and Fridays, once water consumption was measured the 

water was discarded and bottles were filled with fresh water. 
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Groups were also given ad libitum access to AIN-93G pelleted diet. The AIN-93G diet is 

formulated to meet the nutritional needs of rodents which are in either the growth, pregnancy, or 

lactational phases of life and allows for standardization between research studies by controlling 

for differences in traditional cereal based rodent chow batches that may influence the outcomes 

of studies (Reeves, Nielsen, & Fahey, 1993). AIN-93G pellets are free of creatine so diet would 

not have any influence on TCr measurements between groups. Food consumption per cage was 

measured every Monday, Wednesday, and Friday. On Mondays, any left-over food was 

discarded and replaced with fresh food (i.e. food was never in the cage for over 7 days before 

being discarded).  

Once supplementation began, it lasted for 8 weeks until the end of the study. This length 

of supplementation was chosen because it has previously been used to demonstrate significant 

changes in tissue creatine concentrations in response to CM supplementation (Ipsiroglu et al., 

2001). At the end of the 8 weeks, rats were sacrificed, and relevant tissues were excised and 

collected for analysis. 

2.2. Outcome Measures  

2.2.1. Body Mass and Food and Water Consumption  

 The body mass of each rat as well as food and water intake were measured on each 

Monday, Wednesday, and Friday. Measurements were recorded using a scale which was 

accurate to the closest gram. 
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2.2.2. Preparation of Tissues 

 Rats were anesthetized with isoflurane gas until there was no reflex present during a toe 

pinch. At this point, the extensor digitorum longus (EDL), soleus (SOL), and gastrocnemius 

muscles were excised from both hind limbs; sections of red- (RGAS) and white-fiber (WGAS) 

dominant gastrocnemius muscle were separated. The abdominal and chest cavity were opened, 

and blood was drawn from the left ventricle of the heart leading to euthanasia by exsanguination. 

The heart was then removed and a section near the apex was excised followed by collection of a 

piece of the left lobe of the liver (LIV). Rats were then decapitated using a guillotine to remove 

the brain (BR) which was then separated into right and left hemispheres and the cerebellum. All 

tissue samples were rapidly collected, placed into vented Eppendorf tubes and snap frozen in 

liquid nitrogen before being moved to long-term storage at -80°C. 

2.2.3. Measurement of High-Energy Phosphate Concentrations 

 High-energy phosphate concentrations were determined using enzymatic fluorometric 

assays to determine both phosphocreatine and free creatine concentrations. These assays have 

been previously used to determine high-energy phosphate concentrations in muscle tissue 

(Tarnopolsky & Parise, 1999). 

 Tissue was freeze dried using a lyophilizer (FreeZone 4.5, Labconco) set to a pressure of 

0.004 mBar and held for 8 or more hours overnight . Freeze-dried tissues were then torn apart 

and crushed into a fine powder using forceps. 3 to 6 mg of tissue was weighed and placed into an 

Eppendorf tube for extraction. 600µL of ice-cold 0.5M Perchloric Acid was added to each 

sample to extract metabolites. Samples were then vortexed intermittently for 10 minutes before 

being centrifuged at 15,000g for 10 minutes at 0°C. 540µL of the supernatant was then removed 

and placed into a new tube and cooled at -20°C for 15 minutes. 135µL of 2.3M KHCO3 was then 
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added to the supernatant to neutralize the perchloric acid. Tubes were then centrifuged at 

15,000g for 10 minutes at 0°C and the supernatant was removed and used to measure 

metabolites. 

 To measure ATP and phosphocreatine concentrations, 10µL of sample was added to 

1.0mL of reagent solution consisting of 50mM tris, 1mM MgCl2, 0.5mM D.T.T., 100µM 

glucose, 50µM NADP, and 0.02U/mL G6PDH at pH 8.1. Samples were then analyzed using a 

fluorometer (Trilogy®, Turner Designs) set to a wavelength of 340nm. The first measurement 

(R1) served as a baseline measurement. After the first measurement, 25µL of dilute hexokinase 

consisting of 0.14U/mL hexokinase in 1mL reagent solution was added to all tubes. Tubes were 

then incubated for 60 minutes in the dark and then measured a second time (R2). After the 

second measurement, 20µL of dilute creatine kinase consisting of 2mg ADP, 2mg creatine 

kinase, and 10µL 10% BSA in 1mL reagent solution was added to all tubes and incubated for 

105 minutes in the dark before being measured a third time (R3). Measurements of samples were 

then compared to ‘blank’ tubes containing 10µL of water in place of sample as well as ‘standard’ 

tubes containing 10µL of either 200µM ATP or 1000µM PCr to calculate metabolite 

concentrations. All samples, blanks, and standards were performed in triplicate. To calculate the 

concentration of ATP present in samples the reading of R1 was subtracted from R2 for each 

sample. The average of the three blank readings were then subtracted from the average of the 

samples. The ratio of sample-to-standard was then multiplied by the known concentration of the 

standard and divided by the known extract concentration to calculate the unknown ATP 

concentrations. To calculate PCr concentrations the same calculation was performed using the 

R2 and R3 measurements and the known PCr standard concentration. 

𝑆𝑎𝑚𝑝𝑙𝑒 𝐶𝑜𝑛𝑐. (𝑢𝑀) =
∆𝑆𝑎𝑚𝑝𝑙𝑒 − ∆𝐵𝑙𝑎𝑛𝑘

∆𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − ∆𝐵𝑙𝑎𝑛𝑘
∗ 𝑆𝑡𝑑. 𝐶𝑜𝑛𝑐. (𝑢𝑀) ÷ 𝐸𝑥𝑡𝑟𝑎𝑐𝑡 𝐶𝑜𝑛𝑐. (

𝑔

𝐿
) 
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 To measure free creatine concentrations 10µL of sample was added to 1.0mL of reagent 

solution consisting of 50mM Imidazole, 5mM MgCl2, 30mM KCl, 25µL PEP, 200uM ATP, 

45µM NADH, 0.24U/mL LDH, 0.75U/mL pyruvate kinase at a pH 7.5. Samples were then 

incubated for 15 minutes in the dark and then read using a fluorometer (R1). After the first read 

25µL of dilute creatine kinase consisting of 5mg creatine kinase and 10µL 10% BSA in 1.0mL 

reagent solution was added to all tubes and incubated in the dark for 60 minutes. Tubes were 

then read a second time (R2). Measurements of samples were then compared to ‘blank’ tubes 

containing 10µL of water in place of sample as well as ‘standard’ tubes containing 10µL of 

500µL creatine monohydrate to calculate metabolite concentrations. All samples, blanks, and 

standards were analyzed in triplicate. To calculate free creatine concentrations the difference 

between R2 and R1 was used along with the calculation above and the known creatine 

concentration.  

 After determining both the phosphocreatine and free creatine concentration of samples, 

these two values were added together to determine the total creatine (TCr) concentration for each 

sample. These values were then used for statistical analysis.  

2.2.4. Measurement of Protein Content 

 To homogenize muscle, liver, and brain tissues a small piece of tissue was chipped while 

submerged in liquid nitrogen using a pair of forceps and a scalpel. The piece of tissue was 

weighed and added to a tube containing homogenization beads and a 1:20 (w/v) solution of lysis 

buffer (10 mL NP40 Cell Lysis Buffer containing 34µL phenylmethylsulfonyl fluoride (PMFS) 

and 50µL protease inhibitor cocktail) and placed on ice. Solutions were then placed into a 

homogenization instrument (Thermo Savant FastPrep FP120) and run for 45 seconds at a speed 

setting of 4; upon removal, tubes were cooled on ice for 15 minutes between runs. This process 
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was repeated 2 or 3 times until all tissue was homogenized and no visible pieces remained. 

Supernatant was then removed and placed into new tubes and stored at -80°C.  

 Sample protein concentration was determined via the bicinchoninic acid assay. Samples 

were diluted 10x with water and 10µL was pipetted in triplicate into a 96-well plate. 200µL of a 

50:1 solution (BCA reagent solution: 4% CuSO4·5H2O) was then added to each well. The plate 

was incubated for 30 minutes at 37°C before 562nm absorbance was read using a Fisher 

Scientific BIO-TEK® Synergy HT-1 plate reader using Gen 5™ software. Samples were read 

alongside a known protein concentration curve of a serially diluted BSA solution with a range of 

2mg/mL to 0.03125 mg/mL as well as a blank sample. 

 Once sample protein concentrations were known, samples were prepared for SDS-PAGE 

by mixing an appropriate volume of sample plus water and an equal volume 2x Laemmli sample 

buffer to yield a 2 mg/mL protein concentration. 10µg total protein per sample was then 

separated by electrophoresis on a 10% polyacrylamide gel for 90 minutes at a constant 120 V 

and then transferred to a PVDF membrane for 60 minutes at 100 V. The membrane was then 

rinsed by placing it in ~5 mL fresh TBST solution on a plate rocker for 3x5 minutes before being 

blocked in a 5% (w/v) milk solution for 60 minutes. The membrane was rinsed again and 

incubated in a 1:1000 dilution of the primary antibody overnight at 4°C. The membrane was then 

rinsed and incubated in an 1:10,000 dilution of a horseradish peroxidase (HRP) conjugated 

secondary antibody for 1 hour at room temperature. After being rinsed, the membrane was then 

exposed to a chemiluminescent substrate (Immobilon™ Western, Millipore) and protein bands 

were imaged using a BIO-RAD ChemiDoc™ Imaging System. Band densities were analyzed 

using ImageJ software (Version 1.52a) and results were expressed as relative protein band 

densities of the protein of interest after normalization against the control protein Vinculin. 
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2.3. Statistical Analysis 

 All statistical analyses were conducted using IBM SPSS Version 20. Two-way ANOVAs 

were run using two factors: sex and dose. In cases where there was statistical significance 

between males and females, these groups were separated, and a one-way ANOVA was 

performed between dosing groups for each sex. In cases of differences in the dosing group 

factor, post-hoc Tukey HSD adjusted two-tailed t-tests were performed between each group. 

When analysing multiple time points, repeated measure ANOVAs were performed where each 

measurement time point represents the repeated factor (3 times per week for 8 weeks). Statistical 

significance was assumed at a p ≤ 0.05. All data shown in tables and graphs is shown as the 

mean of group data with error bars representing standard deviation (±SD). 

3. Results 

3.1. Rat Weight 

 Analysis of post-supplementation weight showed that there was a difference between sex 

(F(1, 24) = 234.0, p < .001) with males (501.3 g) being heavier than females (366.8 g) but no 

difference between CM dose within males or females was observed (Table 3.). CM dose had no 

effect on rat post-supplementation weight in males (F(3,12) = 0.4116, p = .748) or females 

(F(3,12) = 0.9082, p = .466). Analysis of rat weight over time (Figure 6.) showed that there was 

a difference in weight between sex (F(1,30) = 195.2, p < .001) and over time (F(2.814, 84.42) = 

522.4, p > .001). In males there was a difference in weight over time (F(1.507, 18.09) = 587.1, p 

< .001) but not between CM doses (F(3,12) = 1.132, p = .375). In females there was also a 

change in weight over time (F(2.761, 33.14) = 62.88, p < .001) but CM dose had no effect on 
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weight (F(3,12) = 0.6279, p = .611). These changes in weight over time were not investigated 

further as they were assumed to be due to growth. 
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Figure 6. Growth of male and female rats over 8 weeks of CM 

supplementation. Data shown as group means ±SD. 
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3.1.1. Food and Water Consumption  

Analysis of total food consumption (Table 3.) showed that there was a difference between 

sex (F(1,14) = 60.861, p < .001) but not between dose (F(3,4) = 0.192, p = .899). There was no 

difference in total food consumption between doses in males (F(3,4) = 0.126, p = .940) or 

females (F(3,4) = 0.437, p = .739). Analysis of food consumption over time showed that there 

was a difference in consumption over time (F(5.902, 82.63) = 6.907, p < .001) and between sex 

(F(1,14) = 91.25, p < .001) but not between doses (F(3,12) = 0.025, p = .994). Dose had no effect 

on food consumption over time in males (F(3,4) = 0.079, p = .968) or females (F(3,4) = 0.323, p 

= .810). Food consumption relative to bodyweight was different between sex (F(1,14) = 103.616, 

p < .001) but not between doses (F(3,4) = 1.622, p = .260). There was no effect of dose on 

relative food consumption in males (F(3,4) = 1.446, p = .355) or females (F(3,4) = 0.581, p = 

.658). Analysis of total water consumption (Table 3.) showed that there was a difference between 

sex (F(1,14) = 17.071, p = .029) but not between dose (F(3,4) = 1.207, p = .368). There was no 

difference in total water consumption between doses in males (F(3,4) = 1.178, p = .423) or 

females (F(3,4) = 0.974, p = .488). Analysis of water consumption over time showed that there 

was a difference over time (F(6.821, 95.49) = 5.156, p < .001) and between sex (F(1,14) = 6.250, 

p = .026) but not between doses (F(3,12) = 0.8676, p = .485). The was no difference in water 

consumption over time between doses in males (F(3,4) = 1.185, p = .421) or females (F(3,4) = 

0.9649, p = .491). Water consumption relative to bodyweight was not different between sex 

(F(1,14) = 0.559, p = .476) or dose (F(3,4) = 1.176, p = .378).  

3.1.2. Creatine Consumption 

 Total creatine consumption (Table 3) was higher in males compared to females (F(1,14) 

= 1388.761, p = .001) and was different between CM doses (F(3,4) = 311.87, p < .001). Total 
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creatine consumption was different between doses in males (F(3,4) = 191.874, p < .001) and 

females (F(3,4) = 124.355, p < .001). In males the 10 g/L group consumed more total creatine 

than the 2.5 g/L (p < .001) and 5 g/L (p = .001) group. There was a trend for increased total 

creatine consumption in the 5 g/L group compared to the 2.5 g/L group (p = .072). The control 

group had no creatine intake and thus total creatine intake was lower than the 2.5 g/L (p = .013), 

5 g/L (p = .002), and 10 g/L (p < .001) groups. 

 In females the 10 g/L group consumed more total creatine than the 2.5 g/L (p = .001) and 5 g/L 

(p = .009) group and the 5 g/L group consumed more creatine compared to the 2.5 g/L group (p 

= .015). The control group had no creatine intake and thus total creatine intake was lower than 

the 2.5 g/L (p = .014), 5 g/L (p = .001), and 10 g/L (p < .001) groups.  

Creatine consumption relative to bodyweight was different between dose (F(3,4) = 

237.578, p < .001) but not sex (F(1,14) = 2.458, p = .156). Relative creatine consumption was 

higher in the 2.5 g/L (p = .001), 5 g/L (p < .001), and 10 g/L (p < .001) groups compared to the 

control group. Compared to the 2.5 g/L group the 5 g/L (p = .005) and 10 g/L (p < .001) groups 

had higher relative creatine consumption. The 10 g/L group consumed more creatine relative to 

bodyweight than the 5 g/L group (p < .001) (Table 4.). 
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Table 3. Means ±SD of animal weights and total consumption of food, water, and creatine. Means 

denoted by different letters indicate significant differences across rows within sex p<0.05 (Tukey’s 

Test). The average consumption data per cage was used to estimate relative consumption per 

animal. 

Table 4. Means ±SD of absolute and relative creatine consumption per day in CM supplementation 

groups between males and females. Creatine consumption in rats has been converted to a human 

equivalent dose (HED) for comparison (Nair & Jacob, 2016). 
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3.2. Tissue Response to Creatine Supplementation  

3.2.1. Brain 

 TCr concentrations within each tissue were compared between CM supplementation 

doses. Results are summarized in Table 5. Analysis of brain tissue showed there was a difference 

in TCr concentrations between dosing groups (F(3,24) = 8.940, p < .001) but not sex (F(1,24) = 

0.366, p = .551). When both sexes were combined there was a difference between dosing groups 

(F(3,28) = 7.911, p < .001). Post-hoc analysis showed differences between the control group 

(45.62 µmoles TCr/kg) and the 2.5 g/L (54.33 µmoles TCr/kg, p = .004), 5 g/L (52.55 µmoles 

TCr/kg, p = .027), and 10 g/L (56.12 µmoles TCr/kg, p = .001) groups (Figure 7.). 
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Figure 7. TCr concentrations in brain. Males and females were combined 

as groups were not different. Symbols indicate statistical differences 

between groups: * p<0.05, ** p<0.01 (Tukey’s Test). Data shown as group 

means ±SD. 
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3.2.2. Skeletal Muscle 

Analysis of EDL muscle tissue showed that there was a difference in TCr concentrations 

between dosing groups (F(3,24) = 14.80, p < .001) but not sex (F(1,24) = 1.763, p = .197). When 

both sexes were combined there was a difference between dosing groups (F(3,28) = 15.72, p < 

.001). Post-hoc analysis showed differences between the control group (141.1 µmoles TCr/kg) 

and the 2.5 g/L (153.9 µmoles TCr/kg, p = .022), 5 g/L (163.0 µmoles TCr/kg, p < .001), and 10 

g/L (167.4 µmoles TCr/kg, p < .001) groups. TCr concentrations were also different between the 

2.5 g/L and 10 g/L groups (p = .015)(Figure 8.). 

 Analysis of SOL muscle tissue showed that there was a difference in TCr concentrations 

between dosing groups (F(3,24) = 6.727, p = .002) but not sex (F(1,24) = 0.2153, p = .647). 

When both sexes were combined there was a difference between dosing groups (F(3,28) = 7.658, 

p < .001). Post-hoc analysis showed differences between the control group (102.3 µmoles 

TCr/kg) , 5 g/L (121.2 µmoles TCr/kg, p = .012) ,and 10 g/L (128.1 µmoles TCr/kg, p > .001) 

groups (Figure 8.).  

Analysis of RGAS muscle tissue showed that there was a difference in TCr 

concentrations between dosing groups (F(3,24) = 6.378, p = .003) but not sex (F(1,24) = 3.915, p 

= .059). When both sexes were combined there was a difference between dosing groups (F(3,28) 

= 5.575, p = .004). Post-hoc analysis showed significant differences between the control group 

(139.5 µmoles TCr/kg) and the 5 g/L (154.2 µmoles TCr/kg, p = .031) and 10 g/L (159.0 µmoles 

TCr/kg, p = .003) groups with a trend for increased TCr concentrations compared to the 2.5 g/L 

group (152.98 µmoles TCr/kg, p = .055)(Figure 8.). 
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Analysis of WGAS muscle tissue showed that there was a difference in TCr 

concentrations between dosing groups (F(3,24) = 4.991, p = .008) and sex (F(1,24) = 5.163, p = 

.032). In males there was no difference between dosing groups (F(3,12) = 1.848, p = .192). In 

females there was a difference between dosing groups (F(3,12) = 3.793, p = .040). Post-hoc 

analysis of females showed significant differences between control (159.5 µmoles TCr/kg) and 5 

g/L (189.4 µmoles TCr/kg) groups (p = .035)(Figure 8.). 
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Figure 8. TCr concentrations in EDL, SOL, RGAS, and WGAS. Males and females were 

combined as groups in EDL, SOL, and RGAS as they were not different. In WGAS males and 

females were statistically different from each other and were separated. Symbols indicate 

statistical differences between groups: ^ p<0.1 , * p<0.05, ** p<0.01, *** p<0.001 (Tukey’s 

Test). Data shown as group means ±SD. 
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3.3.3. Heart and Liver 

 Analysis of HRT tissue showed that there was a difference between dosing groups 

(F(3,24) = 6.401, p = .002) and sex (F(1,24) = 6.560, p = .017) with females having higher TCr 

concentrations compared to males. In males there was no difference between dosing groups 

(F(3,12) = 1.799, p = .201). In females there was a difference between dosing groups (F(3,12) = 

7.719, p = .004). Post-hoc analysis showed a difference between the control (70.94 µmoles 

TCr/kg), the 5 g/L (78.11 µmoles TCr/kg, p = .045), and 10 g/L (82.12 µmoles TCr/kg, p = .002) 

groups (Figure 9.). 

 Analysis of LIV tissue showed that there were no differences between dosing group 

(F(3,24) = 1.724, p = .189) or sex (F(1,24) = 1.818, p = .190)(Figure 9.).  
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Figure 9. TCr concentrations in heart muscle and liver. For heart muscle, males (white bars) 

and females (black bars) were separated due to statistical differences. For liver males and 

females were not different and were combined. Symbols indicate statistical differences 

between groups: * p<0.05, ** p<0.01 (Tukey’s Test). Data shown as group means ±SD. 
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Table 5. Mean ±SD of TCr concentrations within tissue between CM dosing groups. 

Males and females were combined when groups were not different. Symbols 

indicate statistical differences across rows compared to the 0 g/L group: * p<0.05, 

** p<0.01, *** p<0.001, ^ p<0.1. β indicates a significant difference from 2.5 g/L 

group p<0.05. (Tukey’s Test) 
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3.3. TCr Comparison Between Skeletal Muscle 

 TCr concentrations were compared between the 4 skeletal muscles sampled (EDL, SOL, 

RGAS, and WGAS) within the same dose. A summary of these results can be found in Table 6. 

In the control group there was a significant difference in TCr between sex (F(1,24) = 4.665, p = 

.041) and tissue(F(3,24) = 35.220, p < .001 ). There was a significant difference in TCr 

concentration between tissue (F(3,12) = 15.857, p < .001) in males with TCr concentrations 

being lower in SOL compared to EDL (p = .002), RGAS (p = .010), and WGAS (p > .001). 

There was a significant difference in TCr concentrations between tissue in females (F(3,12) = 

20.147, p < .001) with TCr concentrations being lower in SOL compared to EDL (p = .001), 

RGAS (p > .001), and WGAS (p > .001). In the control group females had significantly higher 

TCr concentrations in RGAS compared to males (p = .043) but no sex differences were observed 

between SOL, EDL, or WGAS.  

In the 2.5 g/L group there was a significant difference in TCr concentrations between 

tissue (F(3,24) = 30.116, p < 0.001) but not between sex (F(1,24) = 2.026, p = 0.167). There was 

a significant difference in TCr concentrations between tissue when males and females were 

combined (F(3,28) = 28.866, p < 0.001) and TCr concentrations were lower in SOL compared to 

EDL (p > .001), RGAS (p > .001), and WGAS (p > .001). WGAS TCr concentrations were also 

significantly higher compared to EDL (p = .032) and RGAS (p = .023). 

In the 5 g/L group there was a significant difference in TCr concentrations between tissue 

(F(3,24) = 40.754, p < 0.001) but not between sex (F(1,24) = 0.994, p = 0.329). There was a 

significant difference in TCr concentrations between tissue (F(3,28) = 43.145, p < 0.001) when 

males and females were combined. TCr concentrations were lower in SOL compared to EDL (p 
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> .001), RGAS (p > .001), and WGAS (p > .001). TCr concentrations in WGAS were 

significantly higher compared to EDL (p = .004) and RGAS (p > .001). 

In the 10 g/L group there was a significant difference in TCr concentrations between 

tissue (F(3,24) = 32.293, p < 0.001 ) but not between sex (F(1,24) = 2.324 , p = 0.140). There 

was a significant difference in TCr concentrations between tissue when males and females were 

combined (F(3,28) = 33.481, p < 0.001 ). TCr concentrations were lower in SOL compared to 

EDL (p > .001), RGAS (p > .001), and WGAS (p > .001) and WGAS TCr concentrations were 

significantly higher compared to RGAS (p = .015)(Table 6.) 

 

 

Table 6. Means ±SD of TCr concentrations within CM dosing group between skeletal 

muscle. Male and female control groups separated due to sex differences. Means denoted 

by a different letter indicate significant differences across rows between tissue p<0.05 

(Tukey’s Test). * denotes a significant difference between males and females within tissue 

and dose p<0.05 (student’s t-test). 
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3.4. GAMT Protein Content 

Analysis of GAMT protein content showed that there was no difference in GAMT 

between dose (F(3,24) = 0.046, p = .987) or sex (F(1,24) = 0.237, p = .631) in liver (Figure 10.). 

 

 

 

Figure 10. Representative blot of GAMT protein content in liver (top) 

and GAMT protein content in liver relative to control (bottom). Males 

and females were combined as groups were not different. Data shown as 

group means ±SD. PS; pooled sample, Sk; skeletal muscle (negative 

control for GAMT), numbers it the top image represent CM 

supplementation in g/L. 
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4. Discussion 

4.1. Brain TCr Concentrations 

 The primary purpose of this study was to investigate the relationship between increasing 

doses of CM supplementation and the corresponding increases in Cr uptake and concentration in 

the brains of rats in combination with a high-quality standardized diet. CM supplementation led 

to significant increases in brain TCr concentrations in all CM supplementation groups compared 

to the control group, but no differences were observed between the three CM doses or sex. This 

is a novel finding as no other study has investigated the relationship between multiple CM doses 

and in vivo brain creatine uptake in rodents. Increases in brain TCr concentrations have been 

reported previously in rats after 4 weeks of 2g/kg/day CM in water (Ipsiroglu et al., 2001). 

Importantly, TCr increases in brain have also been observed in multiple human studies using 31P-

MRS and 1H-MRS. Multiple studies have investigated the effect of high dose CM 

supplementation in humans; Dechent et al. demonstrated that 20g/day CM for 4 weeks resulted 

in significant increases in TCr concentrations within gray matter, white matter, cerebellum, and 

thalamus in a group of 2 males and 4 females (Dechent et al., 1999). In response to shorter 

supplementation periods of CM supplementation the same dose of 20g/day for 7 days increased 

TCr concentrations in the cerebral cortex of human participants in a double-blind crossover 

design with a 5-week washout period (Turner, Byblow, & Gant, 2015). The same 

supplementation regimen has been observed to increase hippocampal Cr concentrations in 

females (Pan & Takahashi, 2006). There has been one report of male brain TCr concentrations 

being unresponsive to 20 g/day CM supplementation (Wilkinson et al., 2006) but the 

supplementation period only lasted 5 days and the subjects were trained male sportsmen. Despite 

the observations by Wilkenson et al., male frontal lobe TCr concentrations have been reported to 
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increase after 7 days of a high/loading (0.3 g/kg/day) CM dose followed by 7 days of a 

low/maintenance (0.03 g/kg/day) CM dose (Lyoo et al., 2003). Based on these observations, 

short supplementation periods may be inadequate to increase brain TCr concentrations or this 

could be indicative of differences in Cr uptake between trained and non-trained individuals. 

Despite some conflicting observations within the literature, the increases in rat brain TCr 

concentrations observed within the present study are in line with the bulk of the animal and 

human literature which suggests that CM supplementation is efficacious at increasing brain TCr 

concentrations in both male and female brains. A potential limitation of the current study was 

that it was slightly underpowered, future research should focus further on elucidating the 

potential differences in creatine uptake between the male and female brain.  

4.2. Creatine Monohydrate Use as a Prophylactic Supplement for Athletes 

  TBI is often sustained during sporting incidents. The rate of TBI in post-secondary sport 

has been increasing and therefore athletes can be considered an at-risk group for TBI 

(Zuckerman, Yengo-Kahn, Kerr, Wasserman, & Covassin, 2016). CM is often consumed as a 

performance enhancing agent in the athletic population due to its ability to increase the capacity 

for work during short duration, high-intensity movements such as cycling sprints, and 

weightlifting (Earnest et al., 1995; Richard B. Kreider et al., 1998; Prevost et al., 1997) and it is 

estimated that CM supplementation is used for this purpose in ~9% to ~37% of post-secondary 

athlete populations across multiple disciplines (Froiland et al., 2004; Kristiansen et al., 2005). 

There have yet to be any investigations into the effectiveness of CM supplementation at reducing 

TBI occurrence or severity during a sporting season (Ashbaugh & McGrew, 2016). More 

research of this type is needed but may prove to be difficult as individual TBIs experienced 

during sport will be considerably variable by nature. 
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 Adolescents may also be at particular risk for sport induced TBI. In the United States, 

adolescents aged 5-18 years old accounted 65% of all sports and recreation related TBI’s 

between 2001 and 2005 and from 2001 to 2009 the rate of sport and recreation related TBI 

emergency department visits increased by 57% (Centers for Disease Control and Prevention, 

2005, 2011). While it stands to reason that the mechanisms by which CM supplementation may 

be able to attenuate TBI-induced damage would extend to adolescents, there has yet to be a long 

term study directly assessing the safety of CM supplementation in youth; investigations into the 

efficacy of CM supplementation for the treatment of certain musculoskeletal diseases such as 

DMD (Duchenne’s Muscular Dystrophy) have been conducted using adolescent populations in 

which no adverse reactions were observed (Tarnopolsky et al., 2004) but more research may be 

needed to rule out the possibility of adverse reactions due to long-term CM supplementation in 

adolescents. In a systematic review regarding the safety of CM supplementation in adolescents 

and youth the authors highlight the need for direct investigations into the safety of CM 

supplementation in the adolescent population due to the fact that ~5-20% of middle school and 

high school age athletes already report having tried CM supplementation (Jagim, Stecker, Harty, 

Erickson, & Kerksick, 2018). 

4.3. Creatine Monohydrate Supplementation and MDD 

Increasing the content of brain creatine may have additional clinical implications; 

creatine is a bioenergetically active compound and altering its availability within the brain may 

have significant implications for psychiatric disorders. Reductions in depressive and anxiety 

behaviours are observed with forced swim and open field tests in female rats when their diet is 

supplemented with 4% (w/w) CM for 5 weeks, but this effect is not observed in males (Allen, 

D’Anci, Kanarek, & Renshaw, 2010). Others have expanded on this work and investigated the 
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possible benefit of CM supplementation in relation to psychiatric conditions in humans. In a 

clinical study of 43 adolescent females with MDD (Major Depressive Disorder), CM 

supplementation of either 2, 4, or 10 g CM per day for 8 weeks resulted in a trend for increased 

PCr in the frontal lobe compared to placebo (Kondo et al., 2016). Brain PCr concentrations and 

CDRS-R (Children’s Depression Rating Scale-Revised) scores were found to be inversely 

correlated suggesting that altered brain bioenergetics as a result of CM supplementation may be 

effective in reducing the severity of MDD (Kondo et al., 2016). In another clinical study, female 

methamphetamine users with MDD that were given 5 g/day CM for 8 weeks had significant 

increases in frontal lobe PCr concentrations as well as reduced HDRS (Hamilton Depression 

Rating Scale) and BAI (Beck Anxiety Inventory) scores compared to baseline (Hellem et al., 

2015). Lower NAA concentrations have been observed in the prefrontal cortex of women with 

MDD compared to those without, and NAA deficits have been correlated with increasing MDD 

severity (Yoon et al., 2016). CM supplementation of 5 g/day for 1 week followed by 3 g/day for 

7 weeks increases NAA in the prefrontal cortex and lowers MDD symptoms as measured by 

HDRS compared to placebo (Yoon et al., 2016). Despite CM supplementation increasing TCr 

concentrations in both male and female brain it is interesting that anti-depressive effects have 

typically only been observed in females. Research investigating the anti-depressive properties of 

CM has mainly focussed on females, so a possible effect in males cannot be ruled out; however, 

future work in this area should be conducted using both sexes to determine if there are sex-

dependent mechanisms at play.  

4.4. Sex-Dependent Differences in TCr Concentrations 

One of the more interesting findings of the current study was the observation of sex-

dependent differences in muscle tissue TCr concentrations. Females had significantly higher TCr 
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concentrations in HRT compared to males when all CM dose groups are combined. In females, 

CM supplementation led to increases in TCr concentrations in WGAS (5 g/L) and HRT (5 g/L 

and 10 g/L) while there was no change in TCr concentrations of WGAS or HRT in males in 

response to CM supplementation. This is a novel finding as no previous study has observed sex-

dependent differences in TCr concentrations in these tissues. Significantly higher TCr 

concentrations in female RGAS compared to males in the control (0 g/L) group were also 

observed which is another novel finding as no other investigation to date has reported TCr 

concentration differences in these tissues between female and male rats. Despite males being 

heavier and drinking more total water than females, water consumption relative to bodyweight 

between males and females was not different and correspondingly there were no differences in 

relative daily creatine consumption between sex within the same dose group. While this may be 

the first observation of elevated TCr concentrations in female rat skeletal muscle, higher TCr 

concentrations in female skeletal muscle have been observed in humans. Forsberg et al. observed 

sex differences in human skeletal muscle with TCr concentrations being significantly higher in 

quadriceps femoris muscle biopsies of females (145 mmol/kg) compared to males (132 

mmol/kg) (Forsberg et al., 1991). Harris et al. have also reported that human females had higher 

TCr concentrations than males in quadriceps femoris muscle biopsies (Harris et al., 1992).  

4.5. Mechanisms Promoting Sex-Dependent TCr Concentration Regulation  

The physiological mechanisms leading to higher TCr concentrations in female skeletal 

muscle are unclear. In humans, females have significantly less absolute and relative skeletal 

muscle mass as compared to males (Janssen, Heymsfield, Wang, & Ross, 2000). Skeletal muscle 

is the largest reservoir for creatine in the body and thus females have a significantly smaller 

estimated total body creatine pool than males (Kalhan, Gruca, Marczewski, Bennet, & 
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Kummitha, 2016). Females have lower concentrations of serum creatinine (Cockcroft & Gault, 

1976; Pottel et al., 2008) and lower urinary creatinine excretion (Barr et al., 2005) compared to 

males, possibly leading to a slight reduction in the clearance or loss of creatine. Some studies 

within the literature report that females also gain less relative and total fat free mass and less 

total body mass in response to CM supplementation compared to males (Mihic, MacDonald, 

McKenzie, & Tarnopolsky, 2000) which led the authors to conclude that females may be less 

responsive to CM supplementation. Harris et al. found that although females had higher TCr 

concentrations prior to supplementation in the quadriceps femoris they experienced much 

smaller absolute TCr concentration increase in response to CM supplementation (Harris et al., 

1992) suggesting that females may have a lower “creatine ceiling”, and may start relatively 

closer to this ceiling before the commencement of CM supplementation. In our control groups 

females had a higher mean TCr concentration than males in BR, EDL, SOL, WGAS, RGAS, and 

HRT (although this comparison only reached significance in RGAS and HRT) and in general had 

smaller relative increases in TCr concentrations in response to CM supplementation which would 

be in line with this theory.  

Sex-differences in TCr concentrations within skeletal muscle could be driven by 

differences in CRT activity. Na+ concentrations are significantly higher in quadriceps femoris 

tissue of females (93.1 mmol/kg) compared to males (80.3 mmol/kg) (Forsberg et al., 1991). To 

transport Cr across cell membranes, CRT exploits the already present Na+ electrochemical 

gradient to co-transport Na+ and Cr into cells. An increase in concentration of Na+, and 

presumably the magnitude of the inward facing electrochemical gradient, could increase overall 

transport of solutes through CRT. Forsberg et al. also reported that the concentrations of Cl-, 

another ion co-transported through CRT, were higher (although non-significantly) in the 
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quadriceps femoris of females (64.7 mmol/kg) compared to males (56.1 mmol/kg)(Forsberg et 

al., 1991).  

In cell culture models, CRT activity has been found to have both a saturable high-

capacity Na+ dependent component as well as a non-saturable low-capacity Na+ independent 

component (Loike et al., 1988; Odoom, Kemp, & Radda, 1996). In L6 rat myoblast and G8 

mouse myoblast cultures creatine uptake occurs at a low but constant rate in the absence of Na+ 

regardless of extracellular creatine concentration (Loike et al., 1988; Odoom et al., 1996). 

Interestingly, in G8 mouse myoblast cultures increases in extracellular creatine concentrations 

promote an increase in creatine uptake (Odoom et al., 1996), whereas in L6 rat myoblast cultures 

increases in extracellular creatine concentrations decrease creatine uptake (Loike et al., 1988). In 

human myoblast cultures, increases in extracellular creatine concentration also results in less 

creatine uptake (Loike et al., 1988) which is in line with observations from rat myoblast cultures 

but opposes observations in rat myoblast culture. Darrabie et al. also observed significantly 

higher rates of creatine uptake in HL-1 (mouse cardiomyocytes cells) and rat neonatal 

cardiomyocytes (RNCM) in response to creatine depleted media (0.5-1μM) and significantly 

lower creatine uptake in creatine supplemented media (1mM) compared to control media (16μM) 

(Darrabie et al., 2011). As for the implications that this has on differences in creatine uptake 

between sexes, these results raise more questions than answers. There are conflicts within the 

small body of cell culture literature as to whether higher extracellular creatine concentrations 

promote an increase or decrease in Cr uptake and so any claim regarding CRT regulation should 

be made with caution when considering the possibility of species-dependent regulation.  

There has also been no reliable description of the distribution of the CRT in mammalian 

tissues. Currently, there is no reliable antibody available for CRT, making the determination of 
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transporter expression content very difficult. There were some earlier studies which used an 

antibody that was later proven to be unreliable, which has led to some confusion in this area 

(Speer et al., 2004). To date, there have been no reports in the literature investigating sex 

differences in CRT distribution, as possible differences in expression could also account for the 

observed differences. 

Differences in tissue TCr concentrations between sexes may be partly due to differential 

expression of some regulators of interest. Females have higher levels of PGC-1α mRNA 

expression in human skeletal muscle compared to males (Lindholm et al., 2014). PGC-1α 

overexpression in mice leads to an increase in expression of various to oxidative phosphorylation 

related genes (Brown et al., 2014) and under expression of PGC-1α leads to decreases in ATP 

and PCr concentrations in myocardium (Arany et al., 2005). This could partly explain TCr 

differences between males and females although based on the data from this study, TCr 

concentrations were higher in skeletal muscle which tended more towards glycolytic metabolism 

(i.e. WGAS) and it would be expected that this effect would be observed more in oxidative 

muscle. PGC-1α has been observed to increase CRT activity in myoblast cell culture models 

(Brown et al., 2014) suggesting that the possibility of sex differences in CRT regulation should 

be further investigated. Expression of SGK1, an enzyme that increases CRT activity in Xenopus 

oocyte models (Shojaiefard, Christie, & Lang, 2005), increases in response to 100nM 

testosterone treatment in HK-2 (human kidney) cell culture models while treatment with 17-β-

estradiol results in no change in SGK1 expression (Rusai et al., 2011). This data could be taken 

to suggest that males would experience higher creatine uptake however, the concentration of 

testosterone used was higher than a physiologically relevant dose and a human kidney cell 

culture model may not be representative of uptake mechanics in muscle or brain. As this area of 
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literature has not yet been adequately investigated, there is a need for more research attempting 

to elucidate the mechanisms behind differences in creatine uptake between males and females. 

4.6. Creatine Synthesis Pathway 

Some possible mechanisms underlying the sex differences in responsiveness to CM 

supplementation could stem from within the creatine synthesis pathway and the effect that CM 

supplementation has on endogenous creatine production. Expression of AGAT, the first enzyme 

in the creatine synthesis pathway, has been observed to be higher in male rats compared to 

female rats and its activity is increased in response to testosterone propionate administration 

(Krisko & Walker, 1966). These observations could suggest that sex differences may exist in the 

creatine synthesis pathway although this has not yet been investigated in humans. The rate of 

GAA synthesis in the human body is correlated to muscle mass and females have a lower 

absolute rate of creatine and GAA synthesis compared to males (Kalhan et al., 2016). However, 

unlike males, females do not experience a significant decrease in creatine synthesis in response 

to CM supplementation (Kalhan et al., 2016). Our work supports this as we observed no sex 

difference in GAMT protein content, the second enzyme in the creatine synthesis pathway, 

although the same results were also observed in males. Future work should investigate if CM 

supplementation leads to sex-based differences in the protein content and activity of AGAT and 

GAMT. AGAT is expressed to some degree in liver but it is expressed at much higher levels in 

kidney (Wyss & Kaddurah-Daouk, 2000), which was not collected during the current study. 

Future work should also investigate any possible changes in both GAMT and AGAT in brain in 

response to CM supplementation. It is possible that AGAT and GAMT expression in CNS tissue 

may contribute to a more localized creatine synthesis pool within the brain. Braissant et al. 

showed that both AGAT and GAMT are expressed in virtually every region of the brain to 
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varying degrees (Braissant et al., 2001), however possible differences between males and 

females have yet to be investigated. 

4.7. Skeletal Muscle Comparison 

Sex-differences in TCr concentrations were not observed in SOL, EDL, or RGAS 

muscles (although there was a trend towards a sex difference in RGAS) but differences between 

these muscles were found. TCr concentrations in both EDL and RGAS were not different from 

each other but both had significantly higher TCr concentrations compared to SOL in all CM 

supplementations groups as well as in controls. In the male rat hindlimb it is well estimated that 

SOL is composed of mostly slow-oxidative (SO) muscle fibers (89% by mass) whereas fast-

oxidative/glycolytic (FOG) fibers are most common in RGAS (56% by mass) and fast-glycolytic 

(FG) fibers make up the majority of both EDL (79% by mass) and WGAS (91% by mass) 

(Armstrong & Phelps, 1984). The lowest skeletal muscle TCr concentrations were observed in 

SOL across all CM doses and in both sexes. EDL and RGAS tissue contained higher TCr 

concentrations compared to SOL with WGAS containing the highest TCr concentrations. Based 

on this data the concentration of TCr in skeletal muscle closely follows fiber type distribution 

with TCr concentrations being higher in muscle with higher FOG and FG fiber contents. Brault 

et al. previously demonstrated this relationship between skeletal muscle fiber type and TCr 

concentrations in male Sprague-Dawley rats where the lowest TCr concentrations were observed 

in SOL, with higher TCr concentrations being present in RGAS and even higher TCr 

concentrations observed in WGAS (Brault & Terjung, 2003). In a separate investigation, TCr 

concentrations in EDL were higher compared to SOL in both Sprague-Dawley rats and Swiss-

Webster mice (Kushmerick et al., 1992). Brault et al. also observed that the largest absolute 

increase in TCr concentrations occurred in SOL and that in vivo creatine uptake occurred at a 
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higher relative rate in tissue with lower starting TCr concentrations (Brault & Terjung, 2003). In 

our cohort, this was observed in both males and females; in WGAS 10 g/L CM supplementation 

led to an 11.3% (male) and a 13.2% (female) increase in TCr concentration, whereas the same 

CM dose led to a 25.0% (male) and 25.3% (female) TCr concentration increase in SOL.  

There are various mechanisms that could lead to TCr concentrations being higher in fast-

twitch dominant muscles. Physiologically, TCr reservoirs are used to buffer energy fluctuations 

so it seems likely that these muscles may need additional energy buffering capacity. In rats, one 

method for establishing fiber typing is by their myosin heavy chain (MHC); slow- twitch fibers 

are characterized by Type 1 (MHC-1) whereas fast-twitch muscle fibers contain one of three 

Type 2 MHC (MHC-2A, MHC-2B, or MHC-2X) (Termin, Staron, & Pette, 1989). Type 2 MHC 

fibers contract faster and with more force than their Type 1 counterparts (Bottinelli, Canepari, 

Reggiani, & Stienen, 1994) however, this comes at an energetic cost as the rate of ATPase 

activity in fibers with Type 2 MHC is much higher than that of fibers with Type 1 MHC leading 

to a much higher energetic cost of tension in fibers with Type 2 MHC (Bottinelli et al., 1994; He, 

Bottinelli, Pellegrino, Ferenczi, & Reggiani, 2000) leading to their characterization as explosive, 

yet fatigable. The potential for a sudden increase in energy demand demonstrates a need for a 

higher reserve of energy within this fiber type in the form of PCr. 

ATP is also consumed at a high rate by Na+/K+ ATPase pumps on the sarcolemma. Type 

2 motor units discharge at a much higher rate than Type 1 motor units (Hennig & Lømo, 1985). 

Not only does this promote an increase in ATP consumption due to more excitation/contraction 

cycles, it also leads to fatigue due to the inability of the Na+/K+ ATPase pumps to keep up with 

the required rate of ion transfer, leading to an intracellular loss of K+ and accumulation of Na+ in 

muscle cells with sustained contraction. This effect is observed to a greater degree in rat EDL 
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compared to SOL which does not experience such extreme changes in solute concentrations 

(Clausen, Overgaard, & Nielsen, 2004). If ion pumping leads to fatigue in fast-twitch fibers, then 

a larger reserve of creatine in these fibers would be beneficial to extend their functional capacity. 

SERCA (Sarco-endoplasmic reticulum Ca2+ATPase) pumps, which are responsible for 

transporting Ca2+ back into the SR (sarco-endoplasmic reticulum) to allow for muscle fiber 

relaxation represent another large ATP consumer within skeletal muscle. Multiple SERCA 

isoforms exist and are expressed in a tissue-dependent manner (Periasamy & Kalyanasundaram, 

2007) and can be modulated by the micro-peptides phospholamban (PLB) and sarcolipin (SLN) 

which act to inhibit SERCA activity (MacLennan, Asahi, & Tupling, 2003; Periasamy & 

Kalyanasundaram, 2007). In mice, SERCA isoform expression differs between muscle fiber 

types with SERCA1a, the fast pumping isoform, being expressed predominantly in Type 2 

muscle fibers and SERCA2a, the slower isoform, being expressed more in Type 1 fibers 

(Dufresne et al., 2016; Murphy, Larkins, Mollica, Beard, & Lamb, 2009; Periasamy & 

Kalyanasundaram, 2007). Considering that SERCA is one of the largest sites of energy 

consumption in muscle (Smith, Bombardier, Vigna, & Tupling, 2013) creatine concentrations in 

muscle with higher concentrations of SERCA, especially SERCA1a, may be higher to 

compensate for the increase energy demand present during Type 2 muscle fiber contraction.  

Potential short-term energy usage in each of these domains would be higher in muscles 

which are more glycolytic versus oxidative fiber-dominant, therefore it would be physiologically 

advantageous for these muscles to contain higher resting TCr concentrations. In response to CM 

supplementation TCr concentrations in skeletal muscle increased to a greater extent in muscle 

with lower starting TCr concentrations (i.e. SOL), the percent increase in TCr was lower in 

muscles with higher starting TCr concentrations, and this relationship was roughly similar 
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between males and females. There is one interesting exception to this; females had much higher 

starting RGAS TCr concentrations than males, even exceeding female EDL TCr concentrations, 

and experienced a much smaller relative increase in RGAS TCr concentrations (~8%) compared 

to males (~21%) in response to 10 g/L CM. RGAS concentrations in females after CM 

supplementation followed the same overall ‘ceiling’ trend as males, so the reason for this 

deviation in the supplemented rats is unclear. RGAS is the only muscle of the four tested to 

contain mostly FOG fibers suggesting that there may be a fiber-dependent mechanism causing an 

increase of TCr concentrations in FOG fibers, however the same trend was not observed in 

males. Additionally, the fiber type data used for these comparisons (Armstrong & Phelps, 1984) 

are from male rats, so differences between male and female hindlimb fiber type distributions 

could play a role in this discrepancy.  

4.8. Creatine and the Heart 

 Similar to skeletal muscle, cardiac muscle also requires high concentrations of 

phosphocreatine to buffer ATP concentration changes due to shifts in metabolic demand. In this 

study, females had higher TCr concentrations compared to males in HRT and also experienced a 

significant increase in HRT TCr concentrations in response to 5 g/L and 10 g/L CM 

supplementation for 8 weeks while no change was observed in males. The reason for this 

discrepancy between sex is unclear, however, the ability of CM supplementation to increase TCr 

concentration in HRT may be useful. During heart failure TCr concentrations and CK activity in 

the heart are decreased resulting in a lowered energy reserve within cardiac tissue (Zervou, J. 

Whittington, J. Russell, & A. Lygate, 2015). Horn et al, observed that CM supplementation 

(from 1% to 7% w/w) for 40 days resulted in no change in TCr concentrations or CK reaction 

velocity within cardiac tissue as well as no change to whole heart mechanical function in Wistar 
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rats (Horn et al., 1998). The same group also observed that 8 weeks of CM supplementation (3% 

w/w) post-myocardial infarction did not have any functional or energetic effects on the recovery 

of cardiac when compared to non-CM fed Wistar rats and the sham control groups (Horn et al., 

1999). Additionally, neither of these studies observed increases in TCr concentrations in cardiac 

tissue, despite the CM supplementation. These findings are at odds with those of our study where 

it was observed that CM supplementation for 8 weeks was able to elicit an increase in TCr 

concentration in the female HRT. The authors did not specify if the rats used were males or 

females, however, if they did use male rats these findings would be more in line with the 

observations from the current study where an increase TCr concentration in male HRT was not 

observed. Based on the previous studies in the literature and the current work, female cardiac 

tissue may be better able to uptake and increase Cr stores or regulate the cardiac energy state as 

compared to males, and this could partly explain why the female heart appears to be less prone to 

the development of heart failure and display better survival rates due to heart failure compared to 

men (Regitz-Zagrosek, Oertelt-Prigione, Seeland, & Hetzer, 2010). Clearly, further research is 

needed to determine the clinical differences between the male and female heart and how creatine 

supplementation may or may not be an effective therapeutic strategy in the failing heart. 

4.9. Physiological Relevance of Dose 

In human trials involving supplementation CM doses often range from as high as 20g/day 

(Casey, Constantin-Teodosiu, Howell, Hultman, & Greenhaff, 1996; Dechent et al., 1999; Harris 

et al., 1992; Pan & Takahashi, 2006; Turner et al., 2015) to 5 g/day or lower (Hellem et al., 2015; 

Kondo et al., 2016; Prevost et al., 1997) which all lie within a range that is a safe and tolerable 

for consumption (Bender & Klopstock, 2016; R. B. Kreider et al., 2003). Creatine fed rats in our 

study were given access to 2.5, 5, or 10 g/L of CM in water. Using rat weights and estimated 
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water consumption data (water consumption was measured on a per cage basis) it is estimated 

that rats consumed relative creatine doses of 0.224 g/kg/day, 0.412 g/kg/day, and 0.794 g/kg/day 

in the 2.5 g/L, 5 g/L, and 10 g/L groups respectively and there were no differences in relative 

creatine dose between males and females. These values converted to a HED (Human Equivalent 

Dose) based on body surface area adjustments (Nair & Jacob, 2016) suggests that the 

physiologically equivalent of these doses in a 70 kg human would be 2.53 g/day, 4.65 g/day, and 

8.97 g/day respectively, all of which are within the range of normal human consumption (as 

recommended by many commercial supplements) as well as being within the range of doses used 

in many CM supplementation studies. Even the lowest CM dose elicited increases in TCr in BR, 

SOL, and RGAS and 5 g/L CM supplementation lead to increases in TCr in all skeletal muscle 

tissue and brain. Furthermore, CM doses used in this study closely approximate HEDs that are in 

line with much of the CM literature where increases in TCr or performance are observed 

(Candow & Chilibeck, 2010) suggesting that the doses used are physiologically relevant. 

4.10. Regulation of Creatine Transport and Synthesis 

While CM supplementation itself is known to increase TCr concentrations it may be 

possible to modulate CRT to further increase Cr transport into cells for the purpose of enhancing 

either the neuroprotective or performance enhancing properties afforded by Cr. CRT is encoded 

by the gene SLC6A8 and is a part of the solute carrier superfamily (SLC) of transporter proteins. 

Within this superfamily CRT is part of the SLC6 family which includes various transporter 

proteins that exploit a high extracellular Na+ gradient to drive substrates into cells. CRT belongs 

to the GABA subfamily which also features multiple GABA transporters (GAT1, GAT3, GAT4, 

and BGT1) as well as the taurine transporter (TAUR) (Kristensen et al., 2011). Compared to 

other transporter proteins in this subfamily, very little research has been conducted on the 
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regulation of CRT directly, most likely due to the various GABA transporters being targets of 

interest for the pharmaceutical industry. Much of the research into the regulation of CRT has 

been conducted using a Xenopus oocyte model which allows researchers to transfect the 

SLC6A8 gene causing an increase in CRT expression. When these cells are bathed in media 

containing Cr the electric current generated by the flow of Na+ and Cl- across the cell membrane 

along with creatine can be measured and used as a proxy for creatine transport. Specific genes 

for other proteins of interest can then be transfected and expressed to find the relationship 

between their increased presence and the rate of creatine transport through CRT. 

Using this method, the regulation of CRT activity by multiple proteins has been 

observed. The increased expression of SGK1, SGK3, PIKfyve, mTOR results in an increase in 

CRT activity while increased expression of GSK3β leads to a decrease in CRT activity (Fezai et 

al., 2016; Shojaiefard et al., 2005, 2006; Strutz-Seebohm et al., 2007). These points of regulation 

point to CRT being a regulatory target of the PI3K/Akt pathway which is activated by a variety 

of growth factors, most notably insulin, and once activated promotes cell proliferation and 

supresses apoptosis pathways (Osaki, Oshimura, & Ito, 2004). This is further supported by the 

fact that ingestion of carbohydrates has been found to significantly increase creatine 

concentrations within skeletal muscle (Green, Hultman, Macdonald, Sewell, & Greenhaff, 1996; 

Steenge et al., 1998).  

The balance between these regulatory mechanisms may also differ between sexes; SGK1 

expression is increased by testosterone and male rats express more SGK1 mRNA transcripts than 

females (Rusai et al., 2011) which would suggest that the effect of SGK1 would promote an 

increase in tissue TCr concentrations in males compared to females. PGC-1α and PGC-1β are 

transcription coactivators which act upon multiple genes related to oxidative phosphorylation 
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(Brown et al., 2014) both of which have been found to increase CRT activity and CRT mRNA 

transcripts in L6 myotubes (Brown et al., 2014). PGC-1α mRNA expression in human skeletal 

muscle is higher in females compared to males (Lindholm et al., 2014) suggesting that PGC-1α 

and PGC-1β may act to promote higher tissue TCr concentrations in females compared to males. 

More research is needed to determine if sex-dependent differences in expression or regulation of 

these proteins would result in a discernable effect in TCr concentrations in animal models and to 

what degree they play a role in the differences observed between sexes in our study. There is also 

a need for investigations into the regulation of CRT directly by sex hormones; early research has 

shown that testosterone has a direct effect on increasing AGAT activity (Krisko & Walker, 1966) 

while estrogen may have an inhibitory effect on AGAT mRNA expression (Y. Zhu & Evans, 

2001). This would suggest that males could have a higher relative capacity for Cr synthesis 

however, our data showed that females in the control group had higher TCr concentrations than 

males in RGAS which would suggest that they may synthesize creatine at a higher relative rate 

but more research is needed to determine the differences in creatine synthesis between sexes and 

within different tissues. 

Additionally, some data suggests that CRT may be regulated in a tissue-specific manner 

as AMPK (AMP-activated protein kinase) activation by AICAR (5-aminoimidazole-4-

carboxamide ribonucleotide) causes CRT activity to increase in rat neonatal cardiomyocytes and 

HL-1 cardiac cells but causes the opposite effect in rat kidney epithelial cells (Darrabie et al., 

2011; Li et al., 2010). More research into the regulation of creatine stores between tissue is 

needed as TCr concentrations between similar energetically demanding tissues (i.e. skeletal 

muscle) examined in this study vary wildly. Most of the research into the regulation of CRT has 

been conducted using cell culture models; while these models are useful for providing evidence 
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of protein-protein interactions more research using in vivo models is necessary to determine the 

magnitude of these interactions within a more physiologically representative mammalian model. 

4.11. Comparison to Previous Literature 

Ipsiroglu et al. investigated TCr concentration changes in various tissues in response to 2 

g/kg/day CM supplementation in female OFA (Oncins France Strain A) rats and OF1 (Oncins 

France 1) mice for up to 8 weeks (Ipsiroglu et al., 2001). They observed significant increases in 

TCr concentrations in skeletal muscle (quadriceps femoris and tensor fasciae latae), cardiac 

muscle, brain, kidney, liver, and lung tissue in response to CM supplementation with some 

tissues such as skeletal muscle, brain, liver, and kidney experiencing an increase in TCr 

concentrations within as little as two weeks (Ipsiroglu et al., 2001). Results from our study 

followed the same trend with TCr concentration increases being observed in response to CM 

supplementation observed in skeletal muscle (EDL, SOL, WGAS, RGAS), BR, and HRT, but 

not in LIV. Ipsiroglu et al., observed significant TCr concentrations increases in liver after 2 

weeks whereas in our study no significant increase was observed at any dose after 3 weeks. This 

discrepancy in liver Cr uptake may be due to a lack of statistical power in our study as we 

observed a clear stepwise increase in mean TCr concentrations in liver due to increasing CM 

supplementation dose, and may also be influenced by variation within the liver tissue analyzed as 

the lobe of liver selected was not controlled for.  

Ipsiroglu et al. used a relative CM dose of 2 g/kg/day dissolved in drinking water, 

whereas we administered a constant absolute dose of CM in drinking water for all animals in the 

same dosing group. A CM dose of 2 g/kg/day for a female rat weighing ~398g (the average 

weight of our females) would equate to an absolute CM intake of ~5.03 g CM per day. Our 

female rats drank an average of ~74 ml of water per day meaning that the CM concentration in 
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water to achieve this dose would be ~68 g/L, much higher than the limit of creatine solubility in 

water at 13.3 g/L (Yalkowsky & Han, 2003). If this dosage information is accurate (ignoring 

physical constraints) this suggests that Ipsiroglu et al. were administering a much higher CM 

dose than was given in the current study, which could explain why they observed such large 

increases in liver TCr concentrations although it is unclear how such a high CM dose in water 

would be achieved. Ipsiroglu et al. also examined CM supplementation in rats that were 6 weeks 

of age at the commencement of their study, a much younger cohort compared to our animals. 

This could also explain the liver TCr differences if younger animals are more receptive to CM 

supplementation than adults. Alternatively, if the creatine synthesis pathway reacts differently in 

younger mice this could affect TCr concentrations in liver as either TCr is produced at a higher 

rate or leaving the liver at a slower rate. This is purely speculative as no work on age differences 

in rats subjected to CM supplementation has been done as of yet. Ipsiroglu et al. provided 

rodents with the Altromin 1324 diet, whereas our rodents were fed the AIN-93G diet. 

Differences in diet could theoretically influence creatine uptake; the AIN-93G diet has 

comparatively more carbohydrates and less protein than the Altromin 1324 diet (Hansen, Jensen, 

Füchtbauer, & Martensen, 2017; Reeves et al., 1993) which could promote more creatine uptake, 

as the resulting insulin release could help facilitate creatine uptake into tissues (Green et al., 

1996; Steenge et al., 1998). Creatine is synthesized mainly from three amino acids: glycine, 

arginine, and methionine. Differences in the relative abundance of these amino acids between 

diets could also influence the rate of creatine synthesis which further supports the need for diet 

standardization in the literature. Despite the differences, our opinion is that the AIN-93G diet is 

advantageous as it is a standard formulation designed to allow for comparison between studies 

which will be extremely beneficial for future work. 
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4.12. Rat Weights and Consumption 

 At the end of our study males were heavier than females but no differences were 

observed based on CM dose. Males also consumed more total food and water than females but 

there were no differences between CM doses within each sex. In terms of creatine consumption, 

males on average consumed more than females due to drinking more water. When creatine 

consumption is expressed relative to bodyweight there was no sex difference observed and every 

CM dose group was significantly different from every other group. Thus, we can conclude that 

the CM supplementation intervention used did not lead to any changes in weight gain or 

food/water consumption between doses but was successful at providing a stepwise increase of 

CM to animals as expected.  

4.13. Limitations 

There are some limitations to the current study design. The observed power of the current 

design may be low as some groupings had an n of only 4 due to simultaneous comparisons 

between both sex and dose groups. A larger scale study would be advantageous to investigate 

differences between each CM doses effectiveness in increasing tissue TCr concentrations. In this 

study, significant increases in TCr concentrations in response to CM supplementation were 

generally observed in comparison to the control group and only on one occasion, in EDL, was 

there a difference between two of the CM supplementation groups (2.5 g/L and 10 g/L). It is 

expected that a stepwise increase in CM dose would lead to a stepwise increase in TCr 

concentration in tissues that are receptive to CM supplementation such as skeletal muscle and 

brain. This stepwise increase in mean TCr concentration is present in multiple tissues, however 

these differences are not statistically significant with the exception of the previously mention 

instance in EDL. It is unclear whether the lack of an observed stepwise increase in TCr 
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concentrations in brain is due to a lower saturability limit of creatine in brain or if the differences 

in TCr concentration between doses were too small to be observed. 

 Kidney samples were not collected at the end of the intervention. When investigating 

AGAT and GAMT protein expression both enzymes are present in the liver and kidneys but 

AGAT is found at higher concentrations in the kidney (Joncquel-Chevalier Curt et al., 2015). 

Without this tissue a significant portion of the creatine synthesis is not represented in this 

investigation. Future studies should include AGAT and GAMT protein expression in both 

kidney, liver, skeletal muscle and brain tissue to achieve a more comprehensive understanding of 

the effect of CM supplementation on the endogenous creatine synthesis pathways within the 

different tissues where Cr is found. 

4.14. Conclusions 

 This investigation is the first rodent study to find differences in brain, skeletal muscle, 

and cardiac muscle TCr concentrations between males and females in response to CM 

supplementation. Furthermore, this work demonstrates that sex differences in the uptake and 

regulation of creatine may be tissue dependent as both WGAS and HRT creatine uptake reached 

significance only in females and in response to different doses. This could be important for 

future clinical studies as the importance of creatine as an energetic modulator has been 

investigated in the context of myopathies (Tarnopolsky, 2011), heart failure (Gordon et al., 1995; 

Kuethe, Krack, Richartz, & Figulla, 2006), and brain injury (Ainsley Dean, Arikan, Opitz, & 

Sterr, 2017; Sakellaris et al., 2006). If the regulation of creatine into these tissues or the optimal 

oral supplementation dose varies between tissues than this information could be pertinent to 

clinicians seeking to increase tissue TCr concentrations.  
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 From our range of CM doses, 5 g/L in water elicited a significant increase in TCr 

concentrations in brain, EDL, SOL, and RGAS of males and females combined and in the 

WGAS of females with a trend for an increase in male WGAS. Therefor it can be concluded that 

5 g/L CM in water is sufficient to effectively increase brain and skeletal muscle TCr 

concentrations although this dose did not significantly alter TCr concentrations in HRT. 

Additionally, this dose, nor any of the other doses, did not lead to adverse events in any animal 

throughout the intervention providing further evidence that CM supplementation is safe in this 

model. For future studies looking to increase TCr concentrations in rat models a CM dose of 5 

g/L for 8 weeks can be expected to have a significant effect on BR, EDL, SOL, RGAS, and 

possibly WGAS tissue.   
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Appendix I: Tissue Lyophilization and Fluorometric Assays 

Perchloric Acid Extraction 

Reagents  

0.5M PCA 

• 21.5mL 70% PCA 

• Bring to 500mL with water 

• Store 0-4 C for 1 month 

2.3M KHCO3 

• 2.3g KHCO3 

• Add 10.0mL water 

• Make fresh 

Procedure 

1. Freeze dry tissue for 8 hours, or overnight 

2. Crush tissue into very fine powder, tease out connective tissue and discard 

3. Weigh 3-5mg of tissue in centrifuge tube 

4. Place on ice 

5. Add 600uL precooled 0.5M PCA 

6. Extract for 10 minutes by vortexing  

7. Centrifuge for 10 minutes, 0C at 15,000g 

8. Remove 540uL of supernatant and place at -20C for 15 minutes to chill 

9. Add 135uL of 2.3M KHCO3 to the chilled/frozen supernatant, then vortex intermittently 

a. PCA will precipitate out of solution and appear as a white cloudy powder 

10. Centrifuge 10 minutes, 0C at 15,000g 

11. Remove supernate to assay metabolites 
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Muscle ATP/PCr Measurement 

𝑃𝐶𝑟 +  𝐴𝐷𝑃
𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒 𝐾𝑖𝑛𝑎𝑠𝑒
↔           𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒 +  𝐴𝑇𝑃 

𝐴𝑇𝑃 +  𝐺𝑙𝑢𝑐𝑜𝑠𝑒
𝐻𝑒𝑥𝑜𝑘𝑖𝑛𝑎𝑠𝑒
→        𝐴𝐷𝑃 +  𝐺𝑙𝑢𝑐𝑜𝑠𝑒 − 6 − 𝑃 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 − 6 − 𝑃 +  𝑁𝐴𝐷𝑃
𝐺6𝑃𝐷𝐻
↔    𝐺𝑙𝑢𝑐𝑎𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 +  𝑁𝐴𝐷𝑃𝐻 

Reagent Stock Conc Final Conc V for 25ml V for 

50ml 

V for 

100ml 

1. TRIS ph 8.1 1.0M 50.0 mM 1.25mL 2.5mL 5mL 

2. MgCl2 1.0M 1.0mM 25uL 50uL 100uL 

3. D.T.T. 0.50M 0.5mM 25uL 50uL 100uL 

4. Glucose 100.0mM 100uM 25uL 50uL 100uL 

5. NADP 50mM 50uM 25uL 50uL 100uL 

6. G6PDH 350U/mL 0.02U/mL 2.5uL 5uL 10uL 

Add reagents 1 to 5 and bring to volume with distilled water, adjust to pH 8.1, then add reagent 6 

Dilute enzymes: 

#1-HK Add 5uL of hexokinase to a 12*75mm tube containing 1.0mL mixed reagent and mix by 

inversion. 

#2-CK Add 10uL of 10% BSA, 2mg ADP, and 2mg CK to a 12*75mm tube containing 1.0mL 

mixed reagent and mix by inversion. 

Assay for ATP and PCr procedure: 

1. Use 2 tubes for each sample. Use 3 tubes for standards and 3 tubes for blanks 

2. Add 10uL of sample to appropriate tubes 

3. Add 10uL of water to ‘blank’ tubes 

4. Add 10uL of 200uM ATP standard to ‘ATP standard’ tubes 

5. Add 10uL of 500uM PCr standard to ‘PCr standard’ tubes 

6. Add 1mL dilute reagent to all tubes. Vortex and wipe 

7. Read as point 1 (R1) 

8. Add 25uL of dilute hexokinase (#1-HK) to all tubes. Vortex and wipe 

9. Place in dark for 30 min 

10. Read as point 2 (R2) 

11. Add 20uL of dilute CK (#2-CK) to all tubes 

12. Place in dark for 60 min 

13. Read as point 3 (R3)  

  



86 

 

Muscle Cr Measurement 

𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒 +  𝐴𝑇𝑃 
𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒 𝐾𝑖𝑛𝑎𝑠𝑒
↔           𝐴𝐷𝑃 +  𝑃𝐶𝑟 

𝐴𝐷𝑃 +  𝑃 − 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 
𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 𝐾𝑖𝑛𝑎𝑠𝑒
→            𝐴𝑇𝑃 +  𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 

𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 +  𝑁𝐴𝐷𝐻 
𝐿𝐷𝐻
↔ 𝐿𝑎𝑐𝑡𝑎𝑡𝑒 +  𝑁𝐴𝐷 

Reagent Stock Conc Final Conc V for 25mL V for 50mL V for 

100mL 

1.Imidazole 1M 50mM 1.25mL 2.5mL 5mL 

2.MgCl2 1M 5mM 125uL 250uL 500uL 

3.KCl 1M 30mM 0.75mL 1.5mL 3mL 

4.PEP 10mM 25uM 60uL 120uL 240uL 

5.ATP  200uM 3mg 6mg 12mg 

6.NADH 15mM 45uM 75uL 150uL 300uL 

7.LDH 2750U/mL 0.24U/mL 2.5uL 5uL 10uL 

8.Pyruvate 

Kinase 

2000u/mL 0.75U/mL 10uL 20uL 40uL 

Add regents 1 to 6, bring to volume with water, pH 7.5, add reagents 7 and 8. 

Dilute Enzyme: 

#1-CK Add 5mg of creatine kinase to a 12*75mm tube containing 1mL of reagent and 10uL of 

10% BSA, mix by inversion 

Assay: 

1. Use 3 tubes for each sample, include 3 tubes for ‘standard’ and 3 tubes for ‘blanks’ 

2. Add 10uL of sample in the appropriate tubes 

3. Add 10uL of water to the blank tubes 

4. Add 10uL of 500uM creatine standard to the standard tubes 

5. Add 1mL of dilute reagent to all of the tubes. Vortex and wipe 

6. Wait 15 minutes 

7. Read as point 1 (R1)  

8. Add 25uL of dilute creatine kinase (#1-CK) to all of the tubes. Vortex and wipe. 

9. Place in the dark for 45 minutes 

10. Read as point 2 (R2) 
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Appendix II: Protein Expression by SDS-PAGE 

Tissue Collection and Sample lysis 

1. Extract tissue quickly 

2. Place in an Eppendorf tube with a punctured hole in the top and immerse in liquid 

nitrogen to snap freeze 

3. Store tissue sample at -80°C for later use 

4. Combine tissue and ice-cold lysis buffer at a ratio of 1:20 to a homogenization tube 

containing beads and homogenize 

5. Agitate for 45 seconds at speed setting 4 

6. Remove and place on ice for 15 minutes to cool 

7. Repeat steps 5 and 6 two more times 

8. Remove supernatant from tubes for sampling  

9. Determine protein concentrations for each sample using the BCA protein quantification 

assay 

10. Determine the amount of protein to be loaded per well and add equal volume 2X 

Laemmli sample buffer 

11. Reduce and denature samples by boiling each cell lysate at 100°C for 5 minutes. Store 

lysates at -20°C 

Loading and running the gel 

1. Load 10 ug of total protein of protein into each well of the SDS-PAGE gel 

2. Run the gel at 120V for 90 min 

Transferring the protein from the gel to the membrane 

1. Activate PVDF membrane by soaking in methanol  

2. Rinse membrane with transfer buffer  

3. Create a ‘sandwich’ using a cassette and 4x filter paper, 4x sponges, the gel, and the 

membrane 

4. Fill the bucket with transfer buffer and an ice pack, surround the bucket with ice to keep 

cool 

5. Run the transfer at 100V for 60 min. 

Antibody staining 

1. Rinse the membrane in TBST for 5 min., three times 

2. Remove the membrane and block using blocking buffer (5% milk) for 1 hour at room 

temperature  

3. Rinse the membrane in TBST for 5 min., three times 

4. Incubate the membrane in the appropriate dilution of primary antibody overnight at 4°C 

5. Rinse the membrane in TBST for 5 min., three times 

6. Incubate the membrane in the appropriate dilution of secondary antibody in blocking 

buffer at room temperature for 1 hour 

7. Rinse the membrane in TBST for 5 min., three times 

8. Add 1mL HRP substrate to the membrane and incubate for 5 min. while continuously 

covering the membrane 

9. Acquire image using chemiluminescence setting on BIO-RAD ChemiDoc™ Imaging 

System  
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Appendix III: List of Reagents 

Reagent Supplier SKU 

ADP - Adenosine 5′-diphosphate sodium salt Millipore Sigma A2754 

ATP - Adenosine 5′-triphosphate disodium salt hydrate Millipore Sigma A2383 

Bicinchoninic Acid solution Millipore Sigma B9643 

BSA - Bovine Serum Albumin Millipore Sigma A2153 

Creatine Kinase Millipore Sigma 10736988001 

Creatine Monohydrate Millipore Sigma C3630 

Copper(II) sulfate VWR BDH9312 

D.T.T. - DL-Dithiothreitol Millipore Sigma 43815 

G6PDH - Glucose-6-phosphate Dehydrogenase Millipore Sigma G8404 

Glucose Millipore Sigma G8270 

Hexokinase Millipore Sigma H4502 

HRP Conjugated Substrate Millipore Sigma WBKLS0100 

Imidazole Millipore Sigma I202 

KCl - Potassium chloride Millipore Sigma P3911 

KHCO3 - Potassium bicarbonate Millipore Sigma 60339 

LDH - L-Lactate Dehydrogenase  Millipore Sigma 10127876001 

MgCl2 - Magnesium chloride Millipore Sigma M8266 

NADH  Millipore Sigma 10128023001 

NADP Millipore Sigma 10128040001 

NP40 Cell Lysis Buffer  ThermoFisher FNN0021 
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PCr - Phosphocreatine disodium salt hydrate Millipore Sigma P7936 

PEP - Phospho(enol)pyruvic acid trisodium salt hydrate Millipore Sigma P7002 

PMFS - Phenylmethanesulfonyl fluoride Millipore Sigma P7626 

Protease Inhibitor Cocktail - cOmplete™  Millipore Sigma 11697498001 

Pyruvate Kinase Millipore Sigma 10109045001 

Sucrose Millipore Sigma S7903 

Tris - Trizma® base Millipore Sigma T6066 

GAMT antibody Abcam ab126736 

Vinculin antibody ThermoFisher 700062 

Secondary antibody ThermoFisher G-21234 
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Appendix IV: Raw TCr Concentration Data 

 


