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Abstract

Creatine ethyl ester hydrochloride (CEE) was synthesized as a prodrug of creatine (CRT) to 

improve aqueous solubility, gastrointestinal permeability, and ultimately the pharmacodynamics 

of CRT. We used high-performance liquid chromatography (HPLC) and proton nuclear magnetic 

resonance (NMR) to characterize the pH-dependent stability of CEE in aqueous solution and 

compared the permeability of CEE to CRT and creatinine (CRN) across Caco-2 human epithelial 

cell monolayers and transdermal permeability across porcine skin. CEE was most stable in a 

strongly acidic condition (half-life = 570 hours at pH 1.0) where it undergoes ester hydrolysis to 

CRT and ethanol. At pH ≥ 1.0, CEE cyclizes to CRN with the logarithm of the first order rate 

constant increasing linearly with pH. Above pH 8.0 (half-life = 23 sec) the rate of degradation was 

too rapid to be determined. The rate of degradation of CEE in cell culture media and simulated 

intestinal fluid (SIF) was a function of pH and correlated well with the stability in aqueous 

buffered solutions. The permeability of CEE across Caco-2 monolayers and porcine skin was 

significantly greater than that of CRT or CRN. The stability of CEE in acidic media together with 

its improved permeability suggests that CEE has potential for improved oral absorption compared 

to CRT.
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Introduction

Creatine (CRT) and its derivatives (Figure 1) are widely used by athletes as ergogenic 

nutritional supplements to enhance lean-body mass, muscle fiber diameter, strength, and 

total work performance (Bird, 2003; Buford et al, 2007; Terjung et al, 2000). The 

pharmacokinetics of CRT supplementation taken in the monohydrate form and the effects on 

serum CRT and creatinine (CRN) concentrations have been described by a number of 

investigators (Persky, Brazeau, & Hochhau, 2003a; Persky et al., 2003b; Portmans et al., 

1997; Schedel, Tanaka, Kiyonaga, Shindo, & Schutz, 1999). CRT as its monohydrate has a 

relatively low aqueous solubility resulting in the potential for gastrointestinal discomfort 

when it is taken in the commonly used doses of 5–20 grams or more. As a result, numerous 

CRT salts and formulations have been investigated in attempts to improve the 

physicochemical, biopharmaceutical, and biological performance of CRT (Gufford et al., 

2010). Similarly, creatine ethyl ester hydrochloride (CEE) was synthesized as a pronutrient 

form of CRT, analogous to a prodrug of a therapeutic drug, to improve the aqueous 

solubility, gastrointestinal permeability, and ultimately the pharmacodynamic effects of 

CRT (Vennerstrom & Miller, 2007).

The biopharmaceutical profile of CEE is largely unknown. Degradation of CEE can form 

either CRT through intramolecular ester hydrolysis, or CRN through 5-exotrig cyclization 

Adriano et al., 2011; Giese & Lecher, 2009a; Johnson, 1993) (Figure 1). The latter 

intramolecular reaction likely accounts for the undesired formation of CRN hydrochloride 

observed in the equilibrium esterification process used for the synthesis of CEE from CRT 

monohydrate (Mold, Gore, Lynch, & Schantz, 1955; Vennerstrom, 2005). Recent 

experiments (Giese & Lecher, 2009a, 2009b; Katseres, Reading, Shayya, DiCesare, & 

Purser, 2009) using proton NMR in deuterated water suggest that CEE is converted to CRN 

with a half-life of less than one min at pH 7.4 in the presence and absence of human plasma, 

although CEE solution stability increased considerably as pH decreased. This contradicts a 

report (Child & Tallon, 2007) that CEE undergoes significant conversion to CRN in low pH 

environments, suggesting that the degradation of CEE in the stomach would limit oral 

bioavailability.

To clarify these data, pH-dependent rates of degradation of CEE in aqueous and simulated 

biological media were determined by measuring the decline in CEE concentration and 

subsequent formation of CRT, CRN, and ethanol using both HPLC and proton NMR. In 

addition, the permeability of CEE, CRT, and CRN across in vitro models of absorption 

barriers was examined to provide preliminary information relating to absorption following 

oral administration of CEE. Together these findings suggest that CEE is very stable within 

the acid environment of the stomach and, depending on the environment (aqueous vs. lipid), 

has greater stability and permeability than previously reported.

Materials and Methods

Reagents

CEE (PrimaForce) was obtained from Scivation, Inc. (Sylmar, CA) and was used as 

received after proton NMR analysis confirmed the absence of detectable impurities. CRT 
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monohydrate (Creapure™) was obtained from Degussa (Trostberg, Germany), 1-

octanesulfonic acid sodium salt was obtained from Fluka (Steinhein, Switzerland), simulated 

intestinal fluid (SIF) was obtained from Ricca Chemical Company (Arlington, TX), soy 

lecithin was obtained from Fisher (St. Louis, MO), and all other reagents were obtained 

from Sigma-Aldrich (Milwaukee, WI) and were used as received.

HPLC Kinetic Analysis

The rate and extent of CEE degradation in buffered aqueous solutions from pH 1.0 to 4.6 

was monitored using a stability-indicating HPLC assay to simultaneously quantify CEE, 

CRT, and CRN. The HPLC system consisted of a Shimadzu SCL-10A controller, a 

SIL-10AF auto sampler, dual LC-10AT pumps, and a SPD-10A UV-VIS detector set to 

monitor absorbance at 210 for CEE, CRT, and CRN and 235 nm for confirmation of CRN. 

A Waters Atlantis® T3 column (4.6 × 100 mm2, 3 μm, C18) was maintained at 30°C by use 

of a column oven. The isocratic mobile phase consisted of 20% v/v acetonitrile, 5 mM 

formic acid, and 5 mM 1-octanesulfonic acid sodium salt (apparent pH 2.8) at a flow rate of 

1.5 ml/min. Calibration curves for CEE, CRT monohydrate, and CRN were generated by 

diluting stock solutions (500 μg/ml) in the mobile phase to concentrations of 3,10,30, and 50 

μg/ml. Linear regression gave excellent agreement between concentration and detector 

response within the experimental concentration range of 3-50 μg/ml (R2 = 0.999). Due to 

disruption of the ion-pairing reagents for the pH 1.0 samples, the pH of the mobile phase 

was decreased to pH 2.6 using sulfuric acid (in place of formic acid) to increase the retention 

time and separation of the CRT peak to allow for quantitation of all three analytes.

CEE Stability in Unbuffered Aqueous Solution

Aqueous solutions of CEE (100 μg/ml) were prepared in triplicate and stored in 100 ml glass 

vials at room temperature (rt). Aliquots (500 μl) were removed at recorded intervals, varying 

dependent upon the stability at that pH, diluted to 1 ml with HPLC mobile phase, and 

assayed for CEE, CRT, and CRN content by HPLC. In addition, 1 ml aliquots were removed 

at each time point to record the solution pH. The pH of a 100 μg/ml aq. solution of CEE was 

4.0.

pH-Dependent Stability of CEE in Buffered Media

Solutions of CEE (500 μg/ml) were prepared in triplicate using buffered solutions at pH 1.0, 

2.5, 4.6, 5.7, and 7.4 and stored in 100 ml glass vials at rt. The following buffer solutions 

were used: HCl/KCl (pH 1.0), citric acid/sodium citrate (pH 2.5,4.6, and 5.7) and Sorenson's 

phosphate buffer (pH 7.4 and 8.0) (Kohler, 1970). Aliquots (100 μl) were removed at 

recorded time intervals, diluted to 1 ml with HPLC mobile phase and assayed for CEE, 

CRT, and CRN content by HPLC. In addition, separate aliquots (1 ml) were removed at 

each time point to record solution pH. As saying the buffered samples required at least a 10-

fold dilution with mobile phase to prevent interference with the ion-pairing chromatography. 

A 500 μg/ml initial concentration of CEE was required to enable dilution within the linear 

range of the calibration curves.
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NMR Kinetic Analysis

The pH-dependent stability of CEE in aqueous (90% H2O/10% D2O) buffered media was 

measured using 1H NMR at pH 4.6, 7.4, 8.0, 9.5, and 10.5. In addition, proton NMR was 

used to assess the stability of CEE in: (1) cell culture media consisting of RPMI 1640 

(Gibco), 10% fetal bovine serum (Hyclone), 100 units/ml penicillin (Gibco), and 100 μg/ml 

streptomycin (Gibco); (2) SIF pH 5.8; and (3) soy lecithin solutions prepared in pH 7.3 

phosphate buffer at 1:1, 0.25:1, and 4:1 molar ratios of soy lecithin to CEE. The rate of CEE 

degradation was determined by comparing the integrated peak areas obtained by measuring 

the 1H NMR spectrum over time on a 400 MHz Bruker Avance III spectrometer as 

pseudo-2D data sets using pre saturation with a spoil gradient for water suppression. 

Degradation of CEE in pH 9.5 and 10.5 occurred in less than 15 s making determination of 

meaningful kinetic data impractical with proton NMR. At pH 8.0 and in the cell culture 

media, the pulse parameters of 4 scans per acquisition, 1 s acquisition time per scan, with a 2 

s delay between scans, yielded 15 s per time point and allowed sufficient temporal resolution 

to determine the kinetic rate of chemical conversion. The relatively slower degradation at 

pH 7.4 and in the soy lecithin solutions allowed signal averaging of 16 scans per acquisition 

for 1 min per time point and an improved signal to noise ratio for integration accuracy. At 

pH 4.6, where the degradation rate was even slower, a 3,600 s delay was inserted between 

time points. Each acquisition consisted of 32 scans, with a 1.5 s acquisition time and 4 s 

interpulse delay resulting in a 3 min experiment time. Monitoring the stability of CEE in SIF 

at pH 5.8 predicated the insertion of a 1,200 s delay between time points and was 

determined using similar parameters to those outlined above for the pH 4.6 samples. An 

observation pulse of 30 degrees was used in all cases.

CEE Permeability Studies

The permeability of CEE, CRT, and CRN was evaluated using the established human 

intestinal epithelial cell line derived from a human colon carcinoma (Caco-2). The Caco-2 

cells were seeded onto collagen coated Transwell polycarbonate membrane inserts (24 mm 

diameter; 0.4 μm pore size) (Fisher Scientific, Winnipeg, MB) at a density of 60,000 

cells/cm2. The cells were grown in DMEM supplemented with 10% fetal bovine serum and 

maintained in a 5% CO2 environment for 18–21 days, after which, confluent monolayers 

were attained. For the permeability studies, the culture media was removed from the cells 

and 1.5 ml of SIF (pH 6.0) was placed in the apical (donor) compartment. The basolateral 

(receiver) compartment contained 2.5 ml of Tyrode's buffer consisting of 136 mM NaCl, 2.6 

mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 0.36mM NaH2PO4, 5.56 mM D-Glucose, and 5 

mM HEPES at pH 6.8. Following a 30 min pre-incubation period, the apical compartment 

was replaced with 1.5 ml of SIF containing CRT, CEE, or CRN (10 mM). Samples (10 μl) 

were removed from the apical (donor) compartment at the start and conclusion of the 

permeability experiment. Samples (100 μl) were removed from the receiver compartment at 

0,30,60, and 90 min and placed in vials containing 900 μl of mobile phase. Passage of CRT 

from the donor to the receiver compartment was analyzed using the HPLC method described 

above. All permeability studies were performed under stirred conditions at 37°C. To insure 

the CEE in the donor compartment was not degraded, SIF in the donor compartment was 

replenished every 15 min with an equal volume of fresh SIF containing 10 mM CRT, CEE, 
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or CRN. Permeability coefficients were determined as previously reported (Miller, Hinton, 

& Chen, 2011) using the equation below:

(1)

where Cr is concentration in the receiver compartment, t is time, Vd is the volume in the 

donor compartment, A is area, and Cd is the concentration in the donor compartment at time 

0.

The transdermal permeability of CEE, CRT, and CRN was also determined across porcine 

skin. For these studies, a frozen section of porcine skin was thawed overnight at 4°C, rinsed 

with deionized water and then dried by blotting both surfaces with a paper towel. The skin 

was processed using an electric dermatome (Padgette Instruments, Kansas City, MO) to a 

thickness of 380 μm and placed in a phosphate buffered saline solution to prevent the 

dermatomed epidermis from dehydrating and shrinking. Epidermal sections were mounted 

in vertical Franz-style diffusion cells with the stratum corneum facing the donor cell. A total 

of 7 ml of saline—acetate buffer solution (pH 4.0) was placed in the receiver compartment, 

while 1 ml of CEE, CRT, or CRN (50 mM) in 1:1 ethanol:water was placed in the donor 

compartment and capped to prevent evaporation. Samples (100 μl) were removed from both 

the donor and receiver compartments at the start and conclusion (6 hr) of the permeability 

studies and analyzed for CEE, CRT, and CRN using HPLC.

Statistics

Data from permeability studies performed in the Caco-2 and porcine skin studies were 

analyzed using one-way analysis of variance with Student Newman Keuls (SNK) post-hoc 

comparison of the individual treatment means. Unless otherwise noted, p values of less 

than .05 represent statistical significance of the post-hoc comparisons.

Results

pH-Dependent CEE Stability

Representative HPLC chromatograms and proton NMR spectra of CEE, CRN, and CRT are 

shown in Figures 2 and 3, respectively. The decomposition of CEE was first order at all pH 

values tested. The rate of cyclization of CEE to CRN increased as the pH approached neutral 

conditions (Table 1) with the rate above pH 8.0 being too rapid for quantification by either 

HPLC or proton NMR. CEE was most stable in strongly acidic conditions with degradation 

half-lives of 570 and 200 hr at pH 1.0 and 2.5, respectively. Importantly, these data indicate 

that CEE undergoes intermolecular ester hydrolysis to form CRT and ethanol only at pH ≤ 

1.0, whereas at pH conditions > 1.0, an intramolecular 5-exotrig cyclization (Giese & 

Lecher, 2009a) occurs to form CRN and ethanol (Figure 1). The rate of ester hydrolysis at 

pH 1.0 was 31-fold slower than the rate of cyclization at pH 4.0 and 37,000-fold slower than 

the rate at pH 7.4. Finally, no interconversion between CRT and CRN (Diamond, 2005; 

Edgar & Shiver, 1925; Edgar & Wakefield, 1923) was observed in any of these experiments.
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As shown in Figure 4, there was a linear relationship (R2 = 0.997) between the logarithm of 

the first-order rate constant for CEE conversion to CRN over the pH range of 2.5–8.0. Rate 

data at pH 1.0 did not correlate with the linear relationship observed at the higher pH values 

confirming an alternative intermolecular ester hydrolysis mechanism in highly acidic 

conditions. Limited data collected at pH 9.5 and 10.0 indicated that the rate of CEE 

cyclization to CRN continued to increase with increasing pH although accurate kinetic data 

could not be obtained using proton NMR due to the rapid rate of degradation under these 

high pH conditions.

CEE Stability in Biological Media

Rates of CEE degradation in cell culture media and SIF were predominantly a function of 

pH of the media and correlated well with data obtained in aqueous buffered solutions of 

similar pH (Table 1). The addition of soy lecithin to CEE in 0.25:1 and 1:1 molar ratios did 

not affect the CEE degradation rate; however, the corresponding 4:1 molar ratio solution 

resulted in a significantly reduced rate of CEE conversion to CRN and raises the possibility 

that CEE is more stable upon absorption into more lipophilic cell membranes or binding to 

lipids in the bloodstream. The half-life of CEE in the 4:1 molar ratio soy lecithin solution 

was approximately 2-fold higher than that in aqueous solution at the same pH.

Despite a previous qualitative NMR study describing an esterase-mediated degradation of 

CEE to CRN in human plasma (Giese and Lecher, 2009b), we suggest that the degradation 

of CEE does not depend on esterases. First, the product of CEE degradation in plasma is 

CRN, not CRT, and second, the degradation rate in plasma is similar to that in aqueous 

solution of equal pH. In contrast to a report (Child & Tallon, 2007) suggesting that CEE is 

unstable at low pH, our data clearly demonstrates that CEE hydrolyzes relatively slowly 

(half-life = 570 hr) to CRT at pH 1, consistent with previous (Katseres et al., 2009) data 

(half-life = 528 hr). The stability of CEE in the pH environment of the stomach-half-lives of 

570 and 200 hr at pH at 1.0 and 2.5, respectively, indicates that CEE could potentially be 

absorbed intact as the ethyl ester pronutrient and remain relatively stable throughout much 

of the small intestine up to approximately pH 6. The relative stability of CEE at gastric pH 

provides a rationale for potentially enhancing GI absorption of CEE by administration with 

food to delay gastric emptying, thereby promoting gastric absorption of intact CEE and 

slowing delivery of CEE to the higher pH environment of the small intestine where it would 

be less stable. While GI absorption for CEE has not been established in vivo, permeability 

studies conducted in Caco-2 monolayers, a commonly used cell culture model for intestinal 

absorption (Angelis & Turco, 2011), demonstrate that CEE is considerably more permeable 

than either CRT monohydrate or CRN (Table 2).

CEE Permeability

Of the three compounds examined, CEE had the highest permeability in Caco-2 monolayers. 

Rank order permeability in Caco-2 monolayers was CRT < CRN < CEE, with CEE having 

15-fold greater permeability than CRT monohydrate (Table 2). Examination of samples 

removed from the donor compartment at the end of the permeability study showed no 

appreciable breakdown of CRT, CRN, or CEE. In contrast, CRN was detectable in the 

receiver compartment from the CEE treatment group. As there was no CRN detectable in the 
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donor compartment, the CRN present in the receiver compartment is most likely due to 

cyclization of CEE in the receiver compartment. This is consistent with the pH dependent 

cyclization observed in the aqueous stability studies.

Discussion

The low-CRT permeability in the present study is similar to that reported previously with 

various CRT salt forms (Gufford et al., 2010). The increased permeability of CEE in the 

present study is most likely due to enhanced passive diffusion through the cell monolayer. In 

support of this, the transdermal permeability of CEE was also significantly greater than that 

of CRT or CRN (Table 2). While the dermal preparation used was structurally intact, with 

strateum corneum and epidermal layers, the cells were nonviable. Thus, improved 

penetration of CEE compared to CRT in this preparation would be the result of increased 

passive diffusion. Enhanced lipophilicity in vitro indicates that CEE partitions into the lipid 

cell membrane environment to a greater extent than the parent CRT. Together, these studies 

indicate that CEE has improved permeability across epithelial absorption barriers compared 

to CRT.

Other investigators attempting to unveil the viability of CEE as an ergogenic aid in humans 

(Child & Tallon, 2007; Spillane et al., 2009; Velema & de Ronde, 2011) have concluded 

that CEE supplementation results only in large increases in serum CRN levels. Given the 

rate of hydrolysis observed with CEE at neutral pH, the methods used to collect, store, and 

analyze clinical samples would certainly result in conversion of any intact CEE to CRN. It is 

interesting to note that despite this, the effects of CEE on muscle performance were similar 

to that observed in the CRT monohydrate supplementation group (Spillane et al., 2009). 

This suggests that CEE may be present in various cellular compartments, or that CRN may 

have unanticipated physiological or pharmacological effects. In support of this, recent 

findings demonstrate that both CRT and CRN decrease expression of toll-like receptors in 

macrophages whereas CEE increases expression of toll-like receptors (Leland, McDonald, 

& Drescher, 2011).

Given the instability of CEE in the bloodstream at neutral pH, the rate at which CEE 

partitions from the bloodstream into the more favorable cellular lipid environment of the 

tissue for activation (hydrolysis) and utilization is critical to the unique attributes of CEE as 

a dietary supplement. However, because CEE is sufficiently stable in the pH range of the 

gastrointestinal tract, it is likely that the rate and extent of absorption as well as the ultimate 

fate of intact CEE has been underestimated. Further studies are needed to elucidate this 

process and to characterize the complete in vivo pharmacokinetic profile of CEE using 

human dosing of isotopically labeled CEE. However, the present findings suggest a potential 

improvement in CEE absorption in the GI tract compared to CRT alone.
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FIGURE 1. 
Conversion of CEE to CRT and CRN.
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FIGURE 2. 
Representative HPLC chromatogram of 44 μg/ml CRT (1.63 min), 50 μg/ml CRN (2.87 

min), and 50 μg/ml CEE (5.90 min) at 210 nm (left) and 235 nm (right).
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FIGURE 3. 
Overlays of representative proton NMR spectra showing degradation of CEE to CRN and 

ethanol (EtOH) over 6 min (t1 – t6) in pH 7.4 phosphate buffer solution.
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FIGURE 4. 
Linear plot of log K versus pH of buffered aqueous solutions in relation to (A) simulated 

intestinal fluid, (B) soy lecithin 4:1, (C) soy lecithin 1:1, (D) soy lecithin 0.25:1, and (E) cell 

culture media.
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TABLE 1
First-Order Rate Constants and Derived Half-Lives for the Degradation of CEE as a 
Function of pH and Biological Media

Buffered Aqueous Solutions

Buffer pH k (min−1) Half-Life

KCl/HCl 1.0 2.0 × 10−5 570 hr

Citrate 2.5 5.8 × 10−5 200 hr

Aqueous solution 4.0 6.3 × 10−4 18 hr

Citrate 4.6 2.9 × 10−3 4.0 hr

Citrate 5.7 0.015 48 min

Phosphate 7.4 0.55 76 s

Phosphate 8.0 1.8 23 s

Biological media

Solution pH k (min−1) Half-Life

Cell culture media 7.6 0.78 52 s

Simulated intestinal Fluid 5.8 0.015 46 min

Soy lecithin (0.25:1) 7.3 0.66 63 s

Soy lecithin (1:1) 7.3 0.59 70 s

Soy lecithin (4:1) 7.3 0.26 160 s
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