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Abstract:



Creatine is an ergogenic compound used by athletes to enhance performance. Supplementation with creatine monohydrate (CM) has been suggested for musculoskeletal and neurological disorders. Until now, little is known about its pharmacokinetic profile. Our objective was to determine the oral bioavailability of CM and the influence of dose on oral absorption. Rats were dosed orally with low dose (10 mg/kg) or high dose (70 mg/kg) 13C-labeled CM. Blood samples were removed at various time points. Muscle and brain tissue were collected at the conclusion of the study. Plasma and tissue levels of 13C-labeled creatine were determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Physiologically based pharmacokinetic (PBPK) models of CM were built using GastroPlus™. These models were used to predict the plasma concentration–time profiles of creatine hydrochloride (CHCL), which has improved aqueous solubility compared to CM. Absolute oral bioavailability for low dose CM was 53% while high dose CM was only 16%. The simulated Cmax of 70 mg/kg CHCL was around 35 μg/mL compared to 14 μg/mL for CM with a predicted oral bioavailability of 66% with CHCL compared to 17% with CM. Our results suggest that the oral bioavailability of CM is less than complete and subject to dose and that further examination of improved dosage formulations of creatine is warranted.
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1. Introduction


Creatine is a naturally occurring guanidine compound mostly found in skeletal muscles (95%) [1], with smaller amounts found in brain, kidneys, liver, and testes [2]. In addition to the synthesis in the liver and kidneys, creatine can be obtained exogenously through the diet especially in protein-based foods such as meat, fish, and nuts [2]. Creatine is part of the adenosine triphosphate (ATP)/phosphocreatine (PCr) phosphogen energy system, and plays a critical role in providing a readily available source of phosphate for the replenishment of ATP [3]. Creatine dietary supplements, mostly in the form of creatine monohydrate (CM), have been widely used as an ergogenic aid by athletes and bodybuilders to enhance exercise and performance [4]. In addition, creatine supplementation has been shown to be beneficial in the treatment of certain diseases, such as those involving muscular atrophy or fatigue secondary to impaired energy production [2]. Also, recent evidence indicates creatine may be useful in the treatment of many neurodegenerative disorders including Huntington’s disease, Alzheimer’s disease, and Parkinson’s disease [5,6,7,8,9,10].



Dietary supplementation with CM for improved athletic performance typically involves a loading dose of 20 g per day over a five day period, followed by a daily maintenance dose of three to five grams [2]. This regimen has been reported to result in an approximately 20% increase in intramuscular creatine levels [11] and to enhance strength and improve recovery time in a variety of performance conditions [11,12,13]. Dietary supplementation with CM for therapeutic indications typically require daily doses that exceed 20 g [6]. Indeed, in clinical studies of Huntington’s disease, patients received as much as 30 g daily doses of CM [6]. Given the aqueous solubility of CM, which is around 18 mg/mL [14], doses above three to five grams are likely administered as a suspension. Thus dietary supplementation with CM can vary greatly in dosage and dosage form depending on the indication and desired effect.



While it is widely assumed that CM is 100% bioavailable and has complete or nearly complete absorption in the gastrointestinal tract [15], little scientific evidence for this is available. Previous in vitro studies of CM permeability in the Caco-2 model [16,17] suggest that the passage of creatine across the intestinal epithelium is limited. These studies, together with the observation that large doses are required to achieve the desired performance and therapeutic effects of creatine, suggest that the oral bioavailability of CM is incomplete. The objective of the current study was to examine the oral bioavailability, pharmacokinetic (PK) properties and tissue distribution of CM following single oral dose administration in rats. As single doses in humans can vary from one gram to more than 20 g [2], the potential influence of dose on oral absorption was also examined. Our results indicate that the oral bioavailability of CM is dose-dependent with the low dose having greater bioavailability than high dose. Given the anticipated concentrations of CM in the intestinal lumen, the reduced bioavailability with high dose CM is likely due to solubility issues rather than potential transport or carrier interactions at the site of absorption. This was further confirmed using physiological-based PK (PBPK) modeling of CM and other more soluble creatine supplements.




2. Materials and Methods


2.1. Materials


Sprague–Dawley rats were purchased from Charles River Laboratories (Wilmington, MA, USA). Creatine-(guanidino-13C) monohydrate (CM-13C) (product number 569925) was obtained from Sigma Aldrich (St. Louis, MO, USA). Creatine (methyl-d3) (product number DLM-1302-0.25) was obtained from Cambridge Isotope Laboratories, Inc. (Tewksbry, MA, USA). Catheter locking solution was purchased from SAI infusion technologies (Lake Villa, IL, USA). All other chemicals were purchased from Sigma-Aldrich unless otherwise stated.




2.2. PK Study in Rats


The study was approved by the University of Manitoba Animal Care Committee (Protocol 14-010; 27 January 2014) and was performed in accordance with the Canadian Council on Animal Care guidelines. Twelve adult male Sprague–Dawley rats weighing 280–310 g were anesthetized with isoflurane and implanted with jugular vein catheters. The catheters were externalized and secured on the dorsal side of the neck. Rats were allowed to recover and acclimatize for at least one week before the start of the study. During this period, the catheters were flushed with heparinized saline every other day. In addition, the rats had free access to food and water and were kept in a facility with a 12 h light/dark cycle, controlled humidity (55 ± 5%), and controlled temperature (21 ± 2 °C). Food was withheld 12 h prior to the PK study.



Rats were given either low dose (10 mg/kg) or high dose (70 mg/kg) of CM-13C, dissolved in normal saline solution. Doses (1 mL/kg) were administered via oral gavage. A separate treatment group received 10 mg/kg CM-13C by bolus intravenous (iv) injection. Serial blood samples (0.2 mL) were collected at various time points (0–240 min) following oral and iv administration of CM-13C in tubes containing citrate buffer. Following the last blood sampling (i.e., 240 min after creatine administration), rats were anesthetized and euthanized by decapitation, muscle and brain tissue samples were collected and immediately freeze-clamped in liquid nitrogen. Following liquid nitrogen freezing, tissue was weighed, and stored at −80 °C. Plasma fractions were immediately obtained from blood samples by centrifugation (15 min at 2000× g) and stored at −80 °C until further analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS).



Plasma data were subjected to non-compartmental PK analysis using Excel. The initial serum concentration (Cp0) of creatine-13C was obtained directly from the log concentration–time curve. The maximum plasma concentration (Cmax) and time taken to reach Cmax (Tmax) were estimated directly from the plasma concentration–time curves. The elimination rate constant (λz) was determined by linear regression analysis of the terminal phase of the plasma concentration (log scale)–time curve. The total area under the plasma concentration–time curve (AUC0–t) was calculated using the linear trapezoidal rule. The AUC from 0 to infinity (AUC0–∞) was calculated using the formula: AUC0–t + Clast/λz; where Clast is the last measurable nonzero plasma concentration. Absolute oral bioavailability (F) was calculated using the formula: (AUCoral/AUCIV) × (DoseIV/Doseoral). The half-life (T1/2) was calculated using the formula: T1/2 = In2/λz. Clearance (CL) was calculated as CL = dose/AUC0–∞. The apparent volume of distribution (Vd) was calculated as Vd = CL/λz.




2.3. Sample Preparation


2.3.1. Plasma and RBC Samples Preparation


Blood samples were centrifuged for 10 min at 2000× g and the plasma and cell fractions collected and stored at −80 °C. For LC-MS/MS analysis, 10 μg/mL of the internal standard, creatine-d3, dissolved in citrate buffer (0.13 g citrate/mL distilled water, pH 4.3), was added to 100 μL of plasma from each sample. Then, 1 mL of cold acetonitrile (with 0.3% Formic acid, pH 3) was added to each sample to precipitate protein. The samples were vortexed for 2 min and centrifuged at 15,000× g for 5 min. The supernatant was transferred to new tubes and evaporated to dryness using a Savant SPD1010 SpeedVac Concentrator (Thermo Fisher Scientific, Inc., Asheville, NC, USA) at 45°. The cell fraction from the collected blood was thawed and the lysed cells were then processed as described above for plasma samples.




2.3.2. Brain and Muscle Samples Preparation


Brain and muscle tissue were homogenized in citrate buffer at a concentration of 1.3 g tissue/7 mL citrate buffer using electric homogenizer. Then, 10 μg/mL of the internal standard was added to 100 μL of the samples. After vortex, 1 mL of ice-cold acetonitrile was added and the samples were centrifuged at 15,000 rpm for 5 min at 4 °C. Supernatants were collected and transferred to a clean tube. Samples were then dried using SpeedVac.





2.4. LC-MS/MS Analysis


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



Tissue and plasma samples were analyzed for creatine-13C. The analytical column used was a Primesep 200 (3 μm, 2.1 × 100 mm) (SIELC Technologies, Wheeling, IL, USA) mixed function cation exchange column. The mobile phase consisted of a pH gradient with mobile phases A (0.05% aqueous formic acid) and B (1% formic acid in acetonitrile). A linear gradient was applied from 0% to 85% B over 4 min, held at 85% B for 2 min followed by a step down to 0% B and held for 4 min to recondition and equilibrate the column prior to the next injection. The total flow rate of the system was 0.4 mL/min and the column oven was set at 40 °C. The following transitions were monitored in positive MRM mode: m/z 133.1 > 90.1 (collision energy (CE) of 15 eV) for creatine-13C and 135.1 > 93.1 (CE of 15 eV) for creatine-d3.



2.4.1. Stock and Working Standard Solutions


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




2.4.2. Sample Preparation for Standards


The working standards were added to 100 μL plasma, muscle homogenate or brain homogenate (homogenized at 1.3 g tissue/7 mL citrate buffer) containing 10 μg/mL internal standard in microcentrifuge tubes for concentrations described above. Cold acetonitrile with 0.3% formic acid (1 mL at −20 °C) was promptly added to the samples to precipitate proteins. The samples were vortexed for 2 min and centrifuged at 15,000× g for 5 min. The supernatant was transferred to new tubes and evaporated to dryness using SpeedVac at 45 °C. The dried samples were reconstituted in 50 μL of 0.05% aqueous formic acid and 3 μL were injected into the LC-MS/MS system.





2.5. Physiologically Based Pharmacokinetic Modeling (PBPK)


All PBPK models and simulations were performed using GastroPlus, version 9.0 (Simulations Plus Inc., Lancaster, CA, USA). This module simulates and predicts PK profiles of compounds using input parameters based on the physicochemical properties (e.g., solubility, LogP, pKa) of the compound and species-specific physiological disposition properties (e.g., Vd, blood flow and renal and metabolic clearance rates). The modeling program consisted of various tissue compartments, including the heart, lung, liver, spleen, gastrointestinal tract, adipose tissue, skeletal muscle, brain, kidney, skin, reproductive organs linked together by venous and arterial blood circulation. Physiological parameters including tissue volume and blood flow and vascular permeability were set within the software for the species of interest. The PBPK model was used to simulate plasma concentration–time curves and predict tissue distribution and PK parameters, such as Cmax, Tmax, Vd CL and AUC, for both CM and creatine hydrochloride (CHCl).




2.6. Statistics


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





3. Results


3.1. LC-MS/MS Assay


Assay limits and accuracy were determined by inter-day analysis of standard curves prepared in rat plasma (n = 4). The lower limit of quantitation (LLOQ) was determined to be 0.5 μg/mL as the lowest point on the curve to achieve a coefficient of variation (CV) no higher than 20%. This was calculated to be 0.551 ± 0.098 μg/mL (CV of 17.8%). The curve was linear between 0.5 and 50 μg/mL with no point other than LLOQ exceeding 15% CV. Quality control samples of 2.5 and 10 μg/mL were measured during analysis and their recoveries were 98.0 ± 3.76% and 99.6 ± 1.09% respectively. Unknown samples exceeding 50 μg/mL were diluted using mobile phase containing 10 μg/mL internal standard and calculated based on the dilution factor. All back-calculated samples were within 15% agreement with their original extrapolated values, suggesting linearity beyond 50 μg/mL.



Blank plasma containing 10 μg/mL internal standard (Figure 1A) showed trace amounts of creatine-13C from endogenous creatine due to the natural abundance of 13C. This was accounted for since the curve was generated in plasma; however, this is a limitation to the assay with respect to the LLOQ in comparison to other LC-MS/MS assay for creatine [18,19]. Standard in plasma at 10.0 μg/mL and an unknown measured to be 10.7 μg/mL (Figure 1B,C respectively) show consistency in retention time and ionization demonstrating the robustness of the assay. The choice of stable isotope labeled internal standards was made based on the similarity of the internal standard to the analyte (Figure 1D).


Figure 1. The representative chromatograms of creatine-13C (black) and creatine-d3 (red) in blank plasma (A), a 10 μg/mL standard sample of creatine-13C in plasma (B), and an unknown rat plasma sample in similar range as the standard which we measured as 10.7 μg/mL creatine-13C (C). The assay was developed for the simultaneous measurement of creatine-guanidino-13C and creatine-methyl-d3 (D). Intensity is in counts per minute (CPM).
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3.2. Plasma Kinetics and Oral Bioavailability of Low Dose and High Dose CM


The resulting plasma concentration–time curve for CM-13C following iv bolus injection is shown in Figure 2. The peak plasma concentration of creatine-13C was 76.18 ± 15.22 μg/mL (Figure 2A). Removal of creatine-13C from the plasma compartment following iv bolus administration indicated a multiple compartment PK model with rapid distribution phase followed by a slow terminal elimination phase (Figure 2B). The concentration–time curves for oral high dose (70 mg/kg) and low dose (10 mg/kg) CM-13C are shown in Figure 3A,B, respectively. While the Tmax were similar for both high and low dose CM (60 min) following oral administration, Cmax were 13.59 ± 3.57 and 7.14 ± 1.79 μg/mL, respectively. The AUC0–∞ for oral high dose (70 mg/kg), low dose (10 mg/kg), and iv CM-13C were 2501.33 ± 378, 1139.5 ± 488, and 2450.01 ± 110 μg·h/mL, respectively. The absolute oral bioavailability for low dose CM was 53.22 ± 11.2% while high dose CM was only 15.69 ± 3.4%. While 13C-labeled-creatinine (a metabolite of creatine) was also analyzed in these studies, the amount of 13C-creatinine was unchanged from baseline values at all time points examined (data not shown).


Figure 2. Plasma 13C-creatine concentration vs time curves following intravenous administration of CM-13C in adult male rats. The curves are shown in both linear (A) and semi-log (B) formats. Values represent the mean ± SEM. n = 4 rats.
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Figure 3. Plasma concentration–time curve following administration of (A) high dose (70 mg/kg) or (B) low dose (10 mg/kg) oral CM-13C. Values represent the mean ± SEM. n = 4 rats.
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3.3. Tissue Distribution Following Low Dose and High Dose CM


Tissue distribution of creatine-13C following oral and iv injection of CM-13C was quantified using LC-MS/MS. Tissue accrual was the highest in the muscle samples reaching approximately 16 μg/g at four hours following either oral or iv CM-13C (Figure 4A). While increases in creatine-13C were also detected in the brain, the levels were about a third of that observed in muscle (Figure 4B). The creatine-13C content in the RBC samples following oral administration showed little change of baseline levels taken prior to administration of CM-13C. However, RBC levels of creatine-13C following iv injection peaked at three minutes and was at or near baseline levels at four hours. Muscle and brain concentrations of creatine-13C were normalized to blank muscle and brain values.


Figure 4. (A) Muscle and (B) brain concentrations of Creatine-13C 4 h after administration of CM-13C. Values represent the mean ± SEM. Creatine-13C content in muscle and brain samples from non-treated rats was below detection limits (0.5 μg/g tissue). n = 4 rats. ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to levels in non-treated group. BDL = below detection limit.
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3.4. Modeling of Creatine Pharmacokinetics in Rats


The simulated plasma concentration–time curves following administration of either a bolus iv injection of CM (10 mg/kg) or oral suspension of CM (70 mg/kg) in rats are shown in Figure 5 and Figure 6A, respectively. The simulation curves generated using GastroPlus™ were compared to observed values. The predicted PK parameters from the modeling program and the observed values are listed in Table 1. For the bolus iv injection route there was very good agreement between observed and PBPK model-simulated values with R-squared value (R2) = 0.99. The same PBPK model displayed some divergence from observed values in high dose oral absorption (especially at the later time points) (Figure 6A). However, the R2 value for oral administration route was still 0.84 (Table 1). Considering the variability within the data set, the model provided reasonable approximations of PK parameters for oral dosing of CM (Table 1).


Figure 5. Simulated (solid line) and observed plasma creatine concentration–time curves after a single dose of iv CM (10 mg/kg).
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Figure 6. Simulated levels of creatine in plasma (A), muscle (B) and brain (C) following single 70 mg/kg oral dose of CHCl (solid line) or CM (dashed line) using GastroPlus™ modeling software compared to observed values. Note that due to differences in aqueous solubility the CM dosage was a suspension, while CHCl was completely in solution.
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Table 1. Comparison between predicted CM pharmacokinetic parameters and observed values following iv and oral dose of CM.



	
Parameter

	
IV Injection of CM (10 mg/kg)

	
Oral Suspension of CM (70 mg/kg)




	
Simulated

	
Observed

	
Simulated

	
Observed






	
Cmax (μg/mL)

	
122

	
76.18 ± 15.23

	
14.07

	
13.72 ± 3.57




	
Tmax (min)

	
3

	
3

	
87

	
60




	
Vd (L/kg)

	
0.208

	
0.304 ± 0.087

	
-

	
-




	
T1/2 (min)

	
64.08

	
69.3 ± 3.7

	
-

	
-




	
CL (L/hr)

	
0.039

	
0.051 ± 0.01

	
-

	
-




	
AUC0–∞ (μg·h/mL)

	
2279.36

	
2450.01 ± 110

	
2286.1

	
2501.33 ± 378




	
F (%)

	
-

	
-

	
16.8

	
15.69 ± 4.3




	
R2 value (model vs. observed)

	
0.99

	
-

	
0.84

	
-










The PBPK model was also used to predict the impact of other creatine salt forms on plasma and tissue levels of creatine. For these simulations, CM was compared to CHCl, a newer salt form of creatine with higher aqueous solubility (approximately 700 mg/mL) [14]. The predicted PK profile following oral administration of 70 mg/kg dose of CHCl compared to a similar dose of CM is shown in Figure 6. The predicted Cmax of CHCl was around 35 μg/mL compared to 14.07 μg/mL for CM, and the predicted oral bioavailability was 66% compared to approximately 16.8% with CM. The differences in plasma creatine levels with CM and CHCl were attributed to the enhanced aqueous solubility of CHCl. In addition to increased plasma levels of creatine, an increase in tissue levels of creatine were also predicted with the PBPK model of CHCl compared to CM (Figure 6B,C). The simulated muscle concentrations of creatine peaked at approximately 34 μg/mL for CHCl compared to approximately 17 μg/mL with same dose of CM (Figure 6B). For the brain, estimated levels of creatine reached approximately 14.5 μg/mL with CHCl compared to approximately 8 μg/mL with CM (Figure 6C).





4. Discussion


In this paper, we examined the PK profile and oral bioavailability of CM. While there has been much research devoted to understanding the uptake of CM into muscle cells and to explore the effects of CM on exercise and performance, few studies have examined the oral bioavailability of CM supplements. There is an assumption that creatine supplements, of which CM is the most widely used, are completely absorbed from the gastrointestinal tract. This assumption is based on the very early studies of Chanutin and colleagues [20], and more recent studies of Deldicque et al. [15], in which low doses of CM (two grams) were given orally to healthy individuals and the resulting levels of creatine in tissue and the increase of excreted creatinine was used to assess the bioavailability of CM. Both studies claimed a complete absorption of orally administered creatine on the basis of increased creatine in blood and tissue and the absence of creatine or creatinine observed in fecal samples. However, this approach assumes any creatinine observed in the urine reflects systemically absorbed creatine and neglects to account for potential creatine utilization by the bacterial flora in the gastrointestinal tract [21]. In addition, potential issues such as gastric degradation, site dependent intestinal absorption and incomplete dissolution of creatine solid dosage forms, outlined by McCall and Persky [22], are all likely to result in less than complete absorption of creatine from the gastrointestinal tract.



To accurately determine oral bioavailability, an iv administration treatment arm is required. In the present study, iv administration of CM-13C resulted in a rapid distribution of creatine out of the central (blood) compartment and a slower terminal elimination phase. This is consistent with known distribution of creatine to skeletal muscle, brain and other tissues [23]. There was a slight increase in plasma creatine observed at the last time point sampled following iv administration of CM-13C. Multiple peaking PK can occur due to a variety of both formulation and physiological factors [24]. For the iv administration route, the most likely contributor to multiple peaking phenomena would be enterohepatic recycling [24]. As the physicochemical properties and metabolic pathway for creatine are not supportive of biliary secretion [2], it is unlikely that enterohepatic recycling of creatine is occurring in the present study. Given the rapid distribution of creatine into skeletal muscle and relatively large depot site that it represents, the plasma creatine levels observed likely reflect the slow and sustained release of creatine from these deep tissue sites.



Oral administration of CM-13C resulted in dose-dependent increases in plasma creatine. Maximal plasma 13C-creatine levels increased 10 to 25-fold from baseline levels (<0.5 μg/mL). The plasma creatine profile observed in the present study was similar to those previously reported [15,25,26,27]. Despite the substantial increase in plasma creatine, there was no detectable increase in 13C-creatinine in the present study. While increases in plasma creatinine following oral creatine administration have been observed [27], others have reported no change in blood creatinine [26]. It should be noted that those studies reporting increases in plasma creatinine following oral creatine administration were using either large doses (20 g) of creatine [27] or extended multi-day exposure [15,25]. Even under these conditions the increases in plasma creatinine were small in comparison to the increases in plasma creatine; thus the conversion of creatine to creatinine was not considered to play a significant role in creatine elimination [22,27].



With both the iv or oral PK profiles, it was possible to determine the absolute oral bioavailability of CM by comparing the resulting AUC0–∞ for CM-13C when given by the oral route. For the low oral dose, where there was complete dissolution of CM, the oral bioavailability was 53%. While such absorption is substantial, it is far from complete. In comparison, for the high (70 mg/kg) dose, were the administered CM-13C was as a suspension, the oral bioavailability was 16%. The conditions selected for the high dose CM PK studies reported here were designed to more closely represent the dosing used in therapeutic applications where large daily doses (30 g or more) of CM were administered in suspension form. These data for both low and high dose oral CM administration suggest that CM oral bioavailability is not complete. While these findings represent a significant departure from the relatively complete oral absorption of CM claimed in earlier reports [15,20,26], it should be noted that in none of these previous studies was an iv treatment arm included to accurately assess bioavailability.



While suggested in various human studies [28,29], this study is the first to assess dose-dependent changes in oral bioavailability of CM. The dose-dependent CM oral bioavailability could be due to saturation of transport driven absorption processes in the intestine or incomplete dissolution of solid dosage forms typically used in CM supplementation. Given the transporter kinetics [30], it is likely that concentrations of creatine in the gastrointestinal tract will be well above those required for saturation of the creatine transporter at even the lowest doses of CM administered. The more plausible reason for potential dose dependency with CM supplementation is the incomplete dissolution of CM under most dosing conditions. Given the low aqueous solubility of CM, which is around 18 mg/mL [14], and the high doses required for CM supplementation (i.e., around 20+ g/day), a suspension is the likely form of CM being administered. In the present study, the 70 mg/kg dose was administered as a suspension. Under these conditions, oral bioavailability was even less than observed with the 10 mg/kg dose. Another indication that the reduction in oral bioavailability of the high dose CM was likely due to incomplete solubilization, was the PBPK modeling performed with CHCl, a creatine salt with improved aqueous solubility [14]. While the model simulations predicted 17% oral bioavailability with the 70 mg/kg dose of CM, the same dose of CHCl resulted in a predicted oral bioavailability around 66%, which is comparable with the bioavailability observed following oral administration of low dose CM-13C.



Of the tissue compartments examined, skeletal muscle accumulated the most creatine-13C, followed by the brain and the blood cells. The creatine distribution in the various tissues following oral and iv exposure was consistent with previous studies showing highest accumulation in skeletal muscle (up to 90%) and brain [23]. As creatine in the bloodstream is taken up by cells through a specific plasma membrane creatine transporter (CT1) [31], the tissue concentration of creatine may also be dependent on CT1 transport. CT1 is a saturable sodium-dependent membrane transporter that is expressed predominantly in the skeletal muscles, kidney, heart, brain, colon, and testes [32,33,34]. In the brain, the CT1 gene is expressed in the neurons, oligodendrocytes, and in the brain microvessel endothelial cells at the blood–brain barrier (BBB) [35,36].



Tissue accumulation of creatine through the CT1 is a saturable process [37]. Michaelis constant (Km) values of CT1 and serum creatine concentrations in rats are around 22–46 μM and 140 μM, respectively [2,37]. Based on blood concentrations of creatine, it is apparent from these Km values that CT1 is working close to saturation suggesting a possible limitation of creatine accumulation [37]. For example, in unsupplemented rats, normal plasma levels of creatine are around 140–150 μM and with Km values of 22–46 μM, suggesting that the transporter is working near saturation and any further increase in the plasma concentrations of creatine will most likely saturate the transporter limiting the uptake of creatine.



There is increasing interest in different salt forms of creatine with improved solubility parameters over CM [14,38]. One of the newer salt forms of creatine, CHCl, has an aqueous solubility of around 700 mg/mL [14]. The markedly enhanced solubility of CHCl to that of CM suggests that improved oral absorption and more efficient dosing formulations should be possible. Indeed, based on the PBPK model simulations, substantial increases in blood and tissue levels of creatine are likely following oral supplementation with CHCl compared to CM. While our model predictions will require additional validation, there was reasonable agreement of the PBPK model to the observed iv and oral CM (R2 of 0.99 and 0.84, respectively). PBPK modeling is increasingly being used for retrospective and prospective simulation and prediction of animal and human PK [39,40,41,42,43,44,45,46]. It should also be noted that our predictions of improved oral absorption and PK properties with more soluble creatine salt forms are consistent with previous studies comparing creatine citrate and creatine pyruvate salts. In these studies, Jager et al. compared the oral bioavailability of creatine citrate and creatine pyruvate to that of CM. They found that creatine pyruvate, which has around eight-fold higher aqueous solubility than CM, had a significant (approximately 25%) increase in oral bioavailability compared to the latter [38]. In addition to providing further evidence of less than complete oral bioavailability for CM, such findings suggest that creatine salts with improved aqueous solubility and oral absorption characteristics could provide improvements over CM in therapeutic applications requiring high doses of creatine [47].




5. Conclusions


Our results suggest that the oral bioavailability of CM is less than complete and is dose-dependent. As most therapeutic indications require rather large doses (>150 mg/kg), the actual bioavailability of such doses may be limited by either physiological and/or formulation factors. Examination of the PK of CM at therapeutically relevant doses is warranted. These studies also suggest that newer forms and dosage formulations of creatine might be superior to CM, but further studies comparing newer formulations to CM will be required.
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