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Abstract 

 

Creatine (CR) is an ergogenic agent used to enhance anaerobic exercise 

performance by increasing phosphocreatine stores and free CR to increase 

adenosine triphosphate (ATP) turnover in the muscles, therefore increasing 

muscle mass and reducing muscle recovery time following a strenuous workout. 

CR hydrolyzes into creatinine (CRN) rapidly. Previous work from the laboratory 

has shown in vitro that CRN has some immunomodulatory properties. To further 

delineate the immunomodulatory properties of CRN, we used real time-

polymerase chain reaction and immunohistochemical staining to determine the 

mRNA and protein expression of tumor necrosis factor-α (TNF-α), a potent pro-

inflammatory mediator, following exposure to CRN in mouse and human 

macrophages and human T cells. These studies demonstrated a significant 

reduction in TNF-α mRNA and protein in CRN-treated cells compared to control-

treated cells. The majority of TNF-α is generated by the nucelar factor-kappa B 

pathway (NF-κB), the translocation of the p65 subunit of NF-κB was reduced in 

CRN-treated cells. We extended these studies in vivo using human subjects. A 

double-blind study was performed using CR monohydrate and placebo. Subjects 

consumed the supplement in a manner consistent with standard loading (4 x 5 g 

for 5 d) and maintenance (5 g for 28 d) regimens.  Blood was collected at the end 

of the loading and maintenance periods as well as prior to supplementation. 

Analysis of TNF-α mRNA levels revealed that subjects supplementing with CR 

had reduced levels of TNF-α mRNA in their white blood cells compared to 

placebo supplemented subjects after the loading phase. Given the results of the 
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in vitro study and the fast hydrolysis of CR to CRN, we postulate that the 

observed results in vivo are attributed to the increased CRN levels in the CR-

supplemented subjects. Finally, the antioxidant properties of CRN were assessed 

in mouse macrophages against three oxidative agents – hydrogen peroxide, tert-

butyl hydroperoxide (tert-BuOOH), and 3-morpholinosydnonimine chloride (SIN-

1). CRN was observed to provide cellular protection against cell death mediated 

by hydrogen peroxide and SIN-1, but not tert-BuOOH. Together, these data 

suggest that both CR and CRN act as immune modulators by inhibiting pro-

inflammatory cytokine TNF-α, and it has been hypothesized that CR 

supplementation may decrease the ability of the host to respond rapidly to 

pathogens due to increased CRN levels. Furthermore, the data suggest that 

many of the properties attributed to CR may actually be due the effects of CRN. 

The anti-inflammatory and antioxidant qualities of CRN provide novel potential 

therapeutic roles for CRN which is largely thought to be a waste product.  
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 Creatine is synthesized in the liver, kidney, and pancreas of vertebrates 

from the amino acids arginine, methionine, and glycine [1–3]. First, arginine-

glycine amidinotransferase (AGAT) catalyzes arginine and glycine to produce 

guanidinoacetate and ornithine in the kidneys as depicted in Figure 1 [1–3]. 

Guanidinoacetate is then transported to the liver where a methyl group from S-

adenosyl-methionine (SAM) is transferred to guanidinoacetate by guanidine 

acetate N-methyl transferase (GAMT) to produce S-adenosyl-homocysteine 

(SAH) and CR [1–3].  
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Figure 1. Creatine can be obtained from endogenous and exogenous 

sources. Creatine is synthesized in the liver and kidneys of vertebrates from 

arginine, glycine, and methionine. The body produces approximately 1 g/d of CR 

[1–6]. 
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 In addition to endogenous synthesis, CR can also be obtained from 

exogenous sources [1–3,7,8]. Ingestion of meat and fish can increase the CR 

pool in an individual by an additional 1 g/d [9,10]. In addition, approximately 2 g/d 

of CR is lost via non-enzymatic hydrolysis into CRN [1,5,9,11]. The average total 

body CR pool varies depending on gender and weight, as well as the diet of the 

individual. Of note, vegetarians have lower CR stores than individuals who eat 

meat and fish [7,12]. A 70 kg individual has between 120-140 g of total body CR 

[3,5,9,11]. Creatine supplementation can significantly increase the CR 

concentration within the body, specifically in muscles. A maximum CR 

concentration of 160 mmol/kg dry muscle (dm) is achieved with CR 

supplementation, and occurs in about 20 % of supplementing individuals, while 

20-30 % of individuals do not respond to CR supplementation and may 

experience, for example, less than a 10 mmol/kg dm increase of CR in the 

muscle from CR supplementation [5].  

Whether CR is endogenously produced or from an exogenous source, the 

majority (~95 %) of the body’s CR stores are located in skeletal muscles [1,9,11] 

where it enters the muscle via the sodium-dependent CR transporter (SLC6A8) 

[2,13,14]. In addition to skeletal muscle, the brain also stores a significant 

amount of CR [2,4,11]. The phosphocreatine shuttle transports adenosine 

triphosphate (ATP) from the inner mitochondria into the cytosol of muscle cells 

[15,16]. Creatine kinase catalyzes a reversible reaction with CR and ATP to form 

phosphocreatine and adenosine diphosphate (ADP) [4,6,10]. During bursts of 

anaerobic exercise, the reaction generates ATP; while during the recovery period 
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phosphocreatine levels increase [4,10]. Approximately 60-70 % of CR in skeletal 

muscle is in the form of phosphocreatine [5,6]. Creatine irreversibly degrades 

nonenzymatically to form CRN [5,17]. Creatinine diffuses out of the muscle, and 

is filtered out by the kidneys and excreted in the urine [5]. 

 

1.1 Creatine Metabolism Deficiencies 

The synthesis and transport of CR can be divided into three phases each 

involving specific components of the pathway 1) AGAT; 2) GAMT; and 3) 

SLC6A8 transporter (Figure 1). Genetic deficiencies in each of these phases 

have been described [18–20].  The phenotype of individuals with mutations 

AGAT, GAMT, or SLC6A8 is characterized by developmental delays, speech 

impairments, epilepsy, and mental disabilities [18–20]. Mutations in AGAT and 

GAMT are autosomal recessive in nature, while SLC6A8 mutations are X-linked 

[19].  

Individuals with a GAMT deficiency cannot transfer the methyl group from 

SAM to the guanidinoacetate to produce CR and SAH [18,20] (Figure 1; Table 

1). Magnetic resonance spectroscopy has shown that patients with GAMT 

deficiency have higher concentrations of guanidinoacetate and lower 

concentrations of CR and phosphocreatine in both the muscles and the brain 

than patients without GAMT mutations [19–21]. Individuals with GAMT mutations 

experience developmental delays, seizures, autistic behavior, involuntary 

movements, muscular hypotonia, and weakness [19,22,23]. Several types of 

mutations can lead to a GAMT defect including splice errors, insertions, 
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frameshifts, or nonsense mutations in the GAMT gene [23–25]. Fortunately, 

because of the location of the mutation in the CR synthesis pathway (Figure 1; 

Table 1) patients with a GAMT deficiency can be treated by supplementation 

with CR (300-400 mg/kg/d divided in several doses throughout the day) [19,22]. 

Supplementation with ornithine has also been used in GAMT-deficient patients to 

decrease guanidinoacetate toxicity, as ornithine inhibits AGAT-mediated 

production of guanidinoacetate [22,23].  
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Table 1. Creatine metabolism deficiencies 

Deficiencies Mutation Genetic 
Defect 

Metabolic Defect Treatment References 

GAMT 

Splice 
errors, 

insertion, 
frameshift, 
nonsense 
mutations 

GAMT 
gene 

High 
guanidinoacetate, 

low CR and 
phosphocreatine 

levels 

300-400 
mg/kg/day 

of CR; 
Ornithine 

supplemen
tation 

[19–25] 

      

AGAT 

Insertions, 
splice 
error, 

nonsense 
mutations 

GATM 
gene 

Low 
guanidinoacetate, 

CR, and 
phosphocreatine 

levels 

300-400 
mg/kg/day 

of CR 

[19,20,26,2
7] 

      

SLC6A8 

X-linked; 
Splice 
errors, 

insertions, 
frameshift, 
nonsense 
mutations 

SLC6A8 
gene 

Normal 
guanidinoacetate 

and CR levels 

No 
treatment 
available 

[18–20,28] 
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AGAT deficient patients cannot transfer the amine group from glycine to 

arginine to produce ornithine and guanidinoacetate (Figure 1; Table 1) [18,20]. 

Patients with this deficiency have a low concentration of guanidinoacetate along 

with decreased levels of CR and phosphocreatine [26]. AGAT-deficient 

individuals experience developmental and speech delays, hypotonia, autistic 

behaviors, and in some instances, seizures [19,27]. Creatine supplementation 

(300-400 mg/kg/d) improves the clinical symptoms in AGAT patients [20,27]. If 

patients with an AGAT deficiency are identified and treated early in life, many of 

the developmental delays are prevented and many of the phenotypic 

characteristics associated with this mutation are not manifested [29].  

Defects in the CR transporter are the most devastating CR disorder due to 

the lack of treatment options available to the patient [18–20]. SLC6A8-deficient 

patients have normal levels of guanidinoacetate and CR production, but CR 

cannot be transported to the site of need (i.e., brain, muscle) (Figure 1; Table 1) 

[20]. Individuals with this X-linked condition experience developmental delays, 

autistic behavior, muscular hypotonia, movement disorders, hyperextensible 

joints, seizures, cardiac arrhythmia, and are short in stature [18–20,28]. 

Unfortunately, no treatment options are available for individuals with the SLC6A8 

defect, because CR supplementation cannot overcome the inability of CR to 

enter the target organ [19,20].  

 

1.2 Impact of Creatine Supplementation on Skeletal Muscle  
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 Creatine monohydrate is the most commonly used ergogenic dietary 

supplement [30–32]. Creatine supplementation first became popular among elite 

athletes in the 1970s [33]. Athletes use CR to increase muscle mass, increase 

the ATP pool, improve muscle recovery, and enhance physical performance 

[1,2,33–35]. During high-intensity, explosive activities such as wrestling, jumping, 

or strength training, phosphocreatine is the dominate substrate [33–38]. Over the 

years, CR use has expanded significantly to include not only elite athletes, but 

also junior high school and high school athletes, recreational athletes and the 

elderly [3,39–45].  

 Most individuals utilizing CR follow a standard loading and maintenance 

regimen [2,33,34,46,47]. During the loading phase, Individuals ingest 5 g of CR 

four times per d for 5 consecutive days (total dose of 20 g CR/d) to increase their 

muscle stores of phosphocreatine [2,33,34,46,47]. Rarely do individuals reach 

the maximum total CR concentration levels in their skeletal muscle (155-160 

mmol/kg dm) [5,48], but supplementing increases the CR stores in skeletal 

muscle by 15-40 % [46,47]. After the 5 d loading period, individuals normally 

begin a maintenance phase where they ingest 5 g of CR once a day for 28 d 

[2,34,47]. This phase is designed to maintain the CR levels in the muscle [49]. 

The amount of CR each individual consumes may vary depending on the specific 

athletic activity they are participating in or condition that they are trying to 

ameliorate with CR [5,9,49–52].  

Creatine monohydrate is the most widely used form of CR, but other forms 

of the supplement are available [52]. The bioavailability of CR monohydrate is 
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low, particularly in acidic environments such as the stomach where CR 

monohydrate breaks down rapidly into CRN. Because of this rapid breakdown 

into CRN other forms of CR have been developed [53,54]. Creatine ethyl ester 

(CEE), a relatively new form of CR, is reported to be more stable and 

bioavailabile than CR monohydrate particularly in low pH environments [53,54]. It 

is hypothesized that CEE does not rapidly convert into CRN in the stomach and 

is absorbed in the intestine. CEE then enters the blood where it converts into CR 

and is stored as phosphocreatine in skeletal muscle [55]. While there is literature 

supporting the premise that CEE is more stable and effective than CR 

monohydrate [53,54], there is also literature contradicting this hypothesis [56]. A 

study comparing the efficacy of CR monohydrate and CEE to enhance physical 

performance, increase body weight, muscle mass, and fat free weight, and 

increase the stores of creatine in skeletal muscles reported no significant 

difference between the two CR formulations [56].  

One mechanism by which CR supplementation improves athletic 

performance is by reducing exercise-induced muscle damage [57–59]. 

Commonly used biomarkers of muscle damage are the levels of CR kinase and 

lactate dehydrogenase (LDH). Physical markers of muscle damage include 

alterations in isometric strength, muscle soreness, and range of motion 

measurements. Studies in healthy males supplementing with either CR or 

placebo after exercise have demonstrated that there is a decrease in CR kinase 

and muscle soreness, and an increase in isometric strength and range of motion 

in participants supplementing with CR compared to individuals supplemented 
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with placebo [57–59]. However, two studies by Rawson et al. measured serum 

levels of CR kinase and LDH before and after eccentric exercise [60,61]. One of 

those studies had subjects supplement 0.3 g/kg of body weight per d of CR for 5 

d followed by 0.03 g/kg of body weight per d for an additional 5 d [60]. Blood 

samples were taken before supplementation, after the exercise test, and every 

24 hours(hrs) post-exercise for 5 d [60]. The CR kinase levels increased at 24 

and 48 hrs post-exercise for both groups [60]. However, CR kinase and LDH 

measurements were not significantly different between the CR group and the 

placebo group [60].  

When comparing conflicting results, the exercise protocols must be 

considered as they vary greatly between studies. For example, Veggi et al. 

assessed exercise induced damage and recovery following each subjects bicep 

curls at 75 % 1 repetition maximum (1 RM) to failure before or after 20 g/d for 5 d 

of CR or placebo supplementation [59]. The muscle soreness, range of motion, 

and serum CR kinase levels were increased prior to CR supplementation, but 

were reduced after 5 d of CR supplementation compared to the placebo-

supplemented group [59]. Another study had participants perform 1 RM squat 

exercise followed by 5 sets of 15-20 repetitions of squats using a Smith Machine 

at 50 % their predetermined 1 RM with a 2 min recovery per set followed by a 

subjective assessment of soreness 24-120 hrs post-exercise test [60]. The serum 

CR kinase and LDH levels were not significantly different between the CR- and 

placebo-supplemented groups post-exercise [60]. These examples illustrate both 

the variability in exercise protocols as well as in the types of data collected to 
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support the conclusions of each study. In addition, it is critical to note whether the 

studies are acute or chronic in nature. 

One potential mechanism to explain the effect of CR on exercise-induced 

muscle damage is that CR modulates the inflammatory response. Three studies 

have examined the levels of soluble mediators associated with inflammation in 

the sera of individuals who supplemented with CR prior to participating in 

strenuous exercise [62–64]. The data demonstrated that there was a reduction in 

the levels of prostaglandin E2 (PGE2), TNF-α, interferon-α (IFN-α), and 

interleukin-1β (IL-1β) in the sera of CR-supplemented individuals compared to 

the levels of these inflammatory mediators detected in the sera of control-

supplemented individuals [62–64].  The decrease in inflammatory mediators 

could be interpreted to mean that CR protects muscles from exercise-induced 

damage. Alternatively, the reduction in inflammatory mediators could be the 

result of a downregulation of the immune response to muscle injury.  

  

1.3 Safety of Creatine Supplementation 

 Reported side effects of CR supplementation include muscle cramps, 

gastrointestinal (GI) discomfort (nausea, vomiting, cramps, and diarrhea), liver 

dysfunction, and kidney impairment [65,66]. Concerns regarding the deleterious 

effects of CR supplementation were raised in 1998 as a result of a publication by 

Pritchard and Kalra suggesting that CR was responsible for a deterioration in 

renal function in a 25-year old male who recently began CR supplementation by 

taking 5 g of CR three times a d for one week during the loading phase, and then 
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2 g/d for 7 weeks for the maintenance phase [67]. Prior to supplementing the 

man had normal serum CRN levels (103 µmol/L) and CRN clearance (93 

mL/min) [67]. It was during the maintenance phase that the patient’s CRN 

clearance had decreased (54 ml/min), and serum CRN levels increased (180 

µmol/L) suggesting deterioration of renal function [67]. The individual 

experienced about a 50 % decrease in his glomerular filtration rate (GFR), which 

returned to normal one month after he stopped supplementing with CR [67]. After 

this publication, significant concern was raised by the media regarding the safety 

of CR and unsubstantiated stories regarding CR induced renal impairment, 

alterations in liver enzyme levels, and death were publicized [65]. The Food and 

Drug Administration (FDA) posted complaints from consumers on their website 

attributing problems ranging from fatigue, grand mal seizures, vomiting, diarrhea, 

severe stomach cramps, nervousness, and anxiety with CR use [68]. The FDA 

noted that there was no scientific evidence supporting adverse health effects 

caused by CR monohydrate [65].  

Numerous studies have examined whether muscle cramps, GI discomfort, 

liver dysfunction, and kidney impairment are caused by CR supplementation 

[65,66,69,69–76]. Studies examining the impact of muscle cramping have been 

performed using both healthy male and female subjects supplementing with CR 

and undergoing resistance training found no evidence of increased muscular 

cramping in any of the CR-supplemented subjects compared to the placebo-

supplemented group [69–72]. Researchers concluded that the more likely cause 

of muscle cramping was the intensity of exercise and dehydration rather than CR 
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supplementation; proper hydration reduces muscle cramping [66]. There is 

conflicting data regarding the association of GI complaints in individuals using 

CR. Studies have reported approximately one third of individuals have reported 

GI problems. The dose of CR used in these studies varied widely, with one study 

using 40 g/d of CR monohydrate for 6 d (3 of the 9 subjects complained of GI 

distress), and another study using 6-8 g/d of CR monohydrate for 3 to 5 months 

(16 out of 52 athletes reported diarrhea) [77,78]. However, other studies 

supplementing with 20 g/d reported no differences in the incidence of GI between 

the CR and placebo groups [69,75]. While some have hypothesized that the dose 

of CR consumed may be a key factor in whether GI complications occur, it is 

difficult to reconcile the results of the studies described above with this 

explanation. As CR doses of 6-8 g per d yielded the same rates of GI distress as 

doses of 40 g per d, and doses of 20 g per d did not induce GI problems, it is 

likely that other factors are involved. It has been postulated that if CR is not 

completely dissolved prior to consumption GI side-effects are more likely to occur 

[66]. 

Allegations of CR-induced liver dysfunction were published in sports 

newspapers and periodicals with no scientific evidence to support the claim [66]. 

Studies analyzing alkaline phosphatase, aspartate aminotransferase, alanine 

aminotransferase, and γ-glutamyl transpeptidase which are serum enzymes that 

are measured clinically as biomarkers for liver health were analyzed in subjects 

consuming various doses/durations of CR [65,69,73,79]. No significant 

differences were found between the subjects’ baseline clinical values and the 
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values following CR supplementation, and supports that CR does not elevate 

enzymes used as biomarkers of liver dysfunction [65,69,73,79].   

Impaired kidney function can be identified in individuals by measuring 

CRN levels in sera [80,81]. Because individuals using CR have higher levels of 

CRN there was concern that CR supplementation could negatively impact kidney 

function [74,82–84]. Studies examining other markers of kidney damage such as 

protein excretion in the urine did not find any increases in albumin levels in the 

urine of individuals who were using CR as a dietary supplement [65,75,76]. 

These studies determined that glomerular filtration, tubular reabsorption, and 

glomerular membrane permeability were not affected by CR supplementation; 

therefore, healthy individuals supplementing with the recommended dosage of 

CR monohydrate should not experience additional health problems related to 

supplementation [65,66].  

 

1.4 Impact of Creatine Use on Neurological Diseases 

 Many neurological diseases cause neuronal cell death via a variety of 

mechanisms [85,86]. Because neurons are terminally differentiated cells, they 

cannot re-enter cell cycle and once neurons die, they cannot be replaced [87,88]. 

While ‘curing’ many neurological diseases is not a reasonable goal at this time, 

novel and effective treatment options to slow down the neurodegenerative 

processes and stabilize clinical signs of the disease remain the gold standard for 

therapeutics. Creatine supplementation has been studied in a variety of animal 

models of neurodegenerative diseases including traumatic brain injury [89–91], 
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amyotrophic lateral sclerosis [92–96], Huntington’s Disease [8,97–100], cerebral 

ischemia [101,102], and Parkinson’s Disease [103] [104–106].  

 When the brain undergoes a traumatic injury, damage occurs in two 

distinct phases. In the first phase, primary cellular and molecular damage occurs 

in the tissue that was the target of the impact relatively quickly after the injury. 

Due to the release of cytotoxic mediators in the region of the impact, secondary 

damage to areas surrounding the initial damage can occur minutes or days after 

the trauma [55,107]. A study using a mouse and rat model of traumatic brain 

injury, determined the effect of CR supplementation on brain tissue damage after 

traumatic brain injury [89]. Mice were intraperitoneally injected with CR 3 and 5 d 

prior to brain injury, the results showed a decrease in lesion volumes compared 

to control injected mice at day 7 post injury [89]. Similar results were observed in 

rats treated with CR, it was also determined that rats fed CR for 7 d post injury 

had reduced cortical lesions and if fed CR for 4 weeks post traumatic brain injury 

had reduced reactive oxygen intermediates production and increased ATP levels 

compared to control-treated animals [89]. The results of these animal studies led 

to an open-labeled randomized study investigating the effects of 0.4 g/kg of CR 

supplementation in children for 6 months following traumatic brain injury, CR-

supplemented children had significant improvements in cognitive, behavioral, 

communication, and self-care skills than children in the control group [90]. A 

follow-up study by Skaellaris et al. examined the effects of CR on dizziness, 

headaches, and fatigue following traumatic brain injury in children. Researchers 

determined that CR-treated children had decreased dizziness, headaches, and 
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fatigue while recovering from a traumatic brain injury compared to the control 

patients [91]. The results of these studies suggest that CR supplementation is a 

promising treatment with minimal dangerous side-effects for patients who have 

experienced traumatic brain injuries.   

 Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease 

characterized by the progressive loss of motor neurons, leading to muscle 

weakness and atrophy [108]. Patients with familial ALS have a mutation in the 

superoxide dismutase 1 (SOD1) gene, and a transgenic mouse model of ALS 

has been developed, in which the mice express the mutated human SOD1G93A 

gene [92,109,110]. To determine the impact of CR supplementation on disease 

development, SOD1 mutated transgenic mice were fed a diet with either 1 % CR 

or 2 % CR starting at 70 days of age [92]. A placebo-fed group of mice was also 

included in the study [92]. Mice fed a diet with either 1 or 2% CR experience 

reduced neuronal loss and oxidative damage compared to placebo-fed mice [92]. 

In addition to reduced pathology in the CR-fed mice, there was also a dose-

dependent improvement in motor function as measured by rotarod performance 

(a measure of coordination) and survival of mice in the CR groups as compared 

to the control groups [92]. In a different study using a SOD1 mutated transgenic 

mouse model of ALS, determined that the diet with 2 % CR administered as early 

as 4 weeks of age increases survival by 14.6 % compared to the untreated 

control mice [93]. Based on the results of the mouse studies, human trials 

examining the potential therapeutic benefits of CR supplementation in ALS 

patients were performed [94–96]. Despite the promising results of the mouse 
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studies, CR had no significant effect on motor function, survival, or respiratory 

function in ALS patients compared to patients that received placebo [94–96]. 

However, there may be some significant experimental design issues that may 

account for these disappointing results. First, only a small percentage of 

individuals with ALS possess the same genetic defect that was expressed in the 

transgenic mice. Second, the amount of CR consumed by the patients in the ALS 

trial was that of standard supplementing regimens (10 g/d or 5 g/d) and was 

significantly less (in proportion to body weight) than what was used in the mouse 

studies [55,94–96]  

 Huntington’s disease (HD), autosomal dominant neurodegenerative 

condition, is characterized by dementia, progressive motor impairment, 

personality changes, and cognitive dysfunction which ultimately leads to death 

[109,111]. Patients with HD possess a trinucleotide expansion in the huntington 

gene resulting in an extended glutamine repeat on the huntingtin protein 

[85,112]. Transgenic mice expressing a portion or the full-length mutated human 

huntington gene have been utilized in animal model studies of the disease 

[8,97,98]. In one study, HD transgenic mice were fed either unsupplemented 

diets or 1, 2, or 3% CR supplemented diets beginning at 21 d of age [97]. The 

CR-supplemented mice experienced a significant increase in survival, body 

weight, and motor performance, and a reduction of neuronal loss compared to 

unsupplemented mice, however this was observed in a dose-dependent manner 

with lower doses being more effective [97]. The mice fed 1 % and 2 % CR had a 

greater increase in survival compared to mice fed 3 % CR [97]. The rotarod 
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performance was significantly improved throughout the duration of the study with 

2 % CR fed mice, while 1 % CR fed mice improved rotarod performance from 5-

10 weeks, and 3 % CR fed mice had no significant effect on rotarod performance 

[97]. Mice fed with the 2 % CR diet had a significantly higher body weight gain 

than compared to mice fed 1 or 3 % CR supplementation [97]. Similarly, in a 

different study, 2 % oral CR supplementation of HD transgenic mice had 

increased survival and reduced brain atrophy compared to control-treated mice 

[98]. Of note, both of these studies began CR supplementation prior to the onset 

of HD symptoms.  

Research done by Dedeoglu et al. assessed the impact of oral CR 

supplementation on HD transgenic mice after the onset of clinical signs of the 

disease (around 6-8 weeks of age) [8]. Mice receiving 2 % oral CR experienced 

improved motor performance, increased survival, and reduced brain atrophy 

compared to unsupplemented mice; however, starting CR treatment later in the 

disease progression (10 weeks of age) did not result in similar improvements 

suggesting that there may be a specific time frame when CR administration will 

have optimal neuroprotective effects in [8,55]. 

Human studies have been performed in patients with HD. In one clinical 

trial, HD patients consumed 5 g of CR per d for a year. No significant differences 

in motor and cognitive function were identified in CR-supplemented HD patients 

compared to HD patients in the placebo group [99]. Most of the studies 

performed in human HD patients utilized a dose of 5-10 g of CR per d, while the 

mouse studies utilized much higher doses of CR (40-50 g per d) [99,107,113]. A 
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recent study of patients at risk for developing HD used a dose of 30 g per d of 

CR [114]. Creatine supplemented HD patients experienced less brain atrophy 

than the placebo-supplemented HD patients, which suggests that CR might help 

slow the progression of the disease [114]. This study did not examine the effects 

of CR on patients that had clinical signs of HD; however, the results from the at 

risk patients utilizing the higher dose of CR are promising.  

 Cerebral ischemia is caused by decreased blood flow to the brain resulting 

in neuronal cell death [115]. In a mouse model of ischemia, 2 % oral CR was 

administered for 4 weeks after which both the CR and control fed mice 

underwent middle cerebral artery occlusion for 2 hrs followed by reperfusion for 

24 hrs [101]. Neurological deficits were determined 30 min and 24 hrs after 

reperfusion, followed by brain removal after 24 hrs of reperfusion [101]. The data 

demonstrated that neurological impairment was reduced in the CR fed mice 

compared to the control mice fed a normal diet [101]. The neurological protection 

CR provided after ischemia in this study was seen with the inhibition of cerebral 

ischemia-mediated caspase-3 activation and cytochrome c release as well as no 

reduction of brain ATP and CR compared to the control fed mice [101]. Another 

study examined the effect of CR supplementation on newborn mice with cerebral 

hypoxia-ischemia [102]. On post-natal day 10, mice were subjected to left carotid 

artery ligation and then 8 % hypoxia for 25 min [102]. Mice were divided into 

treatment groups (1 % CR, 3 % CR, or normal diet) following weaning on post-

natal day 20 [102]. Rotarod performance, open field, and Morris water maze tests 

were used to determine the effect of CR on neurofunction and infarct size after 
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cerebral hypoxia-ischemia [102]. It was determined that mice fed either 1 % or 3 

% CR had increased rotarod performance and memory (Morris water maze test) 

as well as decreased lesion size compared to mice fed a control diet [102]. 

Together, these studies suggest that stroke patients may benefit 

supplementation with CR along with standard medical care. However, more work 

is needed to demonstrate the efficacy of CR as well as develop a CR 

supplementation regimen that will prove beneficial towards at-risk and stroke 

patients.  

 Parkinson’s disease (PD) is characterized by progressive loss of neurons 

leading to tremors, rigidity, and gait abnormalities [85,116]. Injection of 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) into the periphery results in MPTP 

crossing the blood-brain barrier and metabolizing into 1-methyl-4-

phenylpyridinium, which is toxic to dopaminergic neurons in the substantia nigra 

[117]. The mechanism of the damage is via the inhibition of complex I of the 

mitochondrial electron transport chain resulting in depleted striatal ATP 

concentrations [85,109]. The resulting pathology is similar to that observed in 

human PD patients [117,118]. A study using the MPTP model of PD examined 

whether CR could protect against MPTP-induced damage. Mice were fed diets 

supplemented with 1 % oral CR, 1 % cyclocreatine, or placebo for 2 weeks prior 

to MPTP administration which was injected every 2 hrs for 6 injections [119]. 

Creatine, cyclocreatine, or placebo supplementation was continued for one week 

after MPTP injections and then sacrificed [119]. The data demonstrated that CR 

provided significant protection against MPTP-induced neuronal loss, assessed by 
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immunocytochemistry staining for Nissl and tyrosine hydroxylase-positive 

neurons, and dopamine-depletion, as measured by high performance liquid 

chromatography, in mice [119].  

A double-blind, placebo-controlled clinical trial assessed the effect of oral 

CR on clinical and single photon emission computed tomography (SPECT) 

variables [105]. Although, the clinical disease scores were not affected in PD 

patients in the CR group, these patients reported improved mood, leading to a 

smaller dose increase of dopaminergic therapy [105]. A double-blind, placebo-

controlled phase III clinical study began in 2007 and was designed to run for 5-7 

years to determine the efficacy of 10 g per d of CR or placebo supplementation in 

PD patients [103]. No differences in disease progression were observed between 

the two groups after 5 years, which caused the trial to end early [103]. However, 

it is important to note that the dose of CR the PD patients consumed was 

considerably less than the dose used in the mouse studies. Therefore, future 

clinical trials should consider increasing the CR dose administered to patients 

[55].  

 The trials and studies utilizing CR as a therapeutic treatment for 

neurodegenerative disease have shown promising results for most diseases [90–

92,97,98,101,102,114,119]. Despite the broad neuroprotective properties CR 

possesses, the mechanism of how CR protects neurons is not well understood; 

however, it is hypothesized that CR enhances energy storage and stabilizes the 

mitochondrial permeability transition pore [2,92,101,120]. The mitochondrial 

permeability transition pore is induced in a wide-array of neurological diseases 
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and is characterized by mitochondrial damage and the release of cytochrome c 

leading to the activation of the caspase cascade [121,122]. It is hypothesized that 

CR inhibits the formation of the mitochondrial permeability transition pore by 

stabilizing mitochondrial CR kinase and thereby allowing to produce 

phosphocreatine and stabilization of ATP levels [86], resulting in the inhibition of 

cytochrome c release into the cytosol and ultimately cellular death and disease 

progression [123].   

 

1.5  Impact of Creatine and Creatinine on Inflammation  

The anti-inflammatory properties of CR were first reported in 1976 by 

Madan and Khanna, who studied the effects of a variety of amino acids, including 

CR, CRN, L-glutamine, and L-methionine, in the rat model of carrageenan-

induced inflammation of the hind-paw [124]. The amino acids were administered 

intraperitoneally (100 mg/kg) 30 minutes prior to carrageenan injection (0.1 ml of 

1% solution) [124], and swelling of the hind-paw was measured 

plethysmographically at 0 and 3 hrs [124]. Creatine, along with some of the other 

amino acids tested, including CRN, significantly inhibited the inflammatory 

response to carrageenan injection [124]. These studies were among the first that 

have challenged this notion that CRN is a metabolic waste product [124–128]. 

The same group continued to focus on the anti-inflammatory effects of CR and 

CRN and examined whether oral CR or CRN were an anti-inflammatory in rat 

models of acute and chronic inflammation [128,129]. Models of acute 

inflammation included injection of either 1% solution of calcium carrageenean, 
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0.5 % solution of 6-hydroxytryptamine (5-HT) CR sulfate, or 6 % suspension of 

nystatin in the hind paw of rats [128,129]. Two models of chronic inflammation 

were used: a formaldehyde-induced arthritis in which of 2 % (v/v) of 

formaldehyde was injected subcutaneously under the plantar aponeurosis in the 

hind paw, [128,129] and a granuloma pouch model in which air was injected into 

the loose connective tissue between the shoulder blades, followed by and 

injection of 2 % croton oil in ground nut oil [129]. Different doses of oral CR (50-

500 mg/kg) or CRN (500 mg/kg) were administered 30 minutes prior to injection 

of the inflammatory agents [128,129]. The data demonstrated that around 80 ± 

1.4 mg/kg CR inhibited at least 50 % of the edema cause by carrageenan, while 

500 mg/kg CR significantly reduced 5-HT-and nystatin-induced edema 

respectively [129]. Chronic inflammation was reduced to 50 % with 100 ± 1.5 

mg/kg of CR after 24 hrs of post-formaldehyde injection and after 7 d of 100 

mg/kg/d of CR significantly reduced the granuloma pouch weight [129]. Acute 

inflammation induced by carrageenean, 5-HT, and nystatin were significantly 

reduced with 500 mg/kg CRN [128]. After 24 hrs of chronic inflammation 500 

mg/kg of CRN significantly reduced formaldehyde-induced arthritis, but was not 

continuous of reducing inflammation at later time points [128]. The data 

demonstrated that CR and CRN were effective in decreasing inflammation in 

both the acute and chronic inflammatory models [128,129], indicating that oral 

CR or CRN impacts the inflammatory response.  

The phosphocreatine system has been studied extensively in muscle 

cells, but is not well defined in other cell types; however, phosphocreatine has 
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been detected in endothelial cells [130,131]. Scientists began to look beyond the 

effects of CR on muscle function to determine if CR has anti-inflammatory activity 

on human pulmonary endothelial cells in vitro [132]. Endothelial cells were 

incubated with 0.05, 0.5, and 5 mM of CR for 24 hrs, and then levels of ATP, CR, 

phosphocreatine, and permeability were measured. Neutrophil adhesion was 

assessed by measuring protein expression of intercellular adhesion molecule 1 

(ICAM-1), and E-selectin on the surface of endothelial cells along with the 

number of neutrophils adhered to endothelial cells [132]. In this study, 5 mM CR 

supplementation significantly inhibited endothelial cell permeability, while ICAM-1 

and E-selectin expression was inhibited by CR in a dose-dependent manner 

[132]. The CR and phosphocreatine levels were increased in endothelial cells 

exposed to 0.5 mM CR for 24 hrs while ATP levels remained unaltered [132]. 

Neutrophil adhesion was also inhibited by the number of neutrophils adhered to 

endothelial cells with the addition of 5 mM CR supplementation [132]. These data 

suggest that CR acts as an anti-inflammatory agent by suppressing markers of 

endothelial inflammation [132]. In addition, phosphocreatine and CR levels were 

increased, similar to what is observed in muscle cells [132]. 

Several studies have examined the effects of exercise in mouse models of 

asthma [133–135] and determined that aerobic exercise decreased the 

inflammatory response and airway remodeling in ovalbumin (OVA)-sensitized 

mice [133,135], suggesting that athletes would have a lower incidence of asthma 

than the general population. However, athletes have higher asthma rates 

compared to the general public [136–138]. The anti-inflammatory effects of CR 
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on pulmonary endothelial cells in vitro provided the basis for examining the 

effects of CR supplementation on the airway in an in vivo model. To examine the 

effects of CR on the OVA-induced asthma model, mice were intraperitoneally 

injected with OVA  at four time points then challenged with aerosolized OVA (1 

%) 21 days after the first intraperitoneally injection of OVA [139,140]. Mice were 

administered oral CR (0.5 g /kg/mouse/d) beginning on day 22 through day 54 

[139,140]. The animals given CR and challenged with OVA had more severe 

allergic responses defined by increased airway inflammation, hyper-

responsiveness, and remodeling compared to control mice [139,140]. In addition 

there was increased interleukin-4 (IL-4), IL-5, insulin-like growth factor 1 (IGF-1), 

chemokine ligand 11 (CCL11), CCL2, ICAM-1, inducible nitric oxide synthase 

(iNOS), nuclear factor-κB (NF-κB), transforming growth factor-β (TGF-β), tissue 

inhibitor of metalloproteinase-1 (TIMP-1), matrix metalloproteinase-9 (MMP-9), 

eosinophils, mucus production, collagen and elastic fibers, and smooth muscle 

thickness [139,140]. Most interestingly, in the absence of OVA-sensitization, CR 

fed mice had similar changes with regard to airway inflammation and remodeling 

as the OVA-sensitized mice, suggesting that CR supplementation itself may be a 

risk factor for the development of asthma [139,140]. These studies may provide 

insight into why athletes have higher rates of asthma than the general population, 

as athletes utilize CR supplementation at a much higher rate than the general 

public [136–138]. Researchers continued to explore the effects of CR on the lung 

in OVA-sensitized mice with the addition of exercise [141]. Mice were divided into 

six groups: Control, OVA, CR, OVA + CR, low intensity exercise + CR, and low 
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intensity exercise + CR + OVA [141]. The mice were given 0.5 g/kg CR five times 

a week, and the low intensity exercise was achieved by using a treadmill for 60 

min/d for 5 d a week [141]. The bronchoalveolar lavage fluid was collected, and 

immunohistochemistry was used to determine the number of infiltrating cells in 

the airway, cytokine expression, and airway hyperresponsiveness [141]. It was 

determined that aerobic exercise appears to counteract the effects of CR on the 

lung by decreasing the T helper 2 (Th2) inflammatory response both in sensitized 

and non-sensitized animals [134,141]. 

As CR appears to have immunomodulatory properties, our laboratory has 

studied the ability of CR to modulate immune responses [127]. Using mouse 

macrophage cell line (RAW 264.7), cells were incubated with 0.1 mM of either 

CR, or CRN for 10-60 mins to determine the effects of CR and CRN on mRNA 

expression of toll-like receptors (TLRs), TLR-2, TLR-3, TLR-4, and TLR-7 [127]. 

Both CR and CRN significantly decreased the transcript levels of TLR-2, 3, 4, 

and 7 following 10-30 mins of exposure. Following 24 hrs of incubation with CR 

or CRN, protein expression of same TLRs had decreased intensity of signal as 

demonstrated by immunohistochemical (IHC) staining [127]. These data suggest 

that CR could reduce the ability of macrophage to sense infection, thereby 

potentially delaying the host’s immune response to a pathogen [127]. 

Additionally, the finding that CRN can downregulate TLR levels suggests that 

individuals using CR, which rapidly breaks down into CRN in vivo, may be at risk 

for increased severe infections due to the increase in serum CRN levels that 

result from CR supplementation [127].   
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These in vitro studies as well as the animal studies suggested a role for 

CR and CRN as immune modulators. A small number of studies have been done 

on marathon runners, individuals competing in half-ironman competitions, and 

soccer players analyzing the effects of CR supplementation on inflammatory 

mediator expression in the sera [62–64]. Marathon runners were given 20 g of 

CR supplement with 60 g of maltodextrine divided into 4 doses per d for 5 

consecutive days [64]. Control participants were supplemented with 

maltodextrine only [64]. Blood samples were collected 15 mins before and 24 hrs 

after the race to analyze plasma concentrations of CR kinase, LDH, PGE2, TNF-

α, and CRN [64]. Muscle damage was assessed by cellular death marker LDH, 

while PGE2 is an inflammatory mediator produced by infiltrating macrophages, to 

determine the level inflammation in the runners after strenuous exercise [64]. The 

results showed a significant reduction in plasma LDH, PGE2, and TNF-α in CR 

supplemented runners compared to those who received placebo [64]. In the 

study by Bassit, et al., half-ironman competitors were given 20 g of CR 

supplement divided into 2 doses per d for 5 d [62]. Blood samples were collected 

before the competition and 24 and 48 hrs after the competition to analyze plasma 

levels of IL-1β, IL-6, TNF-α, IFN-α, and PGE2 [62]. The results of this study 

showed a significant reduction in pro-inflammatory mediators IL-1β, TNF-α, IFN-

α, and PGE2 at 24 and 48 hrs post-competition in the CR-supplemented group 

compared to the placebo-supplemented group [62]. Similarly, soccer players 

were given either 0.3 g/kg of CR or placebo tablets for 7 d and blood samples 

were taken before and after acute exercise to analyze LDH, TNF-α, and C-
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reactive protein [63]. In CR-supplemented individuals, the levels of exercise-

induced TNF-α, LDH, and C-reactive protein were downregulated compared to 

individuals receiving placebo [63]. In total, these experiments demonstrated a 

significant reduction of pro-inflammatory mediators in individuals supplementing 

with CR compared to the placebo-supplemented individuals following physical 

activity, suggesting that CR suppresses exercise-induced inflammation.  

 

1.6 Antioxidant Activity of Creatine  

During exercise, free radicals accumulate in the muscle causing muscle 

damage, fatigue, and atrophy, ultimately affecting protein turnover and muscle 

growth [142]. In a study done by Lawler et al., the antioxidant effects of CR were 

examined against five reactive oxygen species (ROS): hydrogen peroxide 

(H2O2), xanthine oxidase for superoxide anions, peroxynitrite, lipid peroxides, and 

2,2’ –azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS+) in gastrocnemius 

muscle homogenates [143]. The incubation times of the muscle homogenates 

varied for each ROS. The data demonstrated that 40 mM of CR has direct 

antioxidant properties against peroxynitrite, ABTS+, and superoxide anions, but 

was not able to significantly reduce hydrogen peroxide or lipid peroxidation levels 

[143]. The data demonstrate that the antioxidant properties of CR are selective 

towards quenching radicals and reactive species and not non-charged, non-

radical hydroperoxides [143].  

In a study done by Sestili et al., researchers pre-incubated 0.1-10 mM CR 

with various cell lines including U937 (human promonocytes), C2C12 (murine 



 

30 
 

myoblasts), or HUVEC (human umbilical vein endothelial cells) cells and 

exposed the cells to different oxidative agents (H2O2, tert-BuOOH, peroxynitrite) 

[144]. Creatine-treated cells had increased viability compared to the control-

treated cells in all three cells lines [145]. However, the length of exposure to CR 

needed to protect the cells from oxidative damage varied between cells lines. 

Creatine was pre-incubated in U937 cells for 2 hrs while C2C12 and HUVEC 

cells were pre-incubated for 24 hrs in order for CR to provide cytoprotection 

against the oxidative agents [145], suggesting that CR acts as an anti-oxidant in 

a cell-type-dependent manner [145]. 

Creatine has also been shown to provide protection to oxidatively-injured 

mitochondrial DNA (mtDNA). Mitochondria and mtDNA are targets of ROS 

damage, and antioxidants can protect mitochondria from damage that occurs 

following disease or exposure to toxins [145,146]. Researchers investigated the 

potential protective effects of CR on oxidatively-damaged mtDNA in HUVEC cells 

by pre-incubating the cells for 24 hrs with or without CR and then exposing the 

cells to H2O2 for 30 min [147]. Cell viability was determined at different time 

points post-exposure to H2O2. Creatine significantly protected mtDNA from 

oxidative damage compared to control-treated cells [147]. Overall, the data 

suggest CR possesses antioxidant activity and can increase cell viability 

following exposure of the cells to oxidative stress. The antioxidant activity is 

dependent on the dose and duration of CR incubation.  

 

1.7 Creatinine and Renal Function  
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Creatinine is considered to be an inert waste product of skeletal muscle 

metabolism [127,148]. Creatinine is filtered out of the blood by the kidneys and 

the serum CRN concentration is used to make an estimate of the GFR, a marker 

of renal function [149]. Blood CRN levels in a healthy individual range between 

50-100 µM; daily excretion of CRN ranges from 7.9-24.7 mmol depending on 

gender [148,150]. Individuals undergoing dialysis have increased serum CRN 

levels (~ 265 µM-1.3 mM) due to impaired kidney function [151–153]. However, 

high serum CRN levels do not necessarily correlate with kidney impairment as 

external factors can increase serum CRN levels [149]. Serum CRN levels 

increase (~247 µM) when supplementing with CR; however, studies have shown 

that CR supplementation does not affect kidney function [66,154,155]. Taes et 

al., utilized a model of moderate chronic renal failure in male rats [154] to 

examine the impact of CR on kidney function. Moderate renal failure was 

achieved by two-thirds nephrectomy procedure, while control rats were sham 

operated, meaning an incision was made to manipulate the kidney without 

destroying the tissue [154]. Creatine supplemented rats were fed a 2 % w/w diet 

while control groups were fed a soy-based ground maintenance chow [154]. 

There were no significant alterations in CRN clearance or serum cystatin C in 

CR-supplemented rats compared to control fed rats [154]. The nephrectomized 

rats experienced higher serum CRN levels compared to sham-operated CR-

supplemented rats, but the increase did not affect kidney function [154]. 

Researchers could not demonstrate any harmful effects of long-term CR 
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supplementation on glomerular filtration or protein excretion in an animal model 

with pre-existing renal failure [154]. 

 

1.8 Anti-microbial Properties of Creatinine 

The rise in single or multiple drug-resistant microorganisms has become a 

widespread problem due to the over use of antibiotics to treat infections [156–

158]. New antibacterial agents effective against both Gram-positive and Gram-

negative bacteria as well as drug-resistant strains of bacteria are needed to 

combat this problem [156–158]. In a study done by McDonald et al., CRN was 

protonated (CRN-HCl) and evaluated for its ability to inhibit bacterial growth 

[125]. Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were 

grown in media supplemented with CRN-HCl in 5 mM increments from 0-50 mM 

[125]. The results demonstrated an inhibition of E. coli growth with the addition of 

40 mM CRN-HCl, while S. aureus growth was inhibited at 15 mM CRN-HCl 

supplementation in the LB broth [125].  

Drug-resistant bacteria including methicillin-resistant S. aureus (MRSA), 

vancomycin resistant Enterococcus faecium, and E. coli beta lactamase 

producer, along with other gram-negative and gram-positive bacteria (Bacillus 

species, Clostridium difficile, Acinetobacter species, Pseudomonas aeruginosa) 

were assessed for sensitivity to the inhibitory properties of CRN-HCl using a disk 

diffusion assay [125]. Concentrations of CRN-HCl ranging from 16-40 mM 

inhibited growth of all bacterial strains tested [125]. CRN-HCl did not have activity 

against eukaryotic species. Neither anhydrous CRN nor CR reduced bacterial 
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growth, suggesting that CRN must be protonated to act as an antibiotic. 

Numerous other salt preparations of CRN were tested and all possessed 

antibiotic activity. These data suggested that a possible mechanism of action of 

CRN involves impacting the ability of the bacteria to pump out protons rapidly 

[125]. This hypothesis was tested by using carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) which can disrupt the proton gradient in bacteria 

[125]. In the presence of CCCP, a 5-10 mM decrease in CRN-HCl was needed to 

inhibit growth of E. coli, S. aureus, and Bacillus subtilis. The results of this study 

depict CRN-HCl having the potential to be used as a therapeutic option in 

dermatological infections and wound care by suppressing an array of bacterial 

replication such as S. aureus and Streptoccoccus pyogenes that account for a 

wide variety of pyrodermas [125,159]. CRN-HCl could also be used on burn 

victims, who are particularly susceptible to infection with MRSA and 

Pseudomonas aeruginosa, two microorganisms proven difficult to treat because 

of their resistance genes and virulence factors that can cause sepsis, morbidity, 

and mortality in burn victims [160].  

Creatinine-HCl’s anti-microbial properties were further studied in fungal 

cultures [126]. While antibiotics can be isolated from slow-growing fungi, a 

problem that investigators face is the ability to keep bacterial contaminants out of 

the cultures [126]. Smithee et al. incorporated varying concentrations of CRN-

HCl to Luria broth with glucose (LBG) with starting inoculums of Saccharomyces 

cerevisiae, Rhodotorula mucilaginosa, E. coli, and S. aureus were added 

separately to the liquid broth [126]. In all four starting inoculums, the two yeast 
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cultures had a significant increase in growth compared to the bacterial organisms 

as the CRN-HCl concentration increased [126]. Bacteria growth from soil 

samples on CRN-HCl supplemented plates was inhibited compared to control 

plates after incubation for 24 hrs, suggesting that CRN-HCl is effective at 

suppressing diverse, unknown population of microbial species as an antibiotic 

cocktail [126]. The results of this research allowed scientists to utilize a new cost 

effective approach in isolating slow growing fungi from microbial contamination to 

determine the potential antibiotic use of the fungi [126].     

The results of CRN possessing the ability to act as an anti-microbial and 

anti-inflammatory agent leads to the argument that CRN is not an inert waste 

product [125–128]. The research above indicates CRN possesses biological 

activity and may function as a potential therapy option, such as an anti-microbial 

against dermatological infections caused by S. aureus, and MRSA infections in 

burn victims. Furthermore, the data suggest that many of the properties attributed 

to CR may actually be due the effects of CRN.  
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 Creatine (CR) first became a popular ergogenic supplement used by elite 

athletes beginning in the 1970s [33]. A considerable amount of work has focused 

on the safety of CR, particularly with regard to its effect on kidney function 

[47,65,75,76], as well as to its impact on the ability of muscles to recover after 

intense training [3,33–35,161]. The vast majority of the literature has involved 

studies that include healthy, highly trained males, usually in their 20s [33–

35,37,63,69,162]. Over time, CR has become a widely utilized supplement 

among athletes of all levels, ranging from junior high school to professional 

athletes [3,39–45]. In addition to its use by individuals who desire to improve their 

athletic performance, CR is now being used by older individuals to reduce the 

effects of sarcopenia, a naturally occurring condition in individuals over the age 

of 50 that is characterized by the progressive loss of muscle mass [45,163,164]. 

Creatine has also been utilized in a number of clinical trials in subjects with a 

variety of neurological diseases including Parkinson’s disease [103–

105,119,165,166], Huntington’s disease [8,97–99,113,114], and amyotrophic 

lateral sclerosis [92–96]. Despite the widespread use of CR in both healthy and 

unhealthy individuals [39,41–43,69,164], little research has been performed to 

delineate the effects of CR on the body outside of the musculoskeletal system 

[96,99,103,105,114,127,132,139–141].  

 The current studies focused on the impact of CR and CRN on the immune 

system, particularly on the production of the pro-inflammatory cytokine TNF-α 

both in vitro and in vivo in humans. The impetus for these studies came in part 

from the observation that was previously made in the laboratory that CR and 
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CRN can downregulate expression of TLRs in mouse and human cells [127]. 

Additionally, a small number of studies in the literature have suggested that CR 

possessed immunomodulatory properties [62–64,127,132]. We postulated that 

because CR breaks down rapidly into CRN in an aqueous environment [5,10,17], 

CRN, generally considered to be an inert waste product of CR metabolism, was 

responsible for the immunomodulatory effects attributed to CR. A few studies 

have also suggested that CR can protect cells from oxidative stress in vitro 

[143,144,147], and this work examined the potential of CRN to mitigate cell death 

induced by oxidative stress in vitro.    

 The hypothesis and specific aims of this study are as follows: 

 

Hypothesis: We hypothesized that both creatine and its breakdown product, 

creatinine possesses anti-inflammatory properties resulting in decreased TNF-α 

expression in vitro and in vivo.  Additionally, creatinine acts as an antioxidant by 

providing protection against oxidative agents in vitro.  

 

Specific Aim 1: Determine the impact of creatinine on TNF-α transcript levels 

and protein expression in mouse and human macrophages and human T cells.   

 

Specific Aim 2: Analyze the anti-inflammatory effects of creatine on TNF-α 

mRNA expression in individuals using a standard creatine supplementation 

regimen.  
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Specific Aim 3: Assess the ability of creatinine to protect mouse macrophages 

against oxidative agents including hydrogen peroxide, tert-butyl hydroperoxide, 

and 3-morpholinosydnonimine chloride. 

 

 The ultimate goal of these studies was to further delineate the 

immunologic and cytoprotective properties of CRN, a compound that has long 

been regarded to have no function in vertebrates. The results of these studies 

have implications beyond merely understanding the potential of CRN as an anti-

inflammatory agent and a mitigator of oxidative stress. These data could help 

guide the development of potential therapies to treat diseases characterized by 

high levels of pro-inflammatory soluble mediators and reactive oxygen species in 

humans.  
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3.1 Introduction  

 

The end product of the arginine biosynthesis pathway is creatinine (CRN), 

which is excreted from vertebrates in the urine [2,5,17]. Creatinine has been 

considered to be an inert waste product of the arginine biosynthesis pathway 

[167]. However, recent studies have challenged this dogma [125–128]. Over 30 

years ago, an early study in rats examined the ability of CRN to function as an 

anti-inflammatory agent [128]. Edema was assessed in four groups of rats that 

received diverse inflammatory agents (5HT creatine sulfate, nystatin, or 

carrageen) that induced acute or chronic inflammation [128]. It was determined in 

this study that oral administration of CRN reduced the levels of inflammation 

compared to the levels of inflammation in the control animals [128]. 

Unfortunately, no further reports or follow up of this work occurred.  More 

recently, work by Leland et al., utilized the protonated form of CRN- i.e., the 

hydrochloride salt or CRN-HCl - and examined its ability to alter TLR expression 

on mouse macrophages. In this study, RAW 264.7 cells were cultured with CRN-

HCl and mRNA levels of four TLRs - TLR-2, TLR-3, TLR-4, and TLR-7 were 

assayed [127]. Each of these TLRs recognizes unique pathogen-associated 

molecular pattern (PAMPs) including lipoteichoic acid (TLR-2), double-stranded 

RNA (TLR-3), bacterial lipopolysaccharide (TLR-4), and single-stranded RNA 

(TLR-7) [168]. Transcript levels of all four TLRs examined were reduced following 

exposure of the macrophages to CRN-HCl while no alterations in the levels of 

cell death were observed [127]. This study suggested that CRN may function to 

suppress the innate immune response [127]. Other studies have demonstrated 
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that CRN-HCl has activity on non-mammalian cells as well [125,126]. Exposure 

of Gram-negative or Gram-positive bacteria as well as antibiotic resistant 

bacterial strains (methicillin resistant Staphylococcus aureus (MRSA) and 

vancomycin-resistant Enterococcus faecium (VRE)) to CRN-HCl suppressed 

bacterial replication and killed bacteria [125]. As only the protonated form of CRN 

had anti-bacterial activity, initial studies to examine a possible mechanism of 

action of CRN-HCl focused on disrupting the proton gradient of the bacteria using 

CCCP [125]. Because growth of CCCP-treated bacteria was inhibited by lower 

concentrations of CRN compared with control-treated bacteria, it was 

hypothesized that CRN-HCl kills bacteria via acidification of the bacterial 

cytoplasm [125]. This study [125], as well as subsequent work [126], 

demonstrated that CRN-HCl does not inhibit the growth of fungi. Adding CRN-

HCl to fungal growth media permits fungi to grow without bacterial contamination, 

suggesting that addition of CRN-HCl to fungal growth media could assist in the 

identification of novel antibiotic-producing, slow growing fungi [126]. Collectively, 

this body of data [125–128] suggests that CRN has untapped potential in the 

fields of immunology and microbiology. 

 TNF-α is a multifunctional cytokine secreted by numerous cell types by 

both the innate and adaptive immune responses [169–171]. TNF-α has diverse 

roles in normal physiology [171,172], acute and chronic inflammation [173,174], 

autoimmune disease [175], and cancer-related inflammation [176]. TNF-α is 

produced and secreted predominately by macrophages and T lymphocytes and 

is not usually detectable in healthy individuals, but becomes elevated in the 
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tissues and serum during an infection or inflammatory response [177–181]. The 

study by Leland et al., which demonstrated a decrease in TLR expression in 

mouse macrophages was following exposure of the cells to CRN-HCl lead us to 

investigate the effects CRN-HCl on TNF-α expression, as TLR activation can 

induce TNF-α production [182,183] in macrophages and T cells. And since 

lipopolysaccharide (LPS), found on the outer membrane of gram-negative 

bacteria, is recognized by macrophages by TLR-4, and promotes the secretion of 

pro-inflammatory cytokines such as TNF-α [168,184] we examined the effect of 

CRN-HCl on LPS-induced inflammation and showed a dramatic reduction in 

TNF-α levels in treated cells compared to control cultures. 

In the work reported here, we determined the impact of CRN-HCl on TNF-

α production in human and mouse cell lines (macrophages and T cells). Based 

on previous work [127,128], we hypothesized that CRN-HCl treatment of cells 

would reduce TNF-α expression. Using real-time RT-PCR and 

immunohistochemical staining, we demonstrate that CRN-HCl down regulates 

both mRNA and protein levels of TNF-α. Studies examining the mechanism of 

how TNF-α is downregulated show a reduced level of NF-kB translocation into 

the nucleus compared to control-treated cells. This mechanism is not related to 

reduced importin expression (data not shown), which aids in the transport of the 

NF-κB subunits.  

  



 

43 
 

3.2      Materials and Methods 

 

3.2.1 Cell Cultures 

The mouse macrophage cell line (RAW 264.7), the human T cell line 

(Jurkat clone E6-1), and the human macrophage cell line (THP-1) were 

purchased from American Tissue Type Culture Collection (ATCC; Manassas, VA, 

USA). The RAW 264.7 cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM; ATCC) and supplemented with 10 % heat inactivated fetal 

bovine serum (FBS; Invitrogen; Carlsbad, CA, USA), 100 μg/ml streptomycin and 

100 U/ml penicillin (Invitrogen), and 2 mM L-glutamine (Invitrogen). The Jurkat 

clone E6-1 cells were cultured in Roswell Park Memorial Institute-1640 (RPMI-

1640) medium (Invitrogen) supplemented as described above with the FBS, 

streptomycin and penicillin, and L-glutamine. The THP-1 cell line was cultured in 

the supplemented RPMI-1640 medium with the addition of 1 mM sodium 

pyruvate (Invitrogen). THP-1 cell cultures were stimulated with 200 nM of phorbol 

12-myristate 13-acetate (PMA; Sigma-Aldrich; St. Louis, MO, USA) for 48 hrs to 

differentiate the cells into macrophage-like cells (44, 74). Differentiation was 

confirmed by the adherence of the cells to the culture plastic via light microscopy. 

THP-1 cell cultures were then washed three times with media every 24 hrs for 

three consecutive days after stimulation. All cell lines were incubated in at 37 °C, 

with 5 % CO2. 

 

3.2.2     Immunohistochemistry (IHC) Staining  
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Staining was performed on cytospins which were fixed in cold acetone 

(Fisher Scientific; Pittsburgh, PA, USA), air-dried, and rehydrated in PBS. 

Blocking was performed using normal serum (Jackson ImmunoResearch 

Laboratories; West Grove, PA, USA), followed by incubation with an appropriate 

dilution of the primary antibody (Table 2). Control slides received species 

matched IgG (Table 2). Slides were then washed in PBS and incubated with a 

biotinylated secondary IgG antibody (Table 2). Immunoreactivity was detected 

using the immunoperoxidase technique followed by development with 3, 3-

diaminobenzidine horseradish peroxidase (ABC Elite Kit; Vector Laboratories, 

Burlingame, CA, USA). Slides were washed with PBS and counter stained with 

Gill’s hematoxylin (Sigma-Aldrich). Slides were dehydrated with an ethanol series 

and xylene and then coverslipped using Permount (Fisher Scientific). Images 

were captured using a Nikon Eclipse 80i microscope (Nikon; Melville, NY, USA), 

an Infinity 2 camera (Lumenera Corporation; Ottawa, ON, Canada), and 

ImageJ64 imaging software (National Institutes of Health; Bethesda, MD, USA). 

 

3.2.3     Creatinine Assay 

Quantification of CRN was performed using the Creatinine Assay Kit 

(Abcam; Cambridge, MA, USA). RAW 264.7 cells were stimulated with 10 mM 

CR monohydrate (CreaPure™; Dusselof, Germany) and incubated for 0, 10, 20, 

30, and 60 mins. Supernatant were collected and stored at -20 °C until time of 

assay. Samples were 2-fold serially diluted (1:500, 1:1000, 1:2000, and 1:4000) 

using the CRN assay buffer. Samples were thawed and loaded in a 10 kDa spin 
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column with 500 µl of diluted supernatant and centrifuged at 10,000 x g for 10 

mins at 4 °C to deproteinize the samples. In a flat-bottomed, 96-well tissue 

culture plate 50 µl of the sample was added to the wells along with 50 µl of 

reaction mix containing assay buffer, creatinase, creatininase, enzyme mix, and 

CRN probe as per the manufacturer’s instructions (Abcam). The plate was 

incubated at 37 °C for 1 h and then read on a plate reader at 570 nm on an 

EnSpire® Alpha Plate Reader (PerkinElmer; Waltham, MA, USA). Creatinine 

concentrations were calculated using the amount of CRN in the sample well 

calculated from the standard curve (Sa) and dividing that by the sample volume 

in the well (Sv) and multiplying the total by the dilution factor (D), as follows: CRN 

concentration = (Sa/Sv) * D.  

 

3.2.4      Determination of Media pH 

 Culture media for RAW, Jurkat, and THP-1 cells was aliquoted in 12-well 

plates and incubated with 10 mM CRN-HCl (Sigma-Aldrich) for 0-60 mins, while 

control wells contained media only. The pH was measured using pH indicator 

strips (EMD Millipore; Darmstadt, Germany) as seen in Table 5. 

 

3.2.5      RNA Isolation 

Jurkat and RAW cells were grown in a 6-well plate to 80-90 % confluence. 

Creatinine (Sigma-Aldrich) was added at 10-fold concentrations for 10-60 mins. 

Controls were treated with media alone. In some studies, RAW cells were 

incubated with 2 µg of lipopolysaccharide from E. coli 026:B6 (LPS; Sigma-
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Aldrich) along with 10 mM CRN-HCl (Sigma-Aldrich) and incubated for 10-60 

mins. In other studies using LPS (Sigma-Aldrich), RAW cells were incubated with 

2 µg LPS (Sigma-Aldrich) for 24 hrs followed by the addition of 10 mM CRN-HCl 

(Sigma-Aldrich) for 24 hrs. Media only cultures were used as additional controls. 

To isolate total cellular RNA, cell monolayers were lysed with TRIzol 

(Invitrogen) and transferred to a microcentrifuge tube. Following extraction of the 

nucleic acids with chloroform (Sigma-Aldrich) and precipitation with isopropanol 

(Fisher Scientific). RNA was washed in 70 % ethanol (EtOH; Pharmco-aaper; 

Brookfield, CT, USA) and resuspended in UltraPure distilled water (Invitrogen). 

The concentration and purity of the RNA was determined using NanoDrop-1000 

Spectrophotometer (Thermo Fisher Scientific; Grand Island, NY, USA) using the 

ND-1000 V3.8.1 program. A 260/280 absorption ratio of ~2.0 was considered 

acceptable for these studies. Samples were stored at -80 °C until time of use. 

Residual DNA was removed from the samples by treatment with RQ1 

DNase (Promega; Madison, WI, USA) at 37 °C for 1 h. Samples were extracted 

with phenol:chloroform:isoamyl alcohol (25:24:1) (Invitrogen) followed by RNA 

precipitation using 1/10 volume of 3 M sodium acetate (Fischer Scientific) and 3 

volumes of 100 % EtOH (Pharmco-aaper). Samples were frozen at −80 °C for a 

minimum of 2 hrs. After warming to room temperature and centrifugation, the 

pelleted RNA samples were washed with 70 % EtOH (Pharmco-aaper), air dried, 

and resuspended in 20 µl of UltraPure distilled water (Invitrogen) and stored at -

80 °C. RNA was quantified using a NanoDrop-1000 Spectrophotometer (Thermo 

Fisher Scientific) using the ND-1000 V3.8.1 program. 
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3.2.6      RT2-PCR 

Reverse transcription was performed on 1 µg of total RNA using the 

Improm-II Reverse Transcription System (Promega) in a total volume of 25 µl. 

The 1 µg of RNA was combined with 2 µl of Oligo dT15 and nuclease free water, 

and placed in a thermocycler (Eppendorf Scientific; Hauppauge, NY, USA) for 5 

min at 70 °C followed by 4 °C. A master mix containing nuclease free water, 5X 

reaction buffer, MgCl2, dNTP mix, and reverse transcriptase was added to the 

RNA and placed in the thermocycler (Eppendorf Scientific) for 5 min at 25 °C, 60 

min at 42 °C, and 15 min at 70 °C. Samples were stored at -80 °C until time of 

assay.  Real-time PCR analysis was performed in a total volume of 20 μl 

containing 1 μl of cDNA gene specific internal primers (0.5 μM of each primer; 

IDT; Coralville, IA, USA), and 1X SsoFast EvaGreen Supermix (Bio-Rad; 

Hercules, CA, USA). Primers have a 100 % sequence identity to the murine or 

human genome. Primer sequences are listed in Table 3. Enzymatic amplification 

was performed using the following conditions: 95 °C for 30 sec, and 40 cycles of 

95 °C for 5 sec and 57 °C for 5 sec using a CFX96 Real-Time Detection System 

(Bio-Rad). The mRNA levels between samples were normalized by the 

endogenous control, GAPDH, and relative to the calibrator, the control-treated 

cells. Data was analyzed using the Bio-Rad CFX Manager V1.6.541.1028 

software (Bio-Rad). Results were expressed as ratios to GAPDH mRNA levels. 

Relative quantitation was determined by the comparative CT method (ΔΔCT 

method; [185–187].  



 

48 
 

 

3.2.7      Intracellular Cytokine Staining 

 RAW cells were plated at 1 x 105 cells/ml in a 96-well plate and incubated 

overnight. Wells were treated with 50 µl of Brefeldin A (protein transport inhibitor; 

BD Bioscience, San Diego CA, USA) with media, CR (CreaPure™), or CRN-HCl 

(Sigma-Aldrich) for 2 hrs. The media was removed and cells were fixed and 

permeabilized in cold methanol (Fisher Scientific) and rehydrated in PBS. For the 

LPS staining experiment Brefeldin A was absent, and certain wells (LPS 48 h, 

LPS + CRN, LPS + CR) were treated with 2 µg of LPS from E. coli 026:B6 

(Sigma-Aldrich) while fresh media was added to the control, isotype control, and 

PBS wells and incubated for 24 hrs. Following the 24 h incubation, 10 mM CR 

(CreaPure™) and 10 mM CRN-HCl  (Sigma-Aldrich) were added to the specified 

wells (CR 24 h, CRN 24 h, LPS + CR, LPS + CRN), the media was not removed 

from the LPS + CR and the LPS + CRN wells. 2 µg of LPS from E. coli 026:B6 

(Sigma-Aldrich) was added to the LPS 24 h designated wells. The plate was 

incubated for an additional 24 hrs followed by the removal of the media and fixed 

and permeabilized in cold methanol (Fisher Scientific) and rehydrated with PBS. 

Immunostaining proceeded per the previously described IHC protocol, except the 

secondary antibody was labelled with Alexa Fluor 546. The cells were washed 

once more, and stained with 1 µg/ml of DAPI (nuclei stain; Thermo Fisher 

Scientific). Images were acquired using the ImageXpress Micro XLS System 

using a 20 x objective (Molecular Devices; Sunnyvale, CA USA). The confocal 

high-throughput microscope captured 52 pictures per well, covering 75 % of the 
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well. Prior to running the plate, the microscope was focused using a Z stack 

series which acquired 24 planes of images in which the most-in focus image was 

determined and used to calculate the offset, this allowing for the acquisition of 

the best focused cells for the wavelength. Images were captured using the multi-

wavelength cell scoring module with the DAPI and Cy3 channels. Analysis was 

performed using the MetaXpress Software (Molecular Devices) to determine the 

average intensity of staining for TNF-α. The staining observed in the isotype 

control was subtracted from the test samples. Three biological replicates were 

done with each experimental condition performed in triplicate.  

 

3.2.8      TNF-α ELISA 

RAW cells were grown to 80-90 % confluence. Cells were treated with or 

without LPS and CRN as described in 3.2.5. The supernatants were collected 

and stored in -80 °C until time of use. The 96-well ELISA plate was coated with 

100 µl per well of capture antibody in 1X Coating Buffer (Invitrogen) and 

incubated overnight at 4 °C. Wells were washed with Wash Buffer and blocked 

for 1 h at room temperature with 1X ELISA/ELISPOT diluent (Invitrogen). 

Standards were prepared and 2-fold serially diluted as outlined in the protocol 

(Invitrogen) to form the standard curve. Samples were added to the wells and 

incubated overnight at 4 °C. Wells were washed and the detection antibody 

(Invitrogen) was added and incubated for 1 h, followed by another round of 

washes. The Avidin/HRP (Invitrogen) was added to the wells, incubated for 30 

mins, and then washed. 1X TMB Solution (Invitrogen) was added and incubated 
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for 15 mins prior to the addition of Stop Solution (Invitrogen). The plate was read 

at 450 nm on a Synergy HTX Multi-Mode Reader (BioTek; Winooski, VT, USA).           

 

3.2.9      mRNA Stability Assay 

RAW cells were plated in 24-well plates to 80-90 % confluence for each time 

point (0-30 mins). Actinomycin D (transcription inhibitor; 10 µg/ml; Sigma-Aldrich) 

was added to each well and the cells were then incubated for 0, 5, 10, 15, 20, 25, 

or 30 mins. At each time point, media was removed and 10 mM CRN-HCl 

(Sigma-Aldrich) media was added and incubated for the same allotted time. 

Control cells were treated with only actinomycin D for 0-30 mins. Culture media 

was removed and 200 µl of Trizol was added to isolate the RNA as described in 

2.2.5 followed by RT2-PCR as described in 2.2.6.  

 

3.2.10      Nuclear Localization of NF-κBp65 

RAW cells were grown to 70-90 % confluency in 75 cm2 culture flasks 

followed by treatment with 0.1 mM CRN-HCl (Sigma-Aldrich) or 0.1 mM CR 

(CreaPure™) for 10, 20, and 40 mins. Control-treated cells were incubated with 

media only. Nuclear extracts were isolated using the Nuclear Extraction kit per 

manufacture’s protocol (Millipore; Billerica, MA, USA). Cells were washed with 

PBS, disrupted using a cell scraper, centrifuged, and lysed with 1X cytoplasmic 

lysis buffer. Nuclear extraction was performed by resuspending the lysate in 

nuclear extraction buffer. The lysate was then centrifuged and the supernatant 

collected as it contained the nuclear proteins. The ELISA was performed using 
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the NF-κB ELISA kit per the manufacturer’s protocol (Invitrogen). Samples were 

diluted 1:10 in standard diluted buffer. 100 µl of each sample and the controls 

were added per well and incubated for 2 hrs. Wells were then washed, 100 µl of 

NF-κB detection antibody solution was added, and incubated for 1 h. Wells were 

washed prior to the addition of 100ul of horseradish peroxidase (HRP)-labelled 

anti-rabbit IgG and incubated for 30 mins. The wells were then washed and 

incubated with 100 µl of chromogen and incubated for 30 mins. Stop solution was 

added and the absorbance read on an EnSpire® Alpha Plate Reader at 450 nm 

(PerkinElmer). Results are expressed as the mean ± SEM. All samples were 

assayed in triplicate. 

 

3.2.11      Statistics 

Data analysis was performed with GraphPad Prism program (GraphPad 

Software Inc.; La Jolla, CA, USA) and analyzed by a one-way ANOVA or two-

way ANOVA with a Bonferroni post-test. Probability values < 0.05 were 

considered statistically significant. 

  



 

52 
 

 

Table 2. Antibodies used in IHC studies 

 

 

 

Blocking sera Primary Antibody (Source) Secondary Antibody 

(Source) 

Normal goat 

(Product #: 005-

000-121 Jackson 

Immunoresearch) 

Rabbit anti-mouse SLC6A6 

(Product #: MFG39644; Aviva 

Systems, San Diego, CA, USA) 

Biotinylated goat anti-rabbit 

IgG (Product #: BA-1000 

Vector Laboratories) 

 

 

Normal horse 

(Product #: 008-

000-003 Jackson 

Immunoresearch 

 

Mouse anti-human TNF-α 

(Product #: 554510 BD 

Biosciences) 

Biotinylated Horse anti-mouse 

IgG (Product #: BA-2001 

Vector Laboratories) 

 

Normal rabbit 

(Product #: 011-

000-120 Jackson 

Immunoresearch) 

or 

Normal goat 

(Jackson 

Immunoresearch) 

 

Rat anti-mouse TNF-α 

(Product #: 554416; BD 

Biosciences) 

Biotinylated rabbit anti-rat IgG 

(Product #: BA-4001 Vector 

Laboratories) 

Or Alexa Fluor 546 goat anti-

rat IgG (Product #: A11081 

Invitrogen) 

 

Normal goat 

(Jackson 

Immunoresearch) 

 

Rabbit anti-mouse catalase 

(Product #: PA5-23246; 

ThermoFisher) 

Biotinylated goat anti-rabbit 

IgG (Product #: BA-1000 

Vector Laboratories) 

Normal goat 
(Jackson 
Immunoresearch) 
 

Rabbit anti-mouse polyclonal 
SOD1 (Product #: PA5-23245; 
Invitrogen) 

Biotinylated goat anti-rabbit 
IgG (Product #: BA-1000 
Vector Laboratories) 

Normal goat 
(Jackson 
Immunoresearch) 

Rabbit anti-mouse glutathione 
peroxidase (Product #: PA1-
18279; ThermoFisher) 

Biotinylated goat anti-rabbit 
IgG (Product #: BA-1000 
Vector Laboratories) 
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Table 3. Primer Sequences for RT-PCR. 

 

  

Gene Forward Primer (5’---> 3’) Reverse Primer  (5’ ---> 3’) 

Mouse 

GAPDH 
 

GTGGCAAAGTGGAGATTGTTG CATTCTCGGCCTTGACTGTG 

 

Mouse 

TNF-α 
 

ACGTGGAACTGGCAGAAGAG CTCCTCCACTTGGTGGTTTG 

 

Human 

GAPDH 
 

TGGTCTCCTCTGACTTCAAC CCTGTTGCTGTAGCCAAATT 

 

Human 

TNF-α 

CAAGCCTGTAGCCCATGTTG AGAGGACCTGGGAGTAGATG 
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3.3 Results 

 

3.3.1      The SLC6A8 transporter is expressed by all cell lines tested. 

The majority of CR is found within the skeletal muscle [1,9,11], where CR 

enters the cells via a sodium- and chloride-dependent transporter known as the 

CR transporter or SLC6A8 [2,5,9,13]. To determine if the CR transporter is 

present on cells used in these studies, IHC was performed using an antibody 

specific for SLC6A8 on unstimulated cells. Mouse (RAW) and human (THP-1) 

macrophages and human T cells (Jurkat) were used in these studies. The CR 

transporter was present in all three cell lines examined (Figure 2A-C), although 

the intensity of staining was reduced in the human T cell line compared to the 

macrophage cell lines. No staining was observed in the negative controls (Figure 

2D-F). Together, these data demonstrate that the CR transporter is expressed by 

all three cell lines tested, and validates the use of these three cell lines in further 

studies examining the impact of CR on TNF-α expression.  
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Figure 2. The CR transporter is expressed on RAW 264.7 cells (A, D), THP-1 

cells (B, E), and Jurkat cells (C, F). Intense IHC staining was observed using 

an antibody for the CR transporter in mouse (A) and human macrophages (B). 

Human T cells (C) were also positive for the CR transporter, although staining 

was less intense than that observed in the macrophages (A,B). Positive staining 

is indicated by the brown reaction product. Non-specific staining controls 

received normal IgG in lieu of primary antibody for mouse cells (D), human 

macrophages (E), and human T cells (F). 
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3.3.2      CR hydrolyzes rapidly into CRN in vitro 

The literature suggests that CR is converted rapidly to CRN in an aqueous 

environment [2,10], we wanted to determine whether CR would hydrolyze to 

CRN in the time frame that these experiments would be performed. CR was 

added to tissue culture medium and CRN levels in the media assayed over time. 

Cell culture supernatants incubated with 10 mM CR over 60 mins then collected 

and assayed. After 10 mins of incubation approximately 85 % of the CR was 

converted into CRN (Table 4). As a result, we focused these studies on the 

actions of CRN in vitro.    
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Table 4. Creatinine levels in cell supernatant. 

Time 

(minutes) 

 Creatinine (nmol/µl) 

 

10  8.50 

30  8.98 

60  9.27 

Cell supernatants were diluted 1:500 prior to assay 
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3.3.3.      10 mM CRN-HCl transiently alters the pH of tissue culture media  

The pH of the cell culture system was assessed to ensure that the 

alterations in mRNA expression were not due to potential changes in the health 

of the cells. Culture media was tested over 60 mins following addition of CRN-

HCl, is shown in Table 5. While the pH of the media becomes slightly more 

acidic after the addition of CRN-HCl, this affect is transit, and in previous work 

CRN-HCl does not affect cell health [127].  
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Table 5.  pH of media containing CRN-HCl. 

      Time (mins) 

 

Cell 

Line 

 

Treatment 

 

0 

 

10 

 

20 

 

30 

 

40 

 

60 

        

RAW Media 7 7 7 7 7.5 8 

 CRN-HCl 6.1 6.1 6.1 6.5 7 7 

        

Jurkat Media 7 7 7 7.5 8 8 

 CRN-HCl 6.1 6.5 6.5 7 7 7 

        

THP-1 Media 7 7 7 7 7.5 8 

 CRN-HCl 6.1 6.5 6.5 7 7 7 

pH was determined over 60 min following the addition of 10 mM CRN-HCl. Media 

used to culture the cell lines are as follows: DMEM (RAW), RPMI-1640 (Jurkat), 

RPMI 1640 containing sodium pyruvate (THP-1) 
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3.3.4      CRN-HCl significantly reduced TNF-α mRNA levels in mouse and 

human macrophages. 

The RAW 264.7 and THP-1 cells were incubated with 10 mM of CRN-HCl 

for 0-60 mins, and real-time PCR performed to determine the relative TNF-α 

mRNA expression levels in each cell type over time. RAW cells experienced a 

significant decrease (28 ± 2.2 %) in TNF-α mRNA levels by 10 mins post-

exposure to CRN-HCl, compared to the control-treated mouse macrophages 

(100 ± 4.7 %; Figure 3). TNF-α mRNA expression continued to decrease in the 

mouse macrophages at 20 and 30 mins (13.9 ± 1.4 %, 12.1 ± 1.3 % of control 

levels respectively); however by 40 mins post-exposure to CRN-HCl, TNF-α 

mRNA expression levels began to increase and by 60 mins TNF-α levels 

increased to 47.2 ± 5.1 % of the control level (Figure 3).  

Human macrophages were tested to determine if this decrease in TNF-α 

mRNA levels was species-specific. CRN-HCl treated THP-1 cells had a 

significant decrease (41 ± 2.4 %) of TNF-α mRNA expression at 10 mins 

compared to the control-treated cells (100 ± 11.7 %; Figure 4). Unlike the mouse 

macrophages, the human macrophages had an increase in TNF-α transcript 

levels and then remained steady from 20-40 mins until 60 mins post CRN-HCl 

exposure, when the TNF-α mRNA levels dropped to 50 ± 4.1 % of the control 

levels (Figure 4). Although the kinetics of TNF-α mRNA expression varies 

between species, CRN-HCl treatment appears to decrease TNF-α mRNA in both 

mouse and human macrophages.  
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Figure 3. TNF-α mRNA expression following treatment of RAW cells with 10 

mM CRN-HCl. CRN-HCl treatment decreased TNF-α mRNA expression in RAW 

cells from 10-60 mins post-exposure compared to the control-treated cells. LPS-

treated cells were used as a positive control (data not shown). Values represent 

the mean transcript level + SEM relative to GAPDH transcript levels. Statistical 

analysis was performed using a two-way ANOVA test post hoc Bonferroni, with 

untreated cells as the control. All samples were run in triplicate. Data are 

representative of three independent experiments.  
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Figure 4. TNF-α transcript levels following 10 mM CRN-HCl treatment in 

THP-1 cells. The TNF-α mRNA expression was significantly reduced at 10, 40, 

and 60 mins post-exposure to CRN-HCl. LPS-treated cells were used as a 

positive control (data not shown). Values represent the mean transcript level + 

the SEM relative to GAPDH transcript levels. Statistical analysis was performed 

using a two-way ANOVA test post hoc Bonferroni, with untreated cells as the 

control. All samples were assayed in triplicate. Data is representative of three 

independent experiments. 
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3.3.5      TNF-α transcript levels were downregulated by CRN-HCl in a 

human T cell line. 

As the above experiments demonstrate that the effect of CRN-HCl on 

TNF-α transcript levels is not species specific (Figures 3 and 4) it was of interest 

to determine whether the effect was cell type specific.  A human T cell line 

(Jurkat) was cultured in the presence of CRN-HCl over time. The Jurkat cells had 

a significant decrease in TNF-α mRNA levels to 50.6 ± 5.7 % at 10 mins 

compared to control levels (Figure 5). TNF-α mRNA expression decreased to 

their lowest levels (25.9 ± 3.4 % of control levels) at 20 mins post-exposure to 

CRN-HCl. TNF-α transcript levels began to increase at 30 mins post CRN-HCl 

exposure, and continued to increase to control levels by 60 mins (Figure 5).  
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Figure 5. TNF-α mRNA expression in Jurkat cells following 10 mM CRN-HCl 

treatment. Transcript levels were significantly reduced after 10-40 mins of 

exposure to CRN-HCl treated cells compared to control-treated cells. LPS-

treated cells were used as a positive control (data not shown). Values represent 

the relative mean transcript level ± SEM relative to GAPDH transcript levels. 

Statistical analysis was performed using a two-way ANOVA test post hoc 

Bonferroni, with untreated cells as the control. Samples were assayed in 

triplicate. Data is representative of three independent experiments. 
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3.3.6      CRN-HCl decreased LPS-induced TNF-α mRNA expression in 

mouse macrophages.  

LPS is an integral component of gram negative bacteria and an innate 

immune response is initiated when LPS binds to pathogen recognition receptors 

(i.e., TLR-4) on cells [168,184,188,189]. Once LPS binds to the TLR, the MyD88 

pathway is activated and an array of immune response-related products are 

produced, including TNF-α [190,191]. To determine if CRN-HCl can suppress the 

level of TNF-α mRNA produced by cells exposed to LPS, a highly potent inducer 

of TNF-α [192], CRN-HCl was co-cultured with LPS for 10-60 mins in cultures of 

mouse macrophages. LPS-treated cells significantly increased (12869.1 ± 740.2 

%) TNF-α mRNA levels at 20 mins post-exposure compared to the control-

treated cells (100 ± 13.0%) (Figure 6). The TNF-α transcript levels continued to 

increase in the presence of LPS, and reached a maximal expression of 47161.0 

± 2270.0 % at 60 mins compared to the control-treated cells (Figure 6). The 

cultures containing LPS and CRN-HCl resulted in a significant reduction of TNF-α 

mRNA expression compared to the LPS-treated cells (Figure 6). After 30 mins, 

cells treated with CRN-HCl and LPS had reduced TNF-α mRNA levels to 33.5 ± 

1.6 % compared to LPS-treated cells (4620.7 ± 567.1 %; Figure 6). By 60 mins, 

cells exposed to CRN-HCl and LPS had decreased TNF-α mRNA levels to 180.8 

± 18.5 % compared to the LPS-treated cells (Figure 6).  
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Figure 6. TNF-α mRNA expression in RAW cells following treatment with 2 

µg LPS and 10 mM CRN-HCl. A significant decrease in TNF-α mRNA was 

observed in cells incubated with both LPS and CRN-HCl compared to cells 

treated with LPS alone. Values represent the mean transcript level ± SEM 

relative to GAPDH transcript levels. Statistical analysis was performed using a 

two-way ANOVA test post hoc Bonferroni, with LPS alone-treated cells as the 

comparator. All samples were assayed in triplicate. Data is representative of 

three independent experiments. 
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Figure 7. The TNF-α mRNA transcript levels after the addition of 2 µg LPS 

treatment for 24 hrs followed by the incubation of 10 mM CRN-HCl for 24 

hrs in RAW cells. The pre-incubated 2 µg LPS and then 10 mM CRN-HCl 

treated cells showed a significant decrease of TNF-α mRNA levels compared to 

LPS-treated cells. Values represent the mean transcript levels ± SEM relative to 

GAPDH. Statistical analysis was performed using a two-way ANOVA test post 

hoc Bonferroni, with LPS alone-treated cells as the comparator. All samples were 

assayed in triplicate. Data is representative of three independent experiments. 
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3.3.7      CRN-HCl treatment can lower pre-existing TNF-α transcript levels 

in mouse macrophages. 

TLR mRNA expression is reduced in mouse macrophages following 

exposure to 0.1 mM CRN-HCl treatment [127]. Because of this, the 

downregulation of TNF-α mRNA levels observed following co-incubation of CRN-

HCl and LPS over time (Figure 6) could be attributed to the downregulation of 

TLR-4 [127]. To determine if CRN-HCl can downregulate preexisting LPS-

induced TNF-α mRNA expression, RAW cells were incubated with LPS for 24 hrs 

prior to the addition of 10 mM CRN-HCl and then incubated for an additional 24 

hrs. TNF-α mRNA levels were significantly decreased in the LPS and CRN-HCl 

treated cells compared to the LPS-treated cells (Figure 7). CRN-HCl treatment 

following 24 hrs of LPS stimulation resulted in over a 5-fold reduction (296.5 ± 

19.8 %) of TNF-α levels compared to TNF-α mRNA levels of LPS-treated cells 

(1943.5 ± 119.6 %; Figure 7). Together, these data suggest that CRN-HCl can 

downregulate TNF-α mRNA levels during an active immune response, not merely 

preventing the response.  
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3.3.8      CRN-HCl and CR reduced TNF-α staining intensity in mouse and 

human macrophages. 

To determine if the reduction in TNF-α transcript levels following exposure to 

CRN-HCl impacts protein levels of TNF-α, immunohistochemistry (IHC) was 

utilized to assess the protein expression of TNF-α. The mouse and human 

macrophages, or human T cells were incubated with or without CRN-HCl for 24 

and 48 hrs. The RAW cells had reduced staining intensity following incubation 

with CRN-HCl at 24 and 48 hrs compared to the control-treated cells (Figure 8A-

C). Much like the mouse macrophages, the human macrophages also had a less 

intense staining following incubation with CRN-HCl over 24 and 48 hrs compared 

to the control-treated cells (Figure 8D-F). The control-treated human T cells had 

minimal staining for TNF-α, and therefore the comparison of the CRN-HCl treated 

cells to the control cells could not be determined (Figure 8G-I).  
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Figure 8. The immunohistochemical staining of TNF-α expression in RAW 

(A-C, J), THP-1 (D-F, K), and Jurkat cells (G-I, L) following 24 and 48 h 

exposure to 10 mM CRN-HCl. The intensity of staining for TNF-α was reduced 

after 24 and 48 hrs post-exposure to CRN-HCl in RAW (B,C) and THP-1 (E, F) 

cells compared to the control-treated cells (A; D). TNF-α levels in Jurkat cells 
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were below the level of detection of IHC (H, I). Positive staining is indicated by 

the brown reaction product. Non-specific staining controls received normal IgG 

(isotype control) in lieu of primary antibody for RAW (J), THP-1 (K), and Jurkat 

(L) cells.  
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Figure 9. TNF-α mRNA expression in RAW cells (A-C, G) and THP-1 cells 

(D-F, H) following exposure to 10 mM CR monohydrate for 24 and 48 hrs. 

The intensity of staining was decreased in both RAW (B, C) and THP-1 (E, F) 

cells post-exposure to CR at 24 and 48 hrs compared to the control-treated cells 

(A; D). Positive staining is indicated by the brown reaction product. Non-specific 

staining controls received normal IgG (isotype control) in lieu of primary antibody 

for RAW (G) and THP-1 (H) cells.     
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RAW and THP-1 cells were used to determine if incubating cells with 10 

mM CR for 24 or 48 hrs yield similar results as the CRN-HCl treated cells with 

regard to TNF-α protein expression. As shown in Figure 9A-H, CR treatment for 

24 or 48 hrs showed a similar reduction in the intensity of staining for TNF-α as 

CRN-HCl treated cells.   
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3.3.9      Intracellular staining analysis demonstrated a decrease in TNF-α 

protein expression with the addition of CRN-HCl in RAW cell cultures. 

The qualitative data from the IHC depicted a downregulation of TNF-α protein 

expression with the addition of CRN-HCl or CR to macrophage cultures. To 

confirm this data we utilized a semi-quantitative method to determine whether 

levels of this pro-inflammatory cytokine was significantly reduced in mouse 

macrophages following exposure to CRN-HCl or CR. RAW cells were incubated 

with 10 mM CRN-HCl along with brefeldin A, a Golgi inhibitor [193–195], for two 

hrs followed by intracellular staining to assay TNF-α protein expression. The 

average TNF-α staining intensity was significantly decreased to 2.8 x 104 ± 675.9 

following CRN-HCl treatment compared to the control-treated cells (5.2 x 104 ± 

678.5; Figure 10A). Creatine-treated cells also had a significant reduction (1.9 x 

104 ± 398.6) in staining intensity compared to the control-treated cells (Figure 

10A). These data are consistent with the IHC data, demonstrating a significant 

reduction in the staining intensity of TNF-α protein expression with the addition of 

CRN-HCl or CR. 
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Figure 10. The average intracellular staining intensity of TNF-α expression 

in mouse macrophages following exposure to 10 mM CRN-HCl and CR 

monohydrate (A) with or without LPS (B). A) A significant downregulation in 

TNF-α staining intensity was seen in CRN-HCl and CR-treated cells compared to 

the control-treated cells. Control-treated cells received media supplemented with 

A. 

B. 
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brefeldin A. B) Cells treated with LPS prior to CRN-HCl or CR treatment had 

reduced TNF-α staining intensity compared to LPS alone-treated cells. Control-

treated cells received media only. The values represent the average staining 

intensity level ± the SEM. Statistical analysis was performed using a one-way 

ANOVA test with posttest Bonferroni. Data are representative of three 

experiments. 
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3.3.10      CRN-HCl reduced TNF-α protein expression in mouse 

macrophages with prior exposure to LPS. 

 Cells were pre-incubated with LPS for 24 hrs prior to CRN-HCl or CR 

incubation for 24 hrs, followed by using the same semi-quantitative intracellular 

staining assay. The average TNF-α staining intensity was significantly 

downregulated with the addition of CRN-HCl (1.97 x 103 ± 132.2) or CR (3.56 x 

103 ± 616.2) compared to the LPS 48 h treated cells (1.51 x 104 ± 332.0; Figure 

10B). These data support the IHC along with the RT-PCR data suggesting that 

CRN-HCl possesses the ability to decrease pro-inflammatory cytokine TNF-α 

protein expression in macrophages with or without prior inflammatory stimulation. 

 

3.3.11      TNF-α staining intensity was downregulated by CRN-HCl with LPS 

pre-treatment in mouse macrophages. 

As TNF-α mRNA expression data demonstrate that CRN-HCl can down-

regulate TNF-α in cells exposed to an inflammatory stimulus, LPS. The 

intracellular staining performed revealed a reduced staining intensity using 

antibody to TNF-α in cells treated with LPS and then CRN-HCl (Figure 11C) and 

cells treated with LPS and then CR (Figure 11D) compared to the LPS alone-

treated cells (Figure 11B). These findings support the RT-PCR results, 

suggesting that CRN-HCl decreases TNF-α protein expression as well as the 

mRNA expression with LPS stimulation prior to CRN-HCl treatment. 
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Figure 11. TNF-α expression in RAW cells following 24 h exposure to LPS 

and subsequent 24 h exposure to 10 mM CRN-HCl (C) or CR monohydrate 

(D). A reduction in TNF-α signal intensity after LPS and CRN-HCl (C) exposure 

compared to cells exposed to LPS alone (B). Similar results were observed with 

LPS and CR-treated cells (D). Control-treated cells received media only (A). Non-

specific staining controls received normal IgG (isotype control) in lieu of primary 

antibody (E).  
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3.3.12      Supernatants from CRN-HCl treated macrophages had lower 

levels of TNF-α 

To quantify the levels of TNF-α released by mouse macrophages after 

exposure to LPS and/or 10 mM CRN-HCl, ELISAs were performed on the cell 

supernatants after pre-incubation with LPS as described in 3.3.9. After 48 hrs 

of incubation with LPS, TNF-α levels were measured at 980.7 ± 26.5 pg/ml 

compared to control levels of 91.8 ± 7.4 pg/ml. The addition of 10 mM CRN-

HCl to the cultures after 24 h exposure to LPS reduced the levels of TNF-α in 

the supernatant significantly to 221 ± 24.9 pg/ml (Figure 12, p< 0.001), 

further demonstrating the ability of CRN-HCl to downregulate TNF-α levels 

following activation of an inflammatory response. 
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Figure 12. TNF-α protein expression in cell culture supernatant treated with 

10 mM CRN-HCl, 2 µg LPS, or LPS followed by CRN-HCl. LPS significantly 

increased TNF-α expression as expected compared to the control. The addition 

of CRN-HCl after 24 hrs of LPS incubation reduced TNF-α levels compared to 

the 48 h LPS-treated cultures. The values represent the average protein 

expression ± the SEM. Statistical analysis was performed using a one-way 

ANOVA test posttest Bonferroni.  
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3.3.13      CRN-HCl does not increase TNF-α mRNA degradation in mouse 

macrophages. 

One mechanism that could account for the decrease in TNF-α mRNA levels is 

that CRN-HCl treatment of RAW cells decreases the stability of the mRNA 

resulting in reduced levels of TNF-α transcripts. To determine if CRN-HCl is 

causing an increase in TNF-α mRNA degradation, actinomycin D was used to 

inhibit transcription in RAW cells following incubation with CRN-HCl. TNF-α 

mRNA expression in the control-treated cells decreased from 0 mins (100 %) to 

15 mins (32.5 ± 14.7 %) as shown in Figure 13.  CRN-HCl treated cells exhibited 

a similar decrease of TNF-α mRNA expression from 100 % at 0 mins to 22.2 ± 

8.6 % by 15 mins, indicating that CRN-HCl did not affect TNF-α mRNA stability 

(Figure 13). 
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Figure 13. TNF-α mRNA levels in RAW cells treated with actinomycin D ± 10 

mM CRN-HCl. Actinomycin D treatment inhibits transcription, and TNF-α mRNA 

levels gradually decrease. Exposure to actinomycin D and 10 mM CRN-HCl does 

not impact TNF-α mRNA expression compared to control-treated cells. Values 

represent the mean transcript level ± SEM relative to GAPDH transcript levels. 

Statistical analysis was performed using a Student’s t-test. Data are 

representative of three experiments. 
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3.3.14      CRN-HCl downregulated NF-κB p65 translocation into the 

nucleus.  

The NF-κB signaling pathway represents a major pathway for the generation 

of TNF-α [182,196–199].  In order for NF-κB signaling to occur, the p65 subunit 

of NF-κB must be translocated into the nucleus of the cell. To determine if this 

process is altered in mouse macrophages after exposure to CRN-HCl nuclear 

extracts from CRN-HCl cells were prepared and measured via ELISA. Within 10 

mins of exposure to CRN-HCl, p65 levels were significantly decreased to 4.4 ± 

3.5 pg/ml in the CRN-HCl-treated nuclear extracts compared to control-treated 

nuclear extracts (456.3 ± 9.3 pg/ml) (Figure 14). The p65 levels were further 

decreased at 20 mins (16.0 ± 16.2 pg/ml) and 40 mins (328.9 ± 17.4 pg/ml) 

compared to the control-treated nuclear extracts (Figure 14). The data suggest 

that CRN-HCl is affecting the NF-κB pathway which is downregulating the 

production of TNF-α. However, it is still unclear as to where in the pathway CRN-

HCl is having an effect.  
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Figure 14. NF-κBp65 nuclear extract is decreased by 0.1 mM CRN-HCl in 

RAW cells. NF-κBp65 was measured by ELISA and displayed a significant 

decrease in the CRN-HCl treated cells compared to the control. The values 

represent the average protein expression ± the SEM. Statistical analysis was 

performed using a two-way ANOVA test post hoc Bonferroni. 
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3.4 Discussion 

 

In the present study, we have shown that CRN-HCl exposure decreases 

TNF-α mRNA levels in human and murine macrophages as well as in a human T 

cell line. This decrease in TNF-α mRNA levels does not appear to be the result of 

enhanced degradation of the mRNA, as studies described herein (Figure 13) do 

not show differences in TNF-α mRNA degradation between CRN-HCl and 

control-treated cells following Actinomycin D treatment. These results were 

supported by immunohistochemical and intracellular staining with an antibody to 

TNF-α before and after the addition of CRN-HCl or CR for 24 and 48 hrs, 

demonstrating reduced staining intensity in the treated cells. Interestingly, CRN-

HCl was effective in reducing pre-existing high levels of TNF-α mRNA and 

protein expression that resulted from LPS stimulation. The ability of CRN to 

reduce TNF-α levels is consistent with results in the previous study by Leland et 

al. (2011), which demonstrated a CRN-mediated down regulation of TLR 

expression. TLR signaling can induce a cascade of events, such as triggering of 

the NF-κB pathway that results in production of TNF-α. Collectively, these studies 

demonstrate that CRN-HCl has the potential to reduce pro-inflammatory 

responses in both the innate and adaptive immune responses. To our 

knowledge, this is the first study that examined the modulation of cytokine levels 

by either CR or CRN. 

Creatine is an ergogenic aid consumed by athletes to enhance 

performance [5,64,200,201] and has become a popular supplement among non-

elite athletes and the general population [3,40,43–45]. Consumers range in age 
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from adolescents to the elderly [3,40,43–45]. Creatine is cyclized to form CRN 

within minutes of being solubilized [10]. In healthy individuals, blood levels of 

CRN range from 50-100 µM and between 7.9 to 24.7 mmol of CRN are excreted 

per d, depending on gender [148,150]. While dietary CR supplementation can 

raise blood CRN levels to ~ 246 µM, contradictory results have been reported as 

to whether there is an increase in excreted CRN during CR supplementation 

[84,155,200,202]. The studies reported here suggest a potentially troubling 

scenario in which CR supplementation may suppress the normal function of the 

immune system by increasing circulating CRN levels in blood. Consequently, this 

might represent a mechanism which could lead to increased risk of infection (due 

to delayed sensing by TLRs) as well as difficulty of clearing infections, due to a 

reduced level of pro-inflammatory mediators. Currently, no research has been 

done looking at the effects of CR supplementation and the increase incidence of 

infections in athletes supplementing with CR. The observation that CR treatment 

of RAW cells results in decreased TNF-α increases the likelihood that CR users 

have decreased pro-inflammatory cytokines, particularly during the loading 

phase, when CR intake is increased four-fold over the amount of CR ingested 

during maintenance phase [2,34,70]. Of interest in this regard, two studies have 

suggested that CR may promote a Th2 response.  Both studies used mice 

sensitized to ovalbumin (OVA) as a model of asthma-induced disease, and 

supplemented with CR to observe the histological changes in the airways 

[139,140]. The CR-supplemented mice experienced more airway remodeling 

than the OVA-sensitized control-treated mice alone; while the OVA-sensitized, 
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CR-supplemented mice displayed airway remodeling with eosinophil infiltration 

and production of Th2 pro-inflammatory mediators (IL-4, IL-5) in the airways 

[139,140]. The promotion of a Th2 response in these studies along with the 

reduction of Th1 cytokine, TNF-α, and TLRs has led to the hypothesis that CR 

and CRN supplementation cause a shift towards a Th2 immune response.  This 

potential alteration of the immune system and its potential impact on the host’s 

health requires further investigation.  

 Other scenarios can be envisaged, however, in which CRN-HCl may be 

beneficial to the host by suppressing the over-production of TNF-α, such as in 

patients with rheumatoid arthritis. Rheumatoid arthritis is an inflammatory 

reaction in the joint synovia associated with erosion of cartilage and bone [203–

205]. The central role of TNF-α promotes the inflammatory response [203–205]. 

One of the current mainstays of treatments for rheumatoid arthritis include anti-

TNF-α drugs, which directly decreases the production of TNF-α and indirectly 

results in decreased levels of inflammatory cytokines that are influenced by TNF-

α, ultimately resulting in decreased joint pain [206,207]. While effective, anti-TNF-

α treatment is not without risk [208]. Perhaps most significantly, anti-TNF-α 

treatment is associated with increased risk for infections, particularly tuberculosis 

and fungal infections [209–211]. Patients on anti-TNF-α therapy are also at an 

increased risk for lymphoma and other cancers [203]. Thus, anti-TNF-alpha 

therapy is a double-edged sword to be used where one outcome is more urgently 

desired than the potential deleterious side effects. Creatine supplementation may 

be a viable treatment option to decrease TNF-α production by increasing CRN 
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levels in the blood, particularly in individuals with mild to moderate rheumatoid 

arthritis. Creatine supplementation would likely be less effective than anti-TNF-α 

therapy, but perhaps may slow the progression of rheumatoid arthritis in some 

individuals. Further studies are required to determine the potential of CR 

supplementation as a therapeutic option for rheumatoid arthritis. 

Dialysis patients experience significantly higher amount of serum CRN 

levels (~ 265 µM-1.3 mM) compared to healthy individuals (50-100 µM) [151–

153], and are more prone to developing bacterial pneumonia and acquiring more 

infections than healthy individuals caused by S. aureus, Pseudomonas 

aeruginosa, and E. coli [212]. While the concentration of CRN used in our study 

is considerably higher than that observed in dialysis patients, it is tempting to 

suggest that the increase in infections in dialysis patients relative to a healthy 

population might be partially attributed to a decreased ability to clear infections 

due to the immunosuppressive effect of increased serum CRN on the immune 

system. In patients, the CRN levels, while lower, are elevated for longer periods 

of time. This hypothesis could be tested ex vivo, by examining the ability of sera 

from dialysis patients to suppress expression of TLRs or pro-inflammatory 

mediators in vitro. 

 The studies described herein support the hypothesis that CRN-HCl acts 

as an immunomodulator, at least in part, by down regulating TNF-α mRNA and 

protein expression. Our studies support the hypothesis that the NF-κB pathway is 

directly affected with the addition of CRN-HCl and CR respectively in RAW cells 

[127]. Indeed, this pathway represents a major source of TNF-α production. 
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Further research is required to determine the mechanism of how CRN-HCl 

impedes the translocation of the p65 subunit of NF-κB into the nucleus and to 

analyze the expression of other inflammatory mediators to determine the impact 

CRN has on the immune system as a whole, which will provide a better 

understanding of the biological function CRN possesses. Broadening the 

research to encompass other pro-inflammatory cytokines, such work may also 

provide information on the effects CR supplementation has on the immune 

system in vivo.  
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Impact of creatine supplementation on the immune system 
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4.1 Introduction 

 

Creatine monohydrate is an ergogenic aid among a variety of individuals 

ranging from elite athletes to the elderly [3,39–45]. Creatine supplementation has 

well-documented benefits with regards to its impact on athletic performance such 

as increased muscle mass, increased ATP pool, and reduced muscle soreness, 

thereby permitting increased intensity in training due to reduced recovery time 

[33–35]. Side effects attributed to CR supplementation are largely gastrointestinal 

in nature – bloating, cramps, nausea, and diarrhea [31,213]. Creatine is non-

enzymatically degraded into CRN, in a pH and temperature dependent manner 

[2,5,214]. In general, CRN has been thought to be an inert waste product. 

However, there is a small body of work suggesting that CRN has biological 

functions [125–128]. 

Creatine is not a banned substance by the International Olympic 

Committee and is widely used by athletes of all levels [215]. The majority of CR 

research has focused on CR’s effects on the skeletal muscle, body composition, 

or safety in regards to kidney function [8,89–93,97,98,101,102,104,119,165,166]. 

Another significant body of CR supplementation research has focused on the 

central nervous system (CNS), as there are significant CR stores in the brain 

[2,4,11]. Numerous studies in animal models of neurological diseases have 

shown benefits to CR supplementation [8,89–

93,97,98,101,102,104,119,165,166]. These studies suggest that CR has the 

ability to modulate inflammation and reactive oxygen species [85,107,143,147].     
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Limited research has examined CR’s anti-inflammatory properties [62–

64,124,129,132]. Early studies examined CR as an anti-inflammatory agent in rat 

models of inflammation [124,129]. Madan and Khanna utilized a rat model of paw 

edema which administered CR intraperitoneally prior to injecting carrageenan 

into the hind-paw of rats. Paw inflammation was significantly reduced in CR-

injected rats compared to control-injected rats [124]. A follow up study was done 

by the same group to examine the efficacy of oral CR on acute and chronic 

inflammation in rats [129]. This study demonstrated a significant reduction in 

acute and chronic inflammation in the rats fed with CR compared to the placebo-

supplemented rats [129]. These early studies on the anti-inflammatory properties 

of CR provided a foundation for future research [124,129].  

 Soluble mediator levels have also been examined following CR 

supplementation [62–64]. One mediator that is upregulated during inflammation 

is TNF-α [171,173,174]. This multifunctional, pro-inflammatory cytokine is 

secreted by multiple cell types during an immune or inflammatory response [169–

171]. After eccentric exercise muscles are infiltrated with macrophages where 

they release TNF-α, interleukin-1β (IL-1β), and reactive oxygen [179,180,216]. 

Despite the local release of these mediators, CR supplementation has been 

shown to decrease serum TNF-α in athletes including marathon runners, ironman 

triathletes, and soccer players [62–64]. In these studies, athletes were randomly 

divided into a CR-supplemented group or a placebo-supplemented (maltodextrin) 

group.  Blood samples were collected before and 1 h [63], 24 hrs [64], or 24 and 

48 hrs [62] after the specific exercise to determine the concentration of TNF-α in 



 

93 
 

the plasma [62–64]. The results of the studies demonstrated that CR-

supplemented athletes have decreased plasma TNF-α compared to the placebo-

supplemented athletes after their respective physical activity, suggesting that CR 

reduces inflammation in the athletes [62–64]. This reduction in TNF-α may be 

one mechanism by which CR supplementation permits faster recovery after 

intense exercise.    

In the study reported herein, we focused on the potential of CR to act as 

an immunomodulator. Using male participants (both active and inactive), we 

examined the impact of CR supplementation on serum levels of TNF-α. We 

hypothesized that CR-supplementing individuals would have decreased TNF-α 

mRNA levels compared to placebo-supplementing individuals. The data reported 

in this work extend and confirm the results of Chapter 3, demonstrating that CR-

supplementation is associated with diminished levels of TNF-α in vivo in healthy 

males. 

 

4.2 Materials and Methods 

 

4.2.1      Participants  

The experimental protocol described in Figure 15 was approved by the 

Creighton University Institutional Review Board. Healthy male participants (22 ± 

3 yrs) who were not currently using CR or any other ergogenic supplements, 

participants could not have used any of these supplements in the previous six 

weeks. After signing the Informed Consent Form, subjects were randomly 
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assigned to either the CR monohydrate (MusclePharm® Denver, CO, USA) or 

placebo group (maltodextrin; MusclePharm®). The supplementation regimen 

used was one commonly used by athletes [2,33,34,46,47]. For five days 

participants ingested 20 g of supplement divided into four doses (the loading 

phase), followed by 28 d of supplementing with 5 grams of CR or placebo 

(maintenance phase). Subjects were instructed to dissolve each 5 gram dosage 

of their study product in 12 - 16 oz. water prior to consumption. Participants 

recorded their dietary intake for three days each during the loading phase and 

the maintenance phase. At baseline and at the end of the loading phase, body 

weight was recorded using a calibrated scale, fat-free weight was measured 

using the BOD POD® (CosMed USA Inc. Chicago, IL). Following a standard 

warm-up on a cycle ergometer, a 1 RM bench press was determined, and a 50 

ml blood draw was taken. All physical testing data and dietary analysis were 

analyzed in the Department of Exercise Science and are not part of this 

dissertation. 
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Figure 15. Experimental design. Participants were randomized into either a 

CR- or placebo-supplemented group. Prior to beginning the supplementation 

regimen, physical testing and blood draws were performed. Similar testing was 

performed at the end of the loading and maintenance phases.  

  

Post-Maintenance Testing

Physical Testing (body weight, body 
fat, height, power measures); 

Diet/Activity Log
Blood draw

Post-Loading Testing

Physical Testing (body weight, body 
fat, height, power measures); 

Diet/Activity Log
Blood draw

Baseline Testing

Physical Testing (body weight, body 
fat, height, power measures)

Blood draw

Loading Phase: 5 g 4x/d x 5 d 

Maintenance Phase: 5 g /d x 28 d 
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4.2.2      Human Peripheral Blood Mononuclear Cell (PBMC) and Serum 

Collection 

Blood draws were performed by qualified personnel at the Creighton 

University Medical Center Pathology Laboratory. Blood was collected into BD 

Vacutainer® SST tubes for serum collection (Fisher Scientific), and BD 

Vacutainer® EDTA containing tubes (Fisher Scientific) for PBMC isolation. The 

buffy coat was isolated by first diluting the whole blood in PBS and layering the 

diluted blood over an equal volume of Histopaque 1077 (Sigma-Aldrich). 

Samples were then centrifuged at 1600-1700 rpm (25 °C) for 30-40 mins. The 

buffy coat layer was collected and transferred into new conical tubes and washed 

with PBS (1600 rpm x 7 min; 25 °C). The supernatant was discarded and the 

pellet resuspended in 3 ml of PBS. The resuspended pellet was aliquoted into 

microcentrifuge tubes and centrifuged at 0.8 rpm (10 °C) for six minutes. The 

supernatant was decanted and the pellets stored at -80 °C until the time of 

assay. Serum was obtained by centrifuging the serum separation tube at 2800 

rpm (25 °C) for 90 seconds. The serum was transferred into microcentrifuge 

tubes and then stored at -80 °C until the time of assay.  

 

4.2.3 Creatinine Assay - Human Serum 

Creatinine concentrations were measured using the Abcam Creatinine 

Assay Kit (Abcam). Five serum samples from each group were randomly chosen 

then thawed and 500 µl of each sample was centrifuged in a 10 kDa spin column 

(Abcam) at 10,000 x g for 10 mins at 4 °C to deproteinize the samples. The 



 

97 
 

samples were analyzed per the manufacture’s protocol as defined in Materials 

and Methods Section 3.2.3. Serum samples were not diluted in the assay.  

Statistical analysis was performed using a two-way ANOVA test. Post hoc 

analysis was performed using the Bonferroni test (* p< 0.001). 

 

4.2.4      RT2-PCR - Human Lymphocytes 

Human white blood cells were lysed in 1 ml of TRIzol (Invitrogen) for RNA 

isolation. RNA was isolated followed by DNase treatment and RT2-PCR as 

outlined in Materials and Methods Section 3.2.5-3.2.6. Primer sequences had 

100% homology to the human mRNA sequences and are shown in Table 3. Data 

analysis was performed using GraphPad Prism (GraphPad Software Inc.) using 

the Student’s t-test. p values of < 0.05 were considered statistically significant. 

 

4.3 Results 

 

4.3.1      Serum CRN levels are increased in CR-supplemented group after 

the loading phase compared to the placebo-supplemented group. 

As shown in Table 4, 10 mM CR breaks down very rapidly (approximately 8.5 

mM) into CRN in cell culture media within 10 mins of being exposed to an 

aqueous solution.  The majority of CR (approximately 9.2 mM) is hydrolyzed into 

CRN within 60 mins of exposure to an aqueous environment. To determine 

whether CRN levels were elevated in individuals who supplement with CR, we 

assayed the CRN concentration in sera of individuals who supplemented with 
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either CR or placebo. We hypothesized that CR-supplemented individuals would 

have increased levels of CRN in their sera following the 5 d loading phase 

compared to the placebo-supplemented group. The assay was performed at 

baseline (prior to beginning supplementation with CR or placebo) and after the 5 

d loading phase. CRN levels were significantly increased in CR-supplemented 

individuals (0.075 ± 0.016 mM) compared to the placebo-supplemented 

individuals (0.018 ± 0.004 mM) following the 5 d loading phase (Figure 16). This 

increase following the loading phase also provides a surrogate marker that 

subjects in the CR group were consuming the supplements as directed. 
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Figure 16. Serum CRN levels in CR- and placebo-supplemented individuals 

after the loading phase. Creatinine concentrations were significantly increased 

in sera obtained from individuals that supplemented with creatine (n=5) 

compared to individuals who supplemented with placebo (n=5) following the 

loading phase.  Statistical analysis was performed using a two-way ANOVA test. 

Post hoc analysis was performed using the Bonferroni test (* p< 0.001). 
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4.3.2      CR supplementation altered TNF-α mRNA levels in PBMCs.   

Following the loading phase (5 g x 4 for 5 days) blood samples were 

collected and PBMCs isolated. Following isolation of total RNA, TNF-α mRNA 

levels were assessed by RT2-PCR.  As shown in Figure 17 the average level of 

TNF-α mRNA was significantly reduced in PBMCs isolated from individuals in the 

CR-supplemented group (101 ± 15 %) compared to the placebo-supplemented 

group (160 ± 27 %) after the 5 d loading phase. In contrast, the PBMCs from the 

placebo-supplemented individuals experienced a slight increase in TNF-α mRNA 

levels after the 5 d loading phase compared to the baseline measurements 

(Figure 17). These data suggest that individuals supplementing with a standard 

CR loading regimen [217–219] have a reduction of the pro-inflammatory 

mediator, TNF-α. 
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Figure17. TNF-α mRNA expression in CR- and placebo-supplemented 

groups after the 5 d loading phase. TNF-α mRNA levels were decreased in the 

CR-supplemented group compared to the placebo-supplemented group after the 

5 d loading phase. Statistical analysis was performed using the student’s t-test 

with n = 22 for each group (* p = 0.046).  
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4.4 Discussion 

 

The main objective of this phase of the present study was to determine the 

effects of CR supplementation on the immune system in healthy male adults. 

From these data we conclude that during a 5 d loading phase of CR 

supplementation, subjects experienced decreasing mRNA levels of the anti-

inflammatory immunomodulator, TNF-α. This study is the first to use CR 

supplementation with healthy male adults not participating in an intense physical 

activity over a short duration to determine the effects of CR on the immune 

system, but combined both active and inactive participating groups. This anti-

inflammatory property of CR provides new insight of what this supplement could 

impact outside of the musculoskeletal system. Currently, our laboratory is 

working to further solidify these data by quantifying protein levels of TNF- in 

the sera. We did not observe differences within the CR- or placebo-

supplemented subjects based on whether or not they exercised regularly. 

CR supplementation has been shown to decrease pro-inflammatory 

markers in the serum after eccentric exercise [62-64]. A significant decrease of 

serum TNF-α was observed in CR-supplemented individuals after a 30-km race, 

a half-ironman competition, and after eccentric exercise in soccer players 

compared to the PL-supplemented participants [62-64]. Our data supports the 

research that CR monohydrate acts as an anti-inflammatory with a decrease in 

TNF-α, but our research is novel by observing the decrease of TNF-α in the 

lymphocytes collected in the buffy coat after the loading phase.  
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 Previous work from the laboratory demonstrated that CR hydrolyzes into 

CRN very quickly, the data displayed 85 % of the CR had converted into CRN by 

10 mins and the CRN concentration increased with time (Table 4). To determine 

if serum CRN levels were elevated in subjects following CR supplementation, we 

assayed for CRN levels in CR- and placebo-supplemented subjects. Subjects in 

the CR group had significantly higher levels of serum CRN than placebo-

supplemented subjects. Based on our previous work (Figures 3-5, 8, 11A) we 

hypothesize that the effects observed on TNF-  levels are the result of the 

increased levels of CRN, and not the direct impact of CR.  

 

Our collaborators in this study examined physical parameters including 

body weight, fat free weight, and 1 RM bench press. The results of these studies 

were consistent with previous work demonstrating that CR increases 

performance and increases body weight (data not shown) [9,33–35,39,42–

44,65,69,76,161,217,220–223]. The measuring of physical parameters also 

serves to validate that subjects were compliant with supplementation program. 

To our knowledge, this is the first study examining the modulation of cytokine 

levels by CR in healthy male adults without the impact of a physical activity such 

as an ironman competition or marathon [62, 64].. These data showing that CR 

supplemented individuals have reduced PBMC TNF-α mRNA levels is novel and 

supports our hypothesis that CR has anti-inflammatory properties that impacts 

the immune response, although we hypothesize that these effects are indirect 

and mediated by CR’s breakdown product, CRN. These findings are also 

consistent with our previous work demonstrating that TNF-α levels were 
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downregulated in vitro following exposure to either CR or its breakdown product, 

CRN (Chapter 3). Future studies from the laboratory will focus on further defining 

the impact of CR supplementation on other immune system parameters.  
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Chapter 5.  

 

 

 

 

Effects of CRN HCl on the viability of mouse macrophages following 

oxidative stress 
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5.1 Introduction 

Reactive oxygen species (ROS) are potential mediators of cell death 

[224,225] and are implicated in both necrotic and apoptotic cell death [224–227]. 

Our previous work has demonstrated that NF-κB signaling is decreased in the 

presence of CRN-HCl (Figure 14). Studies have shown that copper-zinc 

superoxide dismutase (SOD1), a well-described antioxidant, is regulated via the 

NF-kB pathway [228].  Another key antioxidant, glutathione peroxidase-1 

converts hydrogen peroxide (H2O2) into water [229–231], and is upregulated at 

times of oxidative stress [229].  Not all antioxidants are regulated via the NF-κB 

pathway – there is no evidence that catalase is regulated via this pathway 

[229,232].  

A study done by Sestili et al. (2006), determined that CR was effective in 

protecting U937 (human promonocytes) cells against oxidative damage [144]. 

The cells were pre-incubated with 3 mM CR for 2 hrs followed by exposure to 

varying concentrations of H2O2, tert-butyl hydroperoxide (tert-BuOOH), or 

peroxynitrite for an h [144]. However, our studies have demonstrated that the 

majority of CR is hydrolyzed into CRN by 60 mins (Table 4), which suggests that 

CRN is the compound responsible for the cytoprotection. To test this hypothesis, 

we utilized RAW cells exposed to CRN and/or agents that induced oxidative 

stress. 

In the studies described herein, we examine the ability of CRN-HCl to 

provide protection from cell death due to exposure to cellular stress induced by 

the oxidative agents H2O2, tert-BuOOH, and reactive nitrogen species SIN-1 

chloride. Results demonstrated that CRN-HCl provided protection from H2O2 and 



 

107 
 

SIN-1 mediated death, but not tert-BuOOH-mediated cell death. No significant 

changes in antioxidant levels were identified, suggesting that CRN-HCl is 

functioning directly as an antioxidant.   

 

5.2 Materials and Methods 

 

5.2.1 Viability Assay 

 RAW cells were plated in a 96-well plate at 100 µl per well of 1 x 105 

cells/ml and incubated overnight. Cells were pre-incubated with 10 mM CRN-HCl 

for 2 hrs prior to being exposed to agents capable of inducing oxidative stress. 

Control wells received media. After two hrs, the media was removed from the 

wells and the oxidative stressor was added to fresh media. Control wells received 

no stressor.  The oxidative agents used in this study were 0.5 mM H2O2 (Sigma-

Aldrich), 0.5 mM tert-BuOOH (Sigma-Aldrich), or 0.5 mM SIN-1 chloride 

(Cayman Chemical; Ann Arbor, MI USA). Following two hrs incubation, wells 

were stained using the FITC Annexin V Apoptosis Detection Kit II (BD 

Biosciences). The wells were washed with PBS and 1X Binding Buffer (BD 

Biosciences). Cells were then stained with Annexin V to identify apoptotic cells 

(BD Biosciences), propidium iodide to stain necrotic cells (BD Biosciences), and 

4',6-diamidine-2'-phenylindole dihydrochloride (DAPI) to stain nuclei (Fisher 

Scientific). Images were acquired using the ImageXpress Micro XLS System 

(Molecular Devices) using a 20 x objective. The confocal high-throughput 

microscope captured 52 images per well, covering 75 % of the area of the well. 
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Prior to running the plate, the microscope was focused using a Z-stack series 

which acquired 24 planes of images in which the most-in focus image was 

determined and used to calculate the offset, this allowing for the acquisition of 

the best focused cells for each wavelength. Images were acquired using the 

multi-wavelength cell scoring module with the DAPI, FITC, and TRITC channels. 

Analysis was performed using MetaXpress Software (Molecular Devices) to 

determine the average number of live cells in each treatment group. All samples 

were assayed in triplicate and data expressed as the average number of live 

cells per well. Data analysis was performed with GraphPad (GraphPad Software 

Inc.) and analyzed by one-way ANOVA with a Bonferroni post-test. Probability 

values < 0.05 were considered statistically significant. 

 

5.2.2 IHC Staining 

RAW cells were grown to 80-90 % confluency in tissue culture flasks 

(ThermoFisher Scientific). Cells were treated with 10 mM CRN-HCl for 2 hrs prior 

to exposure to 0.5 mM H2O2, 0.5 mM tert-BuOOH, or 0.5 mM SIN-1 for 2 hrs. 

Flasks treated with CRN-HCl, SIN-1, H2O2, tert-BuOOH or media were incubated 

for 2 hrs. Staining was performed on cytospins which were fixed in cold acetone 

(Fisher Scientific), air-dried, and rehydrated in PBS. Slides were stained as 

outlined in Materials and Methods 3.2.2 using the appropriate antibodies listed 

in Table 2.  

 

5.2.3 Western Blot 
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 RAW cells were grown to 80-90 % confluency in tissue culture flasks and 

treated much like the 5.2.1 Viability Assay and 5.2.2 IHC Staining. After the 

cells were pre-treated with CRN followed by the exposure of the oxidative agents 

the cells were washed with cold PBS, lysed with 1 ml of RIPA buffer (Alfa Aesar; 

Tewksbury, MA, USA), and scraped and transferred into microcentrifuge tubes. 

Cells were ultra-sonicated for 30 seconds followed by centrifugation (10,000 x g 

for 10 mins at 4 °C) and the supernatant was transferred to a new 

microcentrifuge tube. Protein concentration was determined by using the BCA 

Protein Assay Kit via the manufacturer’s protocol (Thermo Fisher 

Scientific/Pierce).Samples were incubated with Buffer A and Buffer B (Thermo 

Fisher Scientific/Pierce) in a 96-well plate for 30 mins, then read on a plate 

reader at 562 nm on an EnSpire® Alpha Plate Reader (PerkinElmer). 

Concentrations were determined and samples were diluted to the lowest 

concentration and 2X laemmli loading buffer (Sigma-Aldrich) was added. 

Samples were loaded and separated on a 10-20 % Tris-glycine gel (Invitrogen) 

followed by protein transfer onto a PVDF membrane (Bio-Rad). The membrane 

was blocked for 1 hr at room temperature in 5 % non-fat powdered milk and 

TTBS. Primary antibodies glutathione peroxidase, SOD1, and GAPDH 

(ThermoFisher) were incubated independently overnight in blocking solution. 

Three washes with TTBS, followed by secondary antibodies goat anti-rabbit HRP 

(Product #: AP132P; Millipore) was used to detect glutathione peroxidase and 

SOD1, and peroxidase conjugated affiniPure F(ab’)2 fragment goat anti-mouse 

IgG (Product #: 115-036-006; Jackson Immunology Research) was used to 
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detect GAPDH. After incubation of the secondary antibody, detection and 

analyses of the proteins were completed using Supersignal West Femto 

Maximum Sensitivity Substrate (Thermo Fisher Scientific/Pierce) on a Li-cor C-

DiGit blot scanner and software program (Li-Cor Biosciences; Lincoln, NE, USA).   

  

5.3 Results 

 

5.3.1 Pre-treatment with CRN-HCl protects RAW cells against H2O2 and 

SIN-1-mediated death. 

To determine if CRN possesses antioxidant properties, a viability assay was 

done using a non-subjective methodology. RAW cells were pre-treated with 10 

mM CRN for 2 hrs and then exposed to 0.5 mM H2O2, 0.5 mM tert-BuOOH, or 

0.5 mM SIN-1 chloride and incubated for an additional 2 hrs. Following staining 

and analysis, the percentage of viable cells was calculated for each test 

condition. Cells exposed to CRN alone were used as the control, as CRN had no 

impact of cell viability (100% viable)[127]. Cells exposed to H2O2 experienced 

significant cell death (11.33 ± 1.55 % viable cells; Figure 18). Viability was 

significantly improved when cells were first pre-treated with CRN then H2O2 

(53.23 ± 2.44 %) relative to the CRN control-treated cells (100 %; Figure 18). 

Similar results were observed in the CRN and then SIN-1-treated cells (86.97 ± 

2.31 % viable cells) compared to the SIN-1-treated cells (57.61 ±3.39 % viable 

cells; Figure 19). Interestingly, there was a small increase in the viability of tert-

BuOOH-treated cells in the presence of CRN (53.53 ± 3.42 %), however this 
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difference was not significantly different from the viability of tert-BuOOH-treated 

cells in the absence of CRN (45.68 ± 3.41 %; Figure 19). These data suggest 

that CRN possesses antioxidant qualities by providing protection against 

oxidative agents, and that the protection is very specific with regards to the 

antioxidants induced following CRN exposure. 
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Figure 18. RAW cell viability following exposure to 10 mM CRN-HCl and 0.5 

mM H2O2. RAW cells were pre-treated with CRN-HCl for 2 hrs followed by 

incubation with H2O2 for 2 hrs. CRN-HCl pre-treatment prior to exposure to H2O2 

significantly increased the viability of cells compared to the H2O2-treated cells. 

The values represent the percent of viable cells relative to the control ± the SEM. 

Statistical analysis was performed using a one-way ANOVA post hoc Bonferroni. 

Probability values of < 0.05 were considered statistically significant. 
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Figure 19. RAW cell viability following exposure to 10 mM CRN-HCl and 0.5 

mM SIN-1 chloride or 0.5 mM tert-BuOOH. RAW cells were pre-treated with 

CRN-HCl for 2 hrs followed by incubation with either tert-BuOOH, or SIN-1 

chloride for 2 hrs. CRN-HCl pre-treatment prior to exposure to SIN-1 chloride 

significantly increased the viability of the cells, but not with tert-BuOOH. The 

values represent the percent of viable cells relative to the control ± the SEM. 

Statistical analysis was performed using a one-way ANOVA post hoc Bonferroni. 

p-values of < 0.05 were considered statistically significant. 
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5.3.2 RAW cells pre-treated with CRN-HCl did not have significant 

alterations of glutathione peroxidase, SOD1, or catalase expression 

following exposure to H2O2 

The addition of CRN-HCl was seen to significantly increase cell viability 

with the exposure to oxidative stressors H2O2 and SIN-1 chloride, but not tert-

BuOOH (Figures 18-19). Under normal culture conditions, RAW 264.7 cells 

express the antioxidants catalase [233,234], SOD1 [234], and glutathione 

peroxidase [235]. We hypothesized that pre-treatment of the cells with CRN-HCl 

followed by exposure to oxidative stressors, would upregulate catalase, SOD1, 

and/or glutathione peroxidase compared to the control-treated or oxidatively 

stressed cells. Immunohistochemical staining was performed to determine if 

antioxidants were expressed by the RAW cells. The control-treated cells (Figure 

20A) were positive for catalase expression as expected [233,234] and cells 

treated with CRN-HCl followed by H2O2-exposure (Figure 20C) had a minimal 

increase in staining intensity compared to the control-treated cells and the H2O2-

treated cells (Figure 20B).  

Immunostaining with an antibody specific for SOD1 demonstrated that 

there was similar staining in the cells treated with CRN-HCl  followed by H2O2 

treatment (Figure 21C) compared to the control-treated cells (Figure 21A) and 

H2O2-treated cells (Figure 21B). 

Glutathione peroxidase levels appeared slightly reduced in cells exposed 

to hydrogen peroxide and treated with CRN-HCl (Figure 22C) compared to CRN-

HCl treated RAW cells (Figure 22D).  
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Figure 20. Catalase expression in RAW cells treated with 10 mM CRN-HCl 

and then exposed to 0.5 mM H2O2. Cells were treated with media only (A), 

H2O2 for 2 hrs (B), pre-treatment with CRN-HCl for 2 hrs followed by incubation 

with H2O2 (C), or CRN-HCl for 2 hrs (D).  Non-specific staining controls received 

rabbit IgG (isotype control) in lieu of primary antibody (E).  
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Figure 21. SOD1 expression in RAW cells treated with 10 mM CRN-HCl and 

then exposed to 0.5 mM H2O2. Cells were treated with media only (A), H2O2 for 

2 hrs (B), pre-treatment with CRN-HCl for 2 hrs followed by incubation with H2O2 

(C), or CRN-HCl for 2 hrs (D).  Non-specific staining controls received rabbit IgG 

(isotype control) in lieu of primary antibody (E). 
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Figure 22. Glutathione peroxidase expression in RAW cells treated with 10 

mM CRN-HCl and then exposed to 0.5 mM H2O2. Cells were treated with 

media only (A), H2O2 for 2 hrs (B), pre-treatment with CRN-HCl for 2 hrs followed 

by incubation with H2O2 (C), or CRN-HCl for 2 hrs (D).  Non-specific staining 

controls received rabbit IgG (isotype control) in lieu of primary antibody (E). 
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Treatment of cells with tert-BuOOH did not induce alterations in the 

expression of catalase (Figure 23C), SOD1 (Figure 24C), or glutathione 

peroxidase (Figure 25C) by CRN-HCl treated cells compared to cells exposed to 

the oxidative stressor alone (Figures 23B, 24B, 25B), respectively.  
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Figure 23. Catalase expression in RAW cells treated with 10 mM CRN-HCl 

and then exposed to 0.5 mM tert-BuOOH. Cells were treated with media only 

(A), tert-BuOOH for 2 hrs (B), pre-treatment with CRN-HCl for 2 hrs followed by 

incubation with tert-BuOOH (C), or CRN-HCl for 2 hrs (D).  Non-specific staining 

controls received rabbit IgG (isotype control) in lieu of primary antibody (E). 

 

 

 

 

 

   

   

E. D. 

A. C. B. 

6 µm 

6 µm 6 µm 6 µm 

6 µm 



 

120 
 

 

 

 

 

Figure 24. SOD1 expression in RAW cells treated with 10 mM CRN-HCl and 

then exposed to 0.5 mM tert-BuOOH. Cells were treated with media only (A), 

tert-BuOOH for 2 hrs (B), pre-treatment with CRN-HCl for 2 hrs followed by 

incubation with tert-BuOOH (C), or CRN-HCl for 2 hrs (D).  Non-specific staining 

controls received rabbit IgG (isotype control) in lieu of primary antibody (E). 
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Figure 25. Glutathione peroxidase expression in RAW cells treated with 10 

mM CRN-HCl and then exposed to 0.5 mM tert-BuOOH. Cells were treated 

with media only (A), tert-BuOOH for 2 hrs (B), pre-treatment with CRN-HCl for 2 

hrs followed by incubation with tert-BuOOH (C), or CRN-HCl for 2 hrs (D).  Non-

specific staining controls received rabbit IgG (isotype control) in lieu of primary 

antibody (E). 
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The SIN-1 chloride-treated cells induces the production of peroxynitrite, a 

reactive nitrogen species [236–238]. To determine if the cells respond differently 

when a reactive nitrogen species is generated versus an oxidative agent, cells 

were exposed to SIN-1. IHC demonstrated that there was a slight upregulation in 

the SOD1 and glutathione peroxidase staining intensity of the CRN-HCl and then 

SIN-1-treated cells (Figure 27C, 28C) compared to the control-treated (Figure 

27A, 28 A) and the SIN-1-treated cells (Figure 27B, 28B). No difference in 

catalase levels was observed with the CRN-HCl followed by SIN-1-treated cells 

(Figure 26C) compared to the SIN-1-treated cells (Figure 26B). 
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Figure 26. Catalase expression in RAW cells treated with 10 mM CRN-HCl 

and then exposed to 0.5 mM SIN-1. Cells were treated with media only (A), 

SIN-1 for 2 hrs (B), pre-treatment with CRN-HCl for 2 hrs followed by incubation 

with SIN-1 (C), or CRN-HCl for 2 hrs (D).  Non-specific staining controls received 

rabbit IgG (isotype control) in lieu of primary antibody (E). 
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Figure 27. SOD1 expression in RAW cells treated with 10 mM CRN-HCl and 

then exposed to 0.5 mM SIN-1. Cells were treated with media only (A), SIN-1 

for 2 hrs (B), pre-treatment with CRN-HCl for 2 hrs followed by incubation with 

SIN-1 (C), or CRN-HCl for 2 hrs (D).  Non-specific staining controls received 

rabbit IgG (isotype control) in lieu of primary antibody (E). 
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Figure 28. Glutathione peroxidase expression in RAW cells exposed to 0.5 

mM SIN-1 and treated prior with 10 mM CRN-HCl. Cells were treated with 

media only (A), SIN-1 for 2 hrs (B), pre-treatment with CRN-HCl for 2 hrs 

followed by incubation with SIN-1 (C), or CRN-HCl for 2 hrs (D).  Non-specific 

staining controls received rabbit IgG (isotype control) in lieu of primary antibody 

(E). 
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 The IHC data displayed no real changes in antioxidant levels. To 

determine a quantitative amount of antioxidant expression western blot analysis 

was utilized. To determine the protein expression of glutathione peroxidase and 

SOD1 in CRN pre-treated cells followed by the various oxidative agents, western 

blot was completed. The glutathione peroxidase protein expression had no 

significant difference in the cells pre-treated with CRN-HCl followed by the 

incubation of H2O2, tert-BuOOH, or SIN-1 compared to the respective oxidatively 

alone stressed cells (Figure 29). The SOD1 protein expression had similar 

results as the glutathione peroxidase data (data not shown).  
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Figure 29. Glutathione peroxidase protein expression in RAW cells 

exposed to pre-treatment of CRN followed by oxidative stressors. 

Glutathione peroxidase protein expression was not significantly upregulated with 

the addition of CRN and oxidative agents H2O2, tert-BuOOH, or SIN-1 chloride as 

shown in the blot (A) and in the graph (B). The blot is a representation of three 
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independent experiments (A). The values represent the average percent of 

glutathione peroxidase expression from those experiments (B).  
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5.4 Discussion 

Oxidative agents can impair muscle recovery after intense exercise [239–

241]. A small number of studies have focused on the direct antioxidant qualities 

of CR [143,144,147], a well-documented ergogenic dietary supplement 

[30,31,242]. However, critical analysis of the studies involving CR’s antioxidant 

function suggest that CRN, not CR is the mediator of these effects, as the time-

frame of these studies suggest that CR has hydrolyzed into CRN (Table 4). 

In the work described herein, CRN has been demonstrated to possess 

antioxidant properties and protect cells from cell death (Figures 18, 19). ROS 

are produced endogenously as a result of normal cellular metabolism [224]. 

Oxidative stress contributes to pathological conditions including  cancer [243], 

asthma [244–246], and neurodegenerative diseases such as Parkinson’s 

Disease and amyotrophic lateral sclerosis [247–252]. The generation of high 

amounts of ROS induced by bacterial and viral infections, 

environmental/chemical stimulants such as cigarette smoke, and physical 

damage which can ultimately lead to inflammation, DNA damage, and cell death 

[224,225,253]. Activation of the NF-kB pathway can produce mediators that 

protect the cell from ROS [229] including  SOD1 which catalyzes the superoxide 

(O2˙ ˉ) radical into H2O2 and glutathione peroxidase which catalyzes H2O2 into 

water, but can also reduce lipid peroxides and peroxynitrite [229–231]. It is 

unknown whether catalase is regulated by the NF-κB pathway, one study 

suggests that catalase inhibits the pathway as its promoter is bound by p50 
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subunit of NF-κB under normal conditions, and is downregulated when NF-κB is 

activated [232]. 

The reactive nitrogen species (RNS) SIN-1 chloride produces both nitric oxide 

and superoxide which can generate peroxynitrite under physiological conditions 

[236–238]. The concentrations and incubation time of the oxidative agents were 

chosen by testing varying doses of the agents on RAW cells for 1-4 hrs. The 4 h 

incubation time killed the majority of the cells while the 1 h had no effect at any of 

the concentrations tested (data not shown). The lower concentrations (0.1 mM 

and 0.3 mM) of the oxidative agents did not have a significant effect on the 

viability of the RAW cells while a concentration of 0.5 mM for 2 hrs had 

injured/killed many cells, but did not eliminate them entirely. Pre-incubating RAW 

cells with CRN resulted in increased numbers of viable cells following exposure 

to H2O2, tert-BuOOH, and SIN-1 chloride, although the increase in viability was 

not statistically significant following  exposure to CRN and tert-BuOOH compared 

to tert-BuOOH-treated cells (Figures 18, 19). The increase in cell viability 

supports the hypothesis that CRN provides protection against oxidative 

stressors.  

We examined the levels of a variety of antioxidants known to be produced by 

RAW cells - catalase, SOD1, or glutathione peroxidase. Based on our studies, it 

is not likely that the mechanism of how CRN functions to protect cells from 

reactive oxygen or nitrogen species is via the upregulation of these mediators 

(Figures 20-28). While there may be modest changes in the levels of these 

agents following exposure to CRN, our working hypothesis is that CRN has direct 
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antioxidant capabilities, a hypothesis that is supported by the work of Lawler et 

al. (2002) that suggests CR has antioxidant properties [143]. Our work suggests 

that the actual mediator of these effects is CRN, not CR (Figures 18-28).  

Further studies from the laboratory will focus on the mechanism of protection of 

CRN as an antioxidant.  
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Previous studies from the laboratory have suggested that some of the in vitro 

effects of CR on cells may actually be attributed to CRN [127]. Creatine 

hydrolyzes very quickly into CRN (Table 4) [2], and the time points chosen for 

most studies utilizing CR in vitro allows for the conversion of CR into CRN 

(Figures 9-11). Unlike CR which requires the SLC6A8 transporter to enter the 

cell [2,13,14], CRN enters and exits the cell by diffusing across the cell 

membrane [2,5]. Studies from the laboratory demonstrated that despite the 

presence of the SLC6A8 transporter on RAW, THP-1, and Jurkat cells, (Figure 

2) the decrease in TNF-α transcript and protein levels following incubation with 

CR or CRN yielded similar results (Figures 3-5, 8-11). The majority of CR is 

converted into CRN after 20 min in cell culture media causing the decrease on 

TNF-α mRNA and protein expression (Table 4 and Figures 3-5, 8-11), further 

supporting the conclusion that the observed effects were mediated by CRN, not 

CR. 

The human study demonstrated a significant reduction in PBMC TNF-α 

mRNA expression after the 5 d loading phase (4 x 5 g/d for 5 d), suggesting that 

CR supplementation acts as an anti-inflammatory immunomodulator when a high 

dose of CR is taken. The anti-inflammatory nature of CR has been supported by 

studies analyzing the effects of CR in vivo and in vitro [62–64,127]. However, 

studies examining the effect of CR in an aerobically trained mouse models of 

asthma reported that CR exacerbated airway remodeling, inflammation, and 

hyperresponsiveness [139,140]. Based on the studies done using CR 

supplementation on TLR expression, airway remodeling, and our data 
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demonstrating reduced TNF-α levels, we hypothesize that CR reduces the ability 

for immune cells to recognize an infection and clear it, driving the immune 

system towards a Th2-mediated inflammatory response. We further hypothesize 

that the observed effects should be attributed to CRN, not CR due to the rapid 

conversion of CR into CRN in an aqueous environment (Table 4) [2]. 

We examined the mechanism by which CRN downregulates TNF-α at both 

the mRNA and protein level. One pathway that initiates the production of TNF-α 

is the nuclear factor-kappa B (NF-κB) pathway [182,196,198,199]. A simplified 

version of this extensive pathway is shown in Figure 29 [182,196,197] and is 

activated by the stimulation of pro-inflammatory receptors, such as TNF receptor 

superfamily, TLRs, and interleukin receptors [229]. The final step in the activation 

of this pathway involves the translocation of p65 into the nucleus, and we have 

determined that there is a reduction of p65 in the nuclei of CRN-treated RAW 

cells compared to the controls (Figure 14).  The mechanism of how the p65 

subunit is prevented from entering the nucleus is not known, although current 

data from the laboratory suggests that it is not related to a reduced expression 

level of importins (data not shown). Other potential mechanisms to be considered 

that would result in decreased p65 in the nucleus would be inhibition of the IκB 

kinase (IKK) activation, upregulation of IκB production, and prevention of IκB 

degradation.  
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Figure 30. A simplified version of the NF-κB pathway. A signal causes the 

activation of IκB kinase which phosphorylates the inhibitor IκB that is bound to 

the p50/p65 subunits. The phosphorylation of IκB causes it to unbind to the 

subunits and initiate proteasome degradation. The subunits are transported into 

the nucleus via importin protein. Once in the nucleus, the subunits initiate the 

production of cytokines, receptors, and other mediators.   
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 The NF-κB pathway also plays a role in the presence of increased ROS 

levels [229]. One of the most important ways in which the NF-κB prevents cell 

death as a result from exposure to ROS is via the production of antioxidants 

[229] including SOD1 and glutathione peroxidase [229–231]. Creatinine-alone 

treated cells had no change in glutathione peroxidase, catalase, or SOD1 

expression compared to the control-treated cells (Figures 20-28), which 

suggests that CRN by itself cannot induce the production of antioxidants. We 

hypothesized that cells treated with CRN, which inhibits translocation of p65 into 

the nucleus, would have increased levels of antioxidants following exposure to 

oxidative or nitrosative agents. Based on the results from the IHC we saw 

minimal impact on protein expression of SOD1 and glutathione peroxidase 

(Figures 21-22, 24-25, 27-28). The NF-κB pathway is not the only cellular 

signaling pathway to induce the production of antioxidants in an 

oxidative/nitrosative stressed environment [229,254–257]. The Keap1/Nrf2/ARE 

(Kelch-like ECH-associated protein 1/nuclear factor erythroid-derived 2-related 

factor 2/antioxidant response element) redox-signaling system plays a critical 

role in cellular protection against ROS and RNS by inducing the production of 

antioxidants [254–256,258,259]. The upregulation of antioxidant protein 

expression could be attributed to the induction of this pathway even when CRN is 

inhibiting the NF-κB pathway. If this were true, one would hypothesize that CRN 

acts as a direct antioxidant reducing the oxidative agents to provide 

cytoprotection. Future work is needed to further define the antioxidant property of 
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CRN and the mechanism of protection of CRN as an antioxidant as well as 

determine if the same antioxidant protection of CRN can be applied in vivo. 
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 Based on our findings, we conclude that CRN acts as an anti-inflammatory 

immunomodulator by decreasing pro-inflammatory cytokine TNF-α mRNA and 

protein expression in vitro and in vivo. Furthermore, CRN possesses antioxidant 

activity by providing protection to cells against oxidative stressors. The 

mechanism of how CRN provides protection against cell death remains 

undefined.  This dissertation identified novel functions for CRN, which had 

thought to have been an inert waste product of CR metabolism [2,5,17,127,148]. 

These newly defined functions of CRN add to the potential therapeutic use CR 

supplementation could have in diseases characterized by an over-expression of 

TNF-α, such as rheumatoid arthritis. The effects of CRN in an in vivo model have 

yet to be explored and future work will be designed to identify the impact CRN 

has on other pro-inflammatory mediators and further define where in the NF-κB 

pathway CRN affects TNF-α production. 
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